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Visual fields were determined in three bird species representative of families known to be subject to high
levels of mortality associated with power lines; kori bustards Ardeotis kori, Otididae, blue cranes Anthro-
poides paradisea, Gruidae and white storks Ciconia ciconia, Ciconiidae. In all species the frontal visual
fields showed narrow and vertically long binocular fields typical of birds that take food items directly
in the bill under visual guidance. However, these species differed markedly in the vertical extent of their
binocular fields and in the extent of the blind areas which project above and below the binocular fields in
the forward facing hemisphere. The importance of these blind areas is that when in flight, head move-
ments in the vertical plane (pitching the head to look downwards) will render the bird blind in the direc-
tion of travel. Such movements may frequently occur when birds are scanning below them (for foraging
or roost sites, or for conspecifics). In bustards and cranes pitch movements of only 25� and 35� respec-
tively are sufficient to render the birds blind in the direction of travel; in storks head movements of
55� are necessary. That flying birds can render themselves blind in the direction of travel has not been
previously recognised and has important implications for the effective mitigation of collisions with
human artefacts including wind turbines and power lines. These findings have applicability to species
outside of these families especially raptors (Accipitridae) which are known to have small binocular fields
and large blind areas similar to those of bustards and cranes, and are also known to be vulnerable to
power line collisions.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Many species of birds are prone to collisions with human arte-
facts such as wind turbines and power lines, especially where these
obstacles occur as apparently prominent features in open air space
(Drewitt and Langston, 2008). This is surprising since it is widely
held that flight in birds is primarily controlled by vision (Gill,
2007) and many of the species most vulnerable to such collisions
have relatively large eyes which can potentially provide high visual
acuity at daytime light levels (Land and Nilsson, 2002).

While there has been little research into the demographic im-
pacts of power line mortality, preliminary efforts suggest this is
likely to be severe for some bird species. For example, in Europe
over a 16 year period it was estimated that approximately 25% of
juveniles and 6% of adult white storks Ciconia ciconia (Ciconiidae,
Ciconiiformes) died annually from power line collisions and elec-
trocutions (Schaub and Pradel, 2004). In the Overberg region of
South Africa even higher power line mortality rates have recently
been estimated, with 12% of blue cranes Anthropoides paradisea,
Gruidae, Gruiformes; classified as a species of vulnerable conserva-
ll rights reserved.
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tion status (BirdLife, 2009)), and 30% of Denham’s bustards Neotis
denhami (Otididae, Gruiformes) killed annually by power line col-
lisions (Shaw, 2009). Ludwig’s bustards Neotis ludwigii, white
storks, grey crowned cranes Balearica regulorum and kori bustards
Ardeotis kori are amongst the other most commonly reported colli-
sion victims in South Africa (Eskom/EWT Strategic Partnership,
2008). For Ludwig’s bustards, it is estimated that the rate of mor-
tality from collisions is probably unsustainable, ultimately threat-
ening the survival of this species (Jenkins et al., 2010).

The particular circumstances that lead to a collision between a
bird and power lines are highly variable both temporally and spa-
tially, making widespread predictions of dangerous lines for miti-
gation difficult; there are estimated to be 65 million km of
medium–high voltage power lines presently in use around the
world (ABS Energy Research, 2008). Analysis of collated data on
collision incidents has focused primarily upon collision susceptibil-
ity that results from flight behaviour, especially manoeuvrability
with respect to velocity of approach to an obstacle (Bevanger,
1998; Drewitt and Langston, 2008; Janss, 2000). Perceptual aspects
of collisions have not received investigation beyond the general
observation that some collisions occur when visibility is reduced
due to lower light levels or weather conditions, but it is thought
that many collisions occur under daytime light levels and when
ith power lines: Failing to see the way ahead?. Biol. Conserv. (2010),
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visibility is high (Drewitt and Langston, 2008). Measures to reduce
the probability of collisions have usually involved marking
obstructions with devices designed to increase the probability of
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, flapping
flags, and wire coils (Bevanger, 1994; Janss and Ferrer, 1998). How-
ever, despite more than 30 years of using such devices the proba-
bility of mortality caused by power line collisions remains high
for certain species (Drewitt and Langston, 2008; Janss and Ferrer,
2000).

It has been generally assumed that birds will perceive a hazard
in a comparable way to human observers; indeed, such assump-
tions underpin the design of most hazard markers (Janss and Fer-
rer, 1998). However, it is clear that the information that birds
extract visually from their environment can be quite different from
that extracted by humans in the same circumstance. This is due to
fundamental differences between birds and primates at all levels of
organisation of their visual systems, including retina, physiological
optics, visual fields, and the higher order processing of visual infor-
mation (Bowmaker et al., 1997; Hunt et al., 2009; Martin and Oso-
rio, 2008; Reiner et al., 2005; Shimizu and Bowers, 1999). A key
aspect of these differences which could have a direct impact on
collision susceptibility is visual fields. 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). Especially important
will be the characteristics of that section of a bird’s visual field
which projects forward and hence normally ‘‘looks” in the direc-
tion of travel.

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).
Visual fields need to serve two key functions: (1) the detection of
predators, conspecifics, obstacles and potential food sources that
are remote from the animal, and (2) the control of accurate behav-
iours, such as the procurement of food items, at close quarters.
Both functions are potent sources of natural selection but they
are potentially antagonistic (Fernandez-Juricici et al., 2008; Martin
and Piersma, 2009).

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 section of the vi-
sual field and in the majority of birds which feed in this way the
binocular field is relatively narrow, between 15� and 30� in maxi-
mum width, and vertically long (Martin, 2007). However, the ver-
tical extent of the binocular field varies markedly. For example in
herons (Ardeidae), it extends through 180� so that these birds have
comprehensive visual coverage of the hemisphere in front of the
head (Martin and Katzir, 1994), while in eagles it extends through
only 80� giving these birds extensive blind areas both above and
below the bill in the frontal hemisphere (Martin and Katzir,
1999). In birds which do not employ visual information to guide
bill position (e.g. some duck species (Anatidae) which filter feed,
some long-billed shorebirds (Scolopacidae) and kiwi (Apteryx
spp.), which feed by probing in soft substrates guided by tactile
cues, the bill falls at the very periphery or outside the visual field.
In the case of the ducks and shorebirds the eyes are positioned high
in the skull giving comprehensive visual coverage of the hemi-
sphere around and above the head, i.e. there are no blind areas
in their visual field except that produced by their own body (Mar-
tin, 2007).

In birds the function of binocular vision appears to lie primarily
in the control of behaviours requiring the accurate positioning and
timing of bill-opening towards objects close to the animal (primar-
Please cite this article in press as: Martin, G.R., Shaw, J.M. Bird collisions w
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ily the control of bill position for food procurement and/or chick
provisioning). The control of locomotion with respect to more dis-
tant objects is a less important determinant of binocular field char-
acteristics (Martin, 2009). Indeed for birds such as the filter feeding
ducks or the tactile probing shorebirds the binocular field can be
very narrow (�5�) in the direction of travel. Furthermore, it seems
likely that in many birds the detection of food items is primarily
under the control of lateral vision, with control of item procure-
ment transferred to forward vision just prior to seizure (Land,
1999; Montgomerie and Weatherhead, 1997; Rogers, 2008; Tuck-
er, 2000; Tucker et al., 2000).

We hypothesised that the frontal visual fields of birds may have
characteristics that result in them not always being able to see ob-
jects directly ahead. We measured visual field topography in white
storks, blue cranes and kori bustards. These species live predomi-
nantly in open habitats, and are visually guided ground feeders
that typically roost between dusk and dawn (Archibald and Meine,
1996; Collar, 1996; Elliot, 1992; Hancock et al., 1992). In southern
Africa, storks, cranes and bustards can be found utilising similar
habitats (Hockey et al., 2005) and are susceptible to collisions with
power lines, but they differ in their susceptibility to such events
(Jenkins et al., 2010). They all have large eyes of similar size and
thus, assuming similar retinal structure, are likely to have similar
and relatively high visual acuity (Martin, 1985).

Based upon previous comparative analyses of visual fields in
birds (Martin, 2009) we predicted that all three species would have
visual fields in which the bill projects centrally within a relatively
narrow binocular field (15–30� wide), which is in conformity to
their similar foraging behaviours involving visual guidance of the
bill towards individual items (Archibald and Meine, 1996; Collar,
1996; Elliot, 1992). We predicted however, that these birds differ
in the vertical extent of their binocular fields. This would result
in differences in the extent of the blind areas to the front of the
head; the key region for the detection of obstacles in flight.
2. Materials and methods

We used an ophthalmoscopic reflex technique to measure vi-
sual field parameters (monocular, binocular and cyclopean fields)
and eye movement amplitudes of live blue cranes, kori bustards
and white storks obtained from zoological parks in South Africa.

The ophthalmoscopic reflex technique has been used in excess
of 20 years on more than 30 different bird species of different phy-
logeny, ecology and feeding techniques and has the advantage of
readily permitting interspecific comparisons (Martin, 2007).

The procedure used is non-invasive. It involves the restraint of
birds for between 30 and 45 min, and was reviewed by a UK Home
Office Inspector in 2008. It was not considered to fall within the
regulations that govern licensed procedures with animals, which
apply in the UK. However, the ethical guidelines with respect to
handling and restraining birds required for licensed procedures
in the UK (UK Animals (Scientific Procedures) Act 1986) were
followed.

Birds were adults and had been held in captivity for a number of
years. Birds were studied close to their holding aviaries to which
they were immediately returned after measurement. Sexes were
unknown. Four blue cranes were studied at Tygerberg Zoo (Cape
Town), and two white storks and two kori bustards were studied
at Johannesburg Zoological Park.

For a detailed description of the apparatus and methods see
Martin et al. (2007). Briefly, each bird was hand held with the
breast resting in a foam rubber cradle and the legs held out behind
the body. The head was fixed in position at the centre of a visual
perimeter; a device which permits the eyes to be examined from
known positions about the head. Each bird’s head was fixed by tap-
ith power lines: Failing to see the way ahead?. Biol. Conserv. (2010),
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ing (Micropore™ tape) the bill in place in a specially manufactured
bill holder. The surfaces of the holder were coated in cured silicone
sealant to provide a non-slip cushioned surface. Different bill hold-
ers were used for each species. Holder characteristics were deter-
mined prior to the study by examination and measurement of
skulls held in the collection of the United Kingdom Natural History
Museum (Bird Group, Tring). Each holder takes account of the size
and shape of the bill of the species. In the cranes the bill was held
closed; in the storks and bustards the bill was held slightly open.
Whether the bill was held open or closed was determined by the
need for the birds to ventilate freely and this in turn was deter-
mined by the position of the nares which had to be left uncovered
by the Micropore™ tape, or the mouth had to remain slightly open.
We judged that a slightly opened mouth was preferable in the
storks and bustards, but a closed mouth position was suitable for
the cranes.

The visual perimeter’s co-ordinate system followed conven-
tional latitude and longitude with the equator aligned vertically
in the birds’ median sagittal plane and this co-ordinate system is
used for the presentation of visual field data.

The eyes were examined using an ophthalmoscope mounted
against the perimeter arm and its latitudinal position read to
±0.5�. Eyes were found to be mobile and their movements non-
conjugate, i.e. the eyes could move independently. To determine
the limits of the visual fields and the magnitude of eye movements
the following procedure was used. For each eye, as a function of
elevation (longitude) in the median sagittal plane at 10� (±1.0�)
intervals, the visual projections of the maximum and minimum
limits of the retinal visual field were determined. The limit of the
visual field is determined by the projection of the limit of the ret-
ina, the ora serrata. This is seen as a clear difference between the
bright reflection from the retinal surface and the black of the ciliary
folds. At each elevation (longitude) the perimeter co-ordinates (lat-
itude) at which the limit of the retina was seen to lie at the centre
of the pupil was determined. However, because of eye movements
the visual projection of these limits is not fixed. Therefore the max-
imum and minimum limits of the visual field at each elevation
Fig. 1. Mean (±SE) angular separation of the retinal field margins as a function of elevatio
field margins (binocular vision), negative values indicate the width of the blind areas. Th
270� (behind the head) and 90� (in front of the head), and 0� directly above the head, th
scaled drawing of the head of a blue crane. The projection of the eye–bill tip axis is al
determined directly because of the intrusion of the bill holder into the view of the eye, an
110� and 130�.
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were determined. These were defined by the positions that the ret-
inal margins spontaneously adopted when the eyes were fully ro-
tated ‘‘forwards” (converged) and ‘‘backwards” (diverged). To
determine these positions, successive measures of the projection
of the retinal margin at each elevation were made in quick succes-
sion and the maximum and minimum values recorded. The ampli-
tude of eye movements at each elevation was determined by the
difference between these maximum and minimum values. Eye
movements are complex rotational movements and this procedure
enables the translational effect of these movements to be recorded
at each elevation and hence determine how the limits of the visual
field are altered by these movements. At some elevations eye
movements made no discernable difference to the position of the
field margins, at other elevations the effects of eye movements
on the limits of the visual field were substantial.

Because of small sample size no statistical analysis would be
meaningful. However, it should be noted that measure of the pro-
jections of retinal field margins using this technique within an
individual bird are generally highly repeatable to within ±2� and
that intraspecific variation is typically within ±4� (Martin, 2007),
leading to small standard errors, as indicated in Fig. 1.

By combining data on the projections of the retinal margin as a
function of elevation (corrected for viewing from a hypothetical
viewing point placed at infinity (Martin, 1984); this correction is
based upon the distance between the eyes and the viewing dis-
tance (320 mm) used in the perimeter apparatus) a topographical
map of the visual field and its principal features was constructed
for each species. These features are: monocular fields, the visual
field of a single eye; binocular field, the area where monocular
fields overlap; cyclopean field, the total visual field produced by
the combination of both monocular fields. It was possible to mea-
sure limits of the visual field at 10� intervals of elevation in an arc
from directly behind the head, to above the head and then down to
60� below the horizontal in front of the head. Alignment of the
birds’ heads in the perimeter was such that the ophthalmoscope
viewing aperture was, in effect, moved over the surface of a sphere
centred on the mid-point of the line joining the centres of the pu-
n in the median sagittal plane in blue cranes. Positive values indicate overlap of the
e co-ordinate system is such that the horizontal plane is defined by the elevations

e same co-ordinates are used in Fig. 2. These directions are indicated in the outline
so indicated. The value of the binocular field width at elevation 120� could not be
d this value was interpolated from the mean recorded field width value at elevations

ith power lines: Failing to see the way ahead?. Biol. Conserv. (2010),
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pils. This point was defined as the cyclopean projection centre, and
the position of the visual fields are described by reference to it.

Calibrated photographs of the head of each bird when held in
the hands and in the apparatus were taken. These were used to
determine eye positions within the skull, the relationship between
the horizontal and the eye-bill tip angle when the measurements
were taken, and to estimate the axial length (the distance from
the cornea to the posterior pole of the eyes). The latter estimate
was based upon the divergence of the optic axes (see below) and
the assumption that the fundus (posterior portion of the eye) is
semicircular and that the eyes meet in the sagittal plane of the
skull.

In each of the birds the direction of the optic axis (the line along
which the cornea and the lens refractive surfaces are centred) of
each eye was determined by recording the perimeter co-ordinates
at which the 1st and 2nd Purkinje images (reflections from the cor-
nea and from the lens anterior surface) of a discrete source of light
held close to the line of sight were most closely aligned.

In common with most other birds when held at various body
angles, head position in all three species was relatively stable. This
eye-bill tip angle was approximately 5� below the horizontal in the
bustards, 40� in the storks and 25� in the cranes. Photographs of
the birds when at rest in the holding facilities also confirmed these
bill angles in unrestrained but alert birds. Inspection of illustra-
tions in handbooks depicting these species at rest (Archibald and
Meine, 1996; Collar, 1996; Elliot, 1992) also show similar bill an-
gles to the horizontal. However, these head positions are not nec-
essarily the same as those adopted by the birds in flight. Our own
observations and analysis of photographs and illustrations of birds
in flight available through internet searching (Arkive, 2010; http://
www.arkive.org/, Google Images, 2010 http://www.google.co.uk/
imghp), and in field guides (Sinclair et al., 1997; Hockey et al.,
2005) (we examined 30 of our own photographs of blue cranes
entering a roost site, and 10 photographs/illustration from pub-
lished sources of the bustards and storks), indicate that the in-
flight bill angle is approximately 20� below the horizontal in both
storks and cranes and 5� below the horizontal in the bustards.
When the visual field measurements were made the tips of the
mandibles projected at approximately 5� below the horizontal in
the bustards, and 20� below the horizontal in the storks and cranes,
i.e. the typical in flight head positions.
3. Results

The mean (±SE) angular separations of the retinal field margins
as a function of elevation in the median sagittal plane in blue
cranes are shown in Fig. 1. Photographs of the lateral views of
the heads of a kori bustard, blue crane and white stork with the
heads held at their typical resting angle are shown in Fig. 2. Maps
of the visual fields in the frontal sector are shown in Fig. 2 row a.
Vertical sections through the binocular field in the median sagittal
plane are shown in Fig. 2 row c. In these figures the birds’ heads are
depicted at the eye-bill tip angles similar to those typically
adopted by the birds in flight. Sections through the visual fields
are shown in Fig. 2 row b. These sections are at an approximately
horizontal plane when the head is held in the positions shown in
Fig. 2 row c.
3.1. General topography of visual fields

Fig. 2 row a indicates that the general topography of the visual
fields of these three species is similar and show features associated
with the use of vision to guide the procurement of prey by the bill
(Martin, 2009). Thus all three species have a narrow but vertically
Please cite this article in press as: Martin, G.R., Shaw, J.M. Bird collisions w
doi:10.1016/j.biocon.2010.07.014
long binocular field with the projection of the bill either central or
below the horizontal (Fig. 2 rows a and c).
3.2. Interspecific differences in visual fields

The horizontal widths of the visual field of each eye are similar;
162�, 160.5� and 158� in bustards, cranes and storks respectively
(Fig. 2 row b) suggesting that the eyes of these three species are
of similar optical design (Martin, 1983). However, the combination
of the monocular fields in each species gives rise to systematic
interspecific differences in all visual field parameters. Thus, the
maximum widths and vertical extent of the binocular area differ
systematically between the species; 17� � 60�, 21.5� � 75�,
28� � 120� in bustard, crane and stork respectively (Fig. 2 rows b
and c). The widths of the blind areas behind and above the head
also differ systematically; 52�, 60.5� and 72� in bustard, crane
and stork respectively (Fig. 2 row b). This results in the proportion
of the sphere around the head that is covered by the visual fields
differing markedly between these species, with total visual cover-
age very much reduced in bustards compared with storks (Fig. 2
row a). In particular, the proportion of the hemisphere that pro-
jects forward has the least visual coverage in bustards with a large
blind area in the dorsal quadrant and a smaller blind area in the
ventral quadrant. Storks have almost comprehensive coverage of
the frontal hemisphere, while cranes also have substantial portions
of the frontal hemisphere that are not covered by the visual field
(Fig. 2 row a).
3.3. Eye axial length and eye movement amplitude

Mean eye axial lengths were estimated to be 22 mm, 25 mm
and 30 mm in the storks, cranes and bustards respectively. Mean
eye movement amplitude in the cranes based upon two birds mea-
sured at two elevations in the region where binocular field width
was maximal was 14�. In all birds casual observations through
the ophthalmoscope showed spontaneous and non-conjugate eye
movements to be present and of sufficient amplitude to abolish
binocularity in the region about the horizontal.
4. Discussion

4.1. Visual fields and foraging

Based upon the foraging technique of these three species, which
involves taking food items directly by the bill under visual guid-
ance (Archibald and Meine, 1996; Collar, 1996; Elliot, 1992), we
hypothesized that all three species would have visual fields in
which the bill projects centrally or below the horizontal within a
relatively narrow binocular field (15–30� wide). Such frontal visual
field topography has been described in a wide range of birds spe-
cies which, although differing in phylogeny, general ecology and
prey type, share in common visual guidance of the bill towards
prey and food objects, regardless of whether they are taken by
pecking or lunging (Martin, 2007, 2009). Data from all three spe-
cies (Fig. 2 row a) support this hypothesis. This indicates that
although these species are assigned to two phylogenetically dis-
tinct orders (cranes and bustards, Gruiformes; storks Ciconiifor-
mes, (Hackett et al., 2008; Livezey and Zusi, 2007)) the
fundamental configuration of their binocular fields show evidence
of convergence associated with the visual challenges of aiming
accurately towards an item with the bill, and of determining time
to reach that item in order to seize it with the bill (Martin, 2007,
2009).
ith power lines: Failing to see the way ahead?. Biol. Conserv. (2010),
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Fig. 2. Visual fields in kori bustards, blue cranes, and white storks. The figure is a matrix that allows interspecific comparison of the same information across rows, while
columns show information for each species. Each species is depicted by a photograph showing a lateral view of the head at the head of a column. (row a) Perspective views of
orthographic projections of the boundaries of the retinal fields of the two eyes and the line of the eye-bill tip projection (indicated by a white triangle). The diagrams use
conventional latitude and longitude co-ordinate systems with the equator aligned vertically in the median sagittal plane of the bird (grid at 20� intervals) and values in the
sagittal plane correspond with those shown in Fig. 1 for blue cranes. It should be imagined that the bird’s head is positioned at the centre of a transparent sphere with the bill
tips and field boundaries projected onto the surface of the sphere with the heads in the orientations shown in row c. (row b) Horizontal sections through the visual fields in a
horizontal plane defined by the elevations 270� and 90� in Fig. 1, dashed lines indicate the directions of the optic axes. (row c) Vertical sections through the binocular fields 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 (see discussion in Section 2). Green areas, binocular sectors; pink areas, monocular sectors; blue areas, blind sectors;
downward pointing black arrowheads in row b, direction of the bill; white triangle direction of bill projection in row a; white pentagon direction of optic axes in row a. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.2. Interspecific differences in visual fields

Despite the similarity in general topography of binocular fields
there are some notable interspecific differences in the visual fields
of these birds. These include the vertical extent of the binocular
fields (Fig. 2 rows a and c), the direction of the projection of the bill
within the binocular fields (Fig. 2 rows a and c), the extent of blind
areas above and behind the head (Fig. 2 rows a and b), and the ex-
tent of visual coverage in the hemisphere to the front of the head
Please cite this article in press as: Martin, G.R., Shaw, J.M. Bird collisions w
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(Fig. 2 row a). These differences must arise primarily due to differ-
ences in the positioning of eyes in the skull since the visual field of
a single eye in each species is of similar width (Fig. 2 row b), sug-
gesting that they are similar in optical design. The function of these
differences in visual field parameters may lie in detailed differ-
ences in the foraging ecology of these species and/or in phylogeny.

The near comprehensive visual coverage of the frontal hemi-
sphere in the storks, which is achieved by the vertically long binoc-
ular field, is similar to the configuration found in other birds of the
ith power lines: Failing to see the way ahead?. Biol. Conserv. (2010),
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same order, herons (Ardeidae). In herons this frontal field configu-
ration is thought to be associated with stealth-foraging upon eva-
sive prey, such as fish and amphibians, it being argued that the
near comprehensive visual coverage of the frontal hemisphere
may allow a stationary or slow moving bird to detect prey below
it without moving the head, and thus initiating an escape response
in the prey item, until a prey strike is initiated (Katzir and Martin,
1994). Storks may face similar visual challenges when foraging on
evasive prey such as small mammals, reptiles, amphibian and fish
which make up the bulk of their diet, and which are typically de-
tected when walking slowly forward (Hancock et al., 1992).

Although bustards and cranes are also thought to be visually
guided in their foraging, they take a broader array of items than
storks. These include a wide range of stationary vegetable matter
(seeds, berries, bulbs) and animal resources which are not neces-
sarily evasive such as snails, orthoptera, small rodents, lizards,
snakes, and bird eggs and nestlings (Ellis et al., 1996; Johnsgard,
1991). Thus these species do not need to employ a stealth-foraging
technique, which could account for the smaller vertical extent of
the binocular fields found in both the bustards and cranes. How-
ever, what might these birds gain by having less extensive cover-
age of their frontal field? The answer probably lies in comparison
of the extent of the blind area behind the head. Fig. 2 row b shows
that storks have the widest blind area behind the head and since all
three species have eyes with similar visual fields, more extensive
frontal vision can only be achieved at the cost of less comprehen-
sive vision behind the head. Thus there is a trade-off between the
frontal and hind portions of the visual fields in which a wider blind
area, and presumably greater vulnerability to attack by predators
from behind, is traded against the requirement for more compre-
hensive frontal field coverage necessary for visually guided
stealth-foraging.

Such a trade-off has been noted previously. It has been argued
that the primary driver of visual field configuration is predator
detection, within the constraints of sufficient visual coverage about
the bill to guide its placement when foraging, or when provisioning
chicks. In birds which do not require vision for such tasks, as for
example some ducks (Antidae) and shorebird (Scolopacidae) spe-
cies which employ either filter feeding or tactile cues for prey
detection, and which have precocial self-feeding chicks, totally
comprehensive visual coverage of the hemisphere above the head
is achieved (Martin, 2007; Martin et al., 2007). However, in all
other species there appears to be a trade-off between minimising
the width of the blind area behind the head, and the minimum
requirements for binocularity for the control of bill position (Mar-
tin, 2007).

4.3. Visual fields and susceptibility to collisions

That birds can, and should, maintain visual coverage of the re-
gion ahead of them when in flight would seem a reasonable
assumption. However, our data provides evidence that this may
not always be the case. In bustards and cranes there are extensive
blind regions in the frontal hemisphere and movements of the
head downwards (forward pitch) by greater than 25� and 35�
respectively (Fig. 2 rows a and c) would bring these blind areas
to project forwards in the direction of flight. Under these circum-
stances any object directly ahead of the flying bird could not be de-
tected regardless of the visual capacities of the bird’s eyes or the
size and contrast of the object. However, the same argument would
not seem to apply so readily to the storks. In these birds the verti-
cally longer binocular field and its greater extent above the hori-
zontal means that a downward head movement of 55� or greater
(which would result in the bill pointing slight backwards from ver-
tical beneath the bird) is necessary to abolish all vision forward in
the direction of travel.
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Little appears to be known about where birds are looking during
flight, especially when they are flying in open airspace above the
height of local natural vegetation. There are however, anecdotal
observations (photographs and video of birds in flight) which show
that at least larger species frequently turn their heads sideways or
orientate their head downwards when in flight. There is evidence
that gull-billed terns Gelochelidon nilotica turn their heads system-
atically to look both laterally and downwards (forward pitch of the
head by 60�) when searching for prey over mud flats in order to
bring central (probably foveal) vision to guide the task of detection
(Land, 1999). Peregrine falcons are also thought to use lateral (pos-
sibly foveal) vision to detect and approach prey in aerial pursuit,
and do not bring forward vision to bear upon the prey object until
very close to contact (Tucker, 2000; Tucker et al., 2000).

We also observed the spontaneous abolition of binocularity in
all three species, and in the cranes we were able to quantify eye
movement amplitudes in the horizontal plane and show that they
are sufficient to abolish the binocular field. Thus in flight, cranes
could move their eyes sufficiently to temporarily abolish vision di-
rectly in front of them. What triggers these spontaneous and non-
conjugate eye movements of birds is unknown but their function
may be primarily concerned with scanning a scene with central
and/or foveal vision since this is likely to have highest spatial res-
olution within the entire visual field. The abolition of binocularity
may be viewed as a consequence rather than a function of such eye
movements. However, such temporary abolition of vision forwards
in the direction of flight could also have important consequences
with respect to the probability of collision with objects that intrude
into the open airspace.

A further aspect of these visual field characteristics that can
render cranes and bustards especially vulnerable to collisions re-
lates to power line configuration. In most high tension transmis-
sion systems, the power lines are protected from lightning strike
by relatively small diameter earth wires suspended above the array
of heavier conductor lines used to transmit power. It is well known
that collisions with earth wires are more frequent than collisions
with conductors and this is often explained by lower visibility of
these wires with the result that they are seen too late to be avoided
by birds trying to fly over the more obvious conductors (Bevanger,
1994; Drewitt and Langston, 2008). However, because of the con-
figuration of the forward visual field, earth wires may often fall
within the blind area that projects forwards and upwards. Thus
birds flying upwards to avoid colliding with conductors may not
be able to see earth wires. Again, this argument would not apply
so readily to the storks where the greater vertical extent of the bin-
ocular field means that the earth wire is likely to always fall within
the visual field.

4.4. Power line mortality: failing to see the way ahead?

Data presented here shows clearly that in a group of birds
known to be vulnerable to collisions with power lines, aspects of
their visual fields, especially the extent of blind areas that project
in the frontal hemisphere above the binocular field, mean that
the birds may frequently be unable to see what lies ahead of them.
This will occur if the birds are searching the area below them (for
conspecifics, foraging and roosting sites) and pitching their head
downwards. Inability to see power lines may also occur as these
birds fly upwards, either from the ground close to a power line ar-
ray or in trying to avoid collision with conductors which lie directly
ahead. In these situations lines may fall within the upward and for-
ward projecting blind portion of the visual field above the binocu-
lar area. These considerations are likely to apply in other birds with
similarly small binocular fields and extensive blind areas above
them. For example, short-toed snake-eagles Circaetus gallicus,
which fly slowly forwards foraging for reptiles on the ground, have
ith power lines: Failing to see the way ahead?. Biol. Conserv. (2010),
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a binocular field (max. width 20�, height 81�) which is of very sim-
ilar dimensions to those of cranes (21.5� � 75�) with an extensive
blind area above (Martin and Katzir, 1999). In these eagles a down-
ward head movement of only 25� would render the birds blind di-
rectly ahead. Raptors are regularly recorded as collision victims,
with this source of mortality implicated in the decline of the Bonel-
li’s eagle Hieraaetus fasciatus population in Europe (Bevanger,
1998; Mañosa and Real, 2001).

Vulnerability to collision depends on many factors, including
bird behaviour and manoeuvrability, topography, weather and
power line design and placement (Bevanger, 1994). Our data show
that vision is probably a key aspect of this problem. While there are
no good comparative data on the collision mortality rates of the
species studied here, where systematic surveys for collision vic-
tims have been conducted within their ranges, bustards and cranes
are usually among the most numerous victims found (Brown and
Drewien, 1995; Janss, 2000; Shaw, 2009). In a study conducted in
Spain, great bustards Otis tarda and little bustards Tetrax tetrax
were clearly shown to have the highest chance of collision of all
species considered relative to the number of line crossings made
(Janss and Ferrer, 2000).

White storks are known to suffer high mortality associated with
power lines (Schaub and Pradel, 2004), but these birds have almost
comprehensive visual coverage of the frontal hemisphere and head
movements of even large amplitude will not render these birds
blind in the direction of flight. Therefore these birds are more likely
than bustards and cranes to detect power lines and other obstacles
ahead of them in flight. However, unlike cranes and bustards,
storks commonly nest on power infrastructure (Elliot, 1992). As
well as putting them at risk of electrocution, this could escalate
the probability of collision by increasing the amount of time spent
flying close to power lines. However, further information is needed
to fully understand the interactions of white storks with power
wires that lead to high mortality. For example, information on such
topics as the stage of the breeding season when mortality is high-
est, the age of birds and the number of years that a bird has used a
particular nest site before collision mortality occurs, could all
throw light on the role of vision or other factors in the power wire
collision mortality of these species.

Thus visual field topographies which have evolved primarily to
meet visual challenges associated with foraging may render certain
bird species particularly vulnerable to collisions with human arte-
facts, such as power lines and wind turbines, that extend into the
otherwise open airspace above their preferred habitats. For these
species placing devices upon power lines to render them more vis-
ible may have limited success since no matter what the device the
birds may not see them. This may help to explain why line marking
appears to be ineffective for bustards (Janss, 2000; Jenkins et al.,
2010). We suggest that in certain situations it may be necessary
to distract birds away from the obstacles, or encourage them to
land nearby (for example by the use of decoy models of conspecif-
ics, or the provision of sites attractive for roosting) since increased
marking of the obstacle cannot be guaranteed to render it visible if
the visual field configuration prevents it being detected. Perhaps
most importantly, our results indicate that collision mitigation
may need to vary substantially for different collision prone species,
taking account of species specific behaviours, habitat and foraging
preferences, since an effective all-purpose marking device is prob-
ably not realistic if some birds do not see the obstacle at all.
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