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a b s t r a c t
Birds gather visual information through scanning behavior to make decisions relevant for survival (e.g.,
detecting predators and ﬁnding food). The goal of this study was (a) to review some visual properties
involved in scanning behavior (retinal specialization for visual resolution and motion detection, visual
acuity, and size of the blind area), and (b) hypothesize how the inter-speciﬁc variability in these properties may lead to different scanning strategies. The avian visual system has a high degree of heterogeneity
in visual performance across the visual ﬁeld, with some sectors providing higher levels of visual resolution and motion detection (e.g., retinal specializations) than others (e.g., peripheral retina and blind
area). Thus, information quality will vary in different parts of the visual ﬁeld, which contradicts some
theoretical assumptions on information gathering. Birds need to move their eyes and heads to align the
retinal specializations to different sectors of visual space. The rates of eye and head movements can then
be used as proxies for scanning strategies. I propose speciﬁc predictions as to how each of the visual
properties studied can affect scanning strategies in the context of predator detection in different habitat
types and with different levels of predation risk. Establishing the degree of association between sensory
specializations and scanning strategies can enhance our understanding of the evolution of anti-predator
behavior.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Animals are continuously gathering information through their
sensory systems to make decisions that are relevant for their survival and reproduction. Avoiding predation is a key component of
survival that hinges upon early detection of predators. In visually
guided organisms like birds, scanning (also known as vigilance) is
the behavioral process by which animals gather visual information
(e.g., movement of leaves in a tree, a raptor ﬂying around, and a
group mate escaping) that could be indicative of a threat.
Behavioral ecologists have associated scanning with various
aspects of anti-predator behavior from both theoretical and empirical perspectives, such as perceived predation risk, vigilance
strategies, predator detection, and micro-habitat use (Lima, 1990,
1998; Lima and Dill, 1990; Krause and Ruxton, 2002; Caro, 2005;
Cresswell, 2008). Scanning has been usually measured as changes
in body position (Caro, 2005). For instance, in birds, it has been
assumed that when individuals are head-up, they can obtain information through scanning, but when they are head-down (seeking
food, pecking), they cannot obtain any visual information (Lima,
1987). This mutual exclusivity assumption between scanning and
foraging has been challenged theoretically and empirically a few
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times (reviewed in Fernández-Juricic et al., 2004a). The basic argument against this assumption is that many bird species have
laterally placed eyes, which widen their ﬁelds of view (Martin,
2007; Fernández-Juricic et al., 2008) to the extent that they can
gather information laterally even when their heads are down
(Bednekoff and Lima, 2005; Fernández-Juricic et al., 2005). This has
important ﬁtness implications because predator detection probabilities when head-down have been estimated as approximately
30% (Lima and Bednekoff, 1999; Tisdale and Fernández-Juricic,
2009), but not 0% as proposed by the mutual exclusivity assumption.
However, what happens when birds are head-up scanning, supposedly gathering 100% information? Does the quality of head-up
scanning vary? If so, what are the factors inﬂuencing scanning
quality? At least theoretically, behavioral ecologists have assumed
that animals gather high quality information all around their heads
when in vigilance postures (Fernández-Juricic et al., 2004a). So, it
is assumed that birds can see 360◦ around their heads and obtain
high quality information throughout their visual ﬁelds. However,
this assumption does not reﬂect the complexity and diversity of the
sensory system (Dangles et al., 2009). To address these questions
for birds, it is important to examine the conﬁguration of the peripheral visual system, as it is the sensory window that is expected to
affect scanning and thus the ability to detect predators.
The goal of this study is to review some sensory components
of the avian visual system that are involved in scanning behavior,

144

E. Fernández-Juricic / Behavioural Processes 89 (2012) 143–152

and hypothesize how the variability in these factors may affect
scanning strategies when animals are in vigilant postures (e.g.,
head-up). I synthesize information on four visual properties: (1)
area of high resolution in the visual ﬁeld, (2) density and distribution of cells associated with motion detection, (3) visual acuity,
and (4) size of the blind area at the rear of the head. I propose
speciﬁc predictions as to how these visual properties can inﬂuence
scanning strategies considering new proxies of scanning behavior
(head movement rates), and discuss the potential effects of habitat
complexity and predation risk on these vision–scanning relationships. Birds are excellent study species to assess the relationship
between sensory systems and behavior at the comparative level
because of their complex visual systems (Meyer, 1977; Cuthill,
2006; Martin and Osorio, 2008) and diverse antipredator strategies
(Lima, 1993; Caro, 2005; Beauchamp, 2010).
2. Visual sensory properties in birds
In the context of anti-predator behavior, prey are expected to
follow a series of steps to reduce the chances of mortality in the
event of a predator attack: (1) scan the environment through visual
search, (2) detect the predator, (3) identify the predator right after
detection, (4) track it visually, and (5) change behavior to reduce
visibility and/or escape (Lima and Dill, 1990; Cronin, 2005). These
steps require gathering visual information over a short period of
time to make quick decisions on strategies to avoid predation
(Hemmi and Zeil, 2005). The visual information prey gather can
be of a single type (e.g., motion) or multiple types (e.g., motion
and variations in visual contrast). Antipredator behavior theory
does not explicitly consider these multiple sources of visual information, which are generally associated with speciﬁc properties of
the sensory system. In this study, I mostly focus on the ﬁrst step,
visual search when animals are in vigilant body postures (e.g., headup), which is represented by monitoring the environment when no
predator is visible in the visual ﬁeld of the animal. Avian species

with laterally placed eyes have a relatively wide visual coverage
due to the degree to which their lateral visual ﬁelds extend to
the rear of the head (Fig. 1). The limits of the visual ﬁelds are
determined by the projections of the edges of the retina of each
eye into visual space (Fig. 1). Visual resolution within the wide
avian visual ﬁeld is inﬂuenced by the photoreceptors and retinal
ganglion cells which occupy different layers in the retina. Phototransduction (the conversion of photons into electrical energy)
takes places in the photoreceptors (cones and rods; McIlwain,
1996). This visual information is ultimately transferred from the
retina to the visual centers of the brain through the retinal ganglion
cells that form the optic axis (McIlwain, 1996). The retinal ganglion
cells act as a visual information bottleneck, because they determine
the upper levels of visual resolution of the visual system (Collin,
1999).
One measure of visual information quality is visual resolution:
the sharper the image, the higher the quality of information. Within
the retina, visual resolution is determined by the density of photoreceptors and retinal ganglion cells, which is not homogeneous
across the retina (e.g., Querubin et al., 2009). In general, sectors
within the retina with a higher density of photoreceptors and/or
retinal ganglion cells have higher visual performance than sectors
with lower cell density (Wyszecki and Stiles, 1982). Consequently,
the quality of information gathered is expected to differ across the
retina, and hence across the projection of the retina into the visual
ﬁeld (Fig. 1).
Most of the retina will provide relatively low quality information (i.e., low visual resolution) due to the relatively low density
of photoreceptors and retinal ganglion cells (Fig. 1). The exception
is the spot in the retina with the highest density of photoreceptors
and ganglion cells, which will provide high quality information (i.e.,
high visual resolution; Fig. 1; Walls, 1942; Meyer, 1977). This high
acuity spot is known as the retinal specialization. The projection of
the retinal specialization is expected to take up a small portion of
the whole visual ﬁeld (Fig. 1).

Fig. 1. Schematic representation of the projection of a central retinal specialization into the two lateral visual ﬁelds at a given head and eye position. The projection of the
binocular ﬁeld is not shown for clarity. The ﬁgures with numbers represent the visual scenes perceived by each eye. Visual resolution is the highest at the retinal specialization,
but decreases towards the retinal periphery (e.g., blurred vision) due to lower density of photoreceptors and retinal ganglion cells (RGC).
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Table 1
Some bird species whose retinal conﬁgurations have been described through topographic maps of the retinal ganglion cell layer. The type of retinal specialization is indicated
as: F, fovea; VS, visual streak; Ar, area. Five species have been shown to have two specializations in their retinas. Most of the retinal topographic maps are available from the
following database: http://www.retinalmaps.com.au/ (Collin, 2008).
Order

Scientiﬁc name

Common name

RS

References

Galliformes
Ciconiiformes
Ciconiiformes
Columbiformes
Falconiformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Falconiformes
Falconiformes
Columbiformes
Passeriformes
Passeriformes
Anseriformes
Procellariiformes
Strigiformes

Pavo cristatus
Coragyps atratus
Gymnogyps californianus
Zenaida macroura
Milvago chimango
Molothrus ater
Pipilo crissalis
Sturnus vulgaris
Carpodacus mexicanus
Passer domesticus
Zonotrichia leucophrys
Falco sparverius
Buteo fuscenses australis
Columba livia
Pitangus sulphuratus
Myiozetetes cayanensis
Branta canadensis
Pufﬁnus pufﬁnus
Tyto alba

Peafowl
Black Vulture
Condor
Mourning Dove
Chimango Caracara
Brown-headed Cowbird
California Towhee
European Starling
House Finch
House Sparrow
White-crowned Sparrow
American Kestrel
Chilean Eagle
Rock Pigeon
Great Kiskadee
Rusty-marginated Flycatcher
Canada Goose
Manx Shearwater
Barn Owl

Ar
F
F
F
F
F
F
F
F
F
F
F/F
F/F
F/Ar
F/Ar
F/Ar
VS
VS
VS

Hart (2002)
Inzunza et al. (1991)
Inzunza et al. (1991)
Dolan and Fernández-Juricic (2010)
Inzunza et al. (1991)
Dolan and Fernández-Juricic (2010)
Fernández-Juricic et al. (2011a)
Dolan and Fernández-Juricic (2010)
Dolan and Fernández-Juricic (2010)
Dolan and Fernández-Juricic (2010)
Fernández-Juricic et al. (2011a)
Inzunza et al. (1991)
Inzunza et al. (1991)
Binggeli and Paule (1969)
Coimbra et al. (2006)
Coimbra et al. (2006)
Fernández-Juricic et al. (2011c)
Hayes et al. (1991)
Bravo and Pettigrew (1981)

There are different types of retinal specializations, such as the
fovea (pitted invagination of the retinal tissue), area (concentric
increase in photoreceptor/retinal ganglion cell density without
invagination of the retinal tissue), and visual streak (band-like area
extending across the retina) (Meyer, 1977). Retinal specializations
occur in different numbers and positions in the retina (Collin, 1999).
In this study, I focus only on avian species with laterally placed
eyes and a single centrally located fovea projecting into the lateral
visual ﬁeld (Fig. 1). This retinal conﬁguration is relatively common
in birds, particularly Passeriformes (Table 1). Of a sample of the
bird species whose type of retinal specialization has been described
through topographic maps of the retinal ganglion cell layer, approximately half have been found to possess a single fovea (Table 1).
Species with this visual conﬁguration detect predators and track
their position and speed with high accuracy using their lateral
rather than their binocular visual ﬁelds (Devereux et al., 2006). This
is because the central visual axis of the fovea projects laterally due
to the position of the orbits in the skull (Fig. 1).
Besides increasing visual resolution, the fovea has been proposed to be involved in reducing light scattering (Martin, 1986),
facilitating image magniﬁcation (Walls, 1942) and image ﬁxation
and exaggeration of small movements (Pumphrey, 1948), and providing a directional focus indicator (Harkness and Bennet-Clark,
1978). At the center of the fovea, the ganglion cell, inner plexiform,
and nuclear retinal layers may be displaced radially, giving rise to an
invagination of the retinal tissue and a foveal pit (Fig. 2; Pumphrey,
1948; Meyer, 1977; Ruggeri et al., 2010). Foveae of different bird
species differ in the depth of the foveal pit from shallow (concaviclivate fovea) to deep (convexiclivate fovea; Fig. 2; Walls, 1937;
Pumphrey, 1948). From a morphological perspective, the deeper
the foveal pit, the narrower its width (Fig. 2; Fite and RosenﬁeldWessels, 1975). This between-species difference in the depth and
width of the foveal pit could potentially have important implications for scanning (see Section 4), because of differences in the area
with the highest resolution in the visual ﬁeld that can be covered
per unit time as the animal moves its head and/or eyes (Fig. 2).
Deep foveae have narrow foveal pits and thus are expected to have
a relatively small area with the highest resolution in the visual ﬁeld
(Fig. 2). On the other hand, shallow foveae have wide foveal pits and
are expected to have a relatively larger area with the highest resolution in the visual ﬁeld (Fig. 2). The local visual resolution at the
level of the retinal specialization is expected to be lower in species
with shallow than those with deep foveae (Walls, 1942), assuming

similar eye size and cell packing. Nevertheless, the argument of the
differences in the proportional area of the visual ﬁeld with the highest visual resolution may still hold from the perceptual perspective
of each species.
The ability to sense motion and variations in achromatic contrast
in a scene can also inﬂuence scanning behavior (Cronin, 2005). Generally, predators increase the chances of successfully taking prey
when attacking by surprise. Therefore, prey may beneﬁt by having
visual systems with high sensitivity to stimuli moving against the
background that can be discriminated in a very short period of time
(Levin, 1997; Jablonski and Strausfeld, 2000). Motion sensitive neurons can estimate the time remaining before collision with an object
(Rind and Simmons, 1999; Xiao et al., 2006) based on a hierarchical
system of cues, such as, changes in the rate of increase in size and
complexity of the moving object (Carlile et al., 2006). Birds have a
good ability to perceive motion (Dittrich and Lea, 2001), which is
mostly an achromatic visual task (Osorio et al., 1999; Burton, 2000).
Achromatic cues arise when visual targets vary in light intensity but
not in spectral composition, whereas chromatic cues arise when
visual targets vary in the spectra they reﬂect.
The detection of motion and achromatic cues in the avian retina
has been associated with a type of photoreceptor called double cone
through both physiological (von Campenhausen and Kirschfeld,
1998) and behavioral (Goldsmith and Butler, 2003, 2005) studies,
although there is still debate about the ultimate function of double
cones (Bennett and Théry, 2007). Double cones have principal and
accessory members with broad spectral sensitivity (Bowmaker
et al., 1997; Osorio and Vorobyev, 2005; Hart and Hunt, 2007).
Double cones are abundant in the avian retina (25–50% of all
cones), and interspeciﬁc variations in their density and distribution
can be proxies of the ability to detect cues related to predator
attacks (Hart, 2001).
Visual acuity, which is the ability to resolve ﬁne details such
as distinguishing between two closely spaced stimuli (McIlwain,
1996), is another visual property involved in predator detection.
Inter-speciﬁc variation in prey’s overall visual acuity (as opposed
to the local visual resolution provided by the retinal specialization)
can inﬂuence the distance at which predators are detected (Tisdale
and Fernández-Juricic, 2009). In general, larger eyes project a larger
image on the retina that is spread over a larger number of photoreceptors that transfer the information to the retinal ganglion cells
(Land and Nilsson, 2002), ultimately increasing visual acuity. Larger
bird species have larger eyes (Howland et al., 2004; Burton, 2008),
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Fig. 2. Schematic representation of the cross section of the fovea, showing (a) shallow and (b) deep foveae, and their proposed projection into the visual ﬁeld as areas of high
visual resolution based on the width of the foveal pit (see text for details).

and thus higher visual acuity (Kiltie, 2000). Besides eye size, overall visual acuity also increases with the density of photoreceptors
and ganglion cells in the retina (Land and Nilsson, 2002). There are
other factors that can affect visual acuity (corneal diameter, aberration, diffraction, light intensity, etc.); however, they are not likely
to vary much in diurnal birds as they are not limited by sensitivity
to ambient light and have similar eye shapes (Martin, 1993; Hall
and Ross, 2006).
The position of eyes in the skull can inﬂuence the width of the
blind area at the rear of the head (Martin, 2007). Species with more
frontally placed eyes tend to have wider blind areas, and consequently less visual coverage at any given head position (Iwaniuk
et al., 2008). Species with wider blind areas spent more time in
head-up positions probably to compensate for the lack of visual
coverage (Guillemain et al., 2002). Additionally, predator detection is delayed when the attacker’s approach is in the prey’s blind
area rather than in their lateral visual ﬁelds (Kaby and Lind, 2003;
Devereux et al., 2006).
There is empirical evidence on the degree of interspeciﬁc variability in the type of retinal specialization (Meyer, 1977; Collin,
1999), density and distribution of double cones (Hart, 2001), visual
acuity (Kiltie, 2000), and size of the blind area (Martin, 2007) in
avian species living in different habitats. Other visual properties can
also affect predator detection (e.g., contrast sensitivity and temporal visual resolution). For instance, temporal visual resolution,
the speed with which visual stimuli are processed in the retina,
may inﬂuence the delay in detecting predator attacks. However, we
know relatively less about the degree of inter-speciﬁc variability in
these other visual properties (e.g., Lisney et al., 2011). By focusing on the aforementioned four visual properties in anti-predator
contexts, my intention is to provide a conceptual framework on
how visual conﬁguration can inﬂuence scanning behavior. This
framework can be expanded in the future by including other visual
components.

3. Scanning strategies
As mentioned above, behavioral ecologists have used the proportion of time individuals spent in head-up positions and the rate
at which individuals interrupt foraging bouts to monitor the surroundings as proxies for scanning behavior (Caro, 2005). However,

these metrics have limited value to measure the quality of scanning
while birds are in vigilant positions.
From the review on the four visual sensory components, it can
be concluded that the theoretical assumptions described in Section 1 as to how birds gather visual information while head-up do
not reﬂect the conﬁguration of the avian visual system. First, most
bird species cannot see 360◦ around their heads due to the presence of a blind area. Second, the visual ﬁeld is heterogeneous in
terms of visual performance. Some sectors of the visual ﬁeld provide high visual performance (i.e., retinal specialization associated
with high visual resolution, areas with high density of double cones
associated with motion detection) and other sectors provide low
visual performance (i.e., retinal periphery with low visual resolution, blind area at the rear of the head). Consequently, the areas of
the visual ﬁeld that provide high quality information are limited.
Birds are expected to use these sectors of high visual performance to
search for objects of interest (e.g., predators, food, and conspeciﬁcs)
in the visual space and, once found, align these sectors to the objects
and track them.
The means to obtain this high quality information with the retinal specializations in bird species with laterally placed eyes is to
move the eyes and the head (Lemeignan et al., 1992; Dawkins
and Woodington, 2000; Dawkins, 2002; Moinard et al., 2005;
Fig. 3). In birds, head movements are usually more frequent and
of greater amplitude than eye movements (Gioanni, 1988; Haque
and Dickman, 2005), since the eyes ﬁt tightly in the orbit, limiting
their movement to a large degree (Jones et al., 2007a). However,
it is necessary to consider the role of eye movements in information gathering because they can change the size of the blind
areas substantially (i.e., when individuals converge and diverge
their eyes towards and away from the bills, respectively; Fig. 3),
thereby affecting visual coverage (Fernández-Juricic et al., 2008,
2010).
The study of scanning behavior in antipredator contexts using
eye and head movements has been relatively limited in the behavioral ecology literature (but see Jones et al., 2007b, 2009). One of
the reasons is methodological, as it is easier to record changes in
body posture (head-up vs. head down) than changes in eye or head
positions. Jones et al. (2007b) proposed the use of head movement
rates (changes in head position per unit time while head-up) to
study scanning behavior, but speciﬁc sensory hypotheses have yet
to be put forward to make predictions about variations in head
movement behavior in different contexts.
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Fig. 3. Schematic representation of how the projections of the retinal specialization (foveae) into the lateral visual ﬁelds change as birds with laterally placed eyes move their
heads laterally (to the right and left) and their eyes towards (convergent eye movements) and away (divergent eye movements) from the bill. The projection of the retinal
specialization in visual space provides high quality information due to high visual resolution. The projection of the binocular ﬁeld is not shown for clarity. This graphical
representation follows the nomenclature of Fig. 1.

I propose that changes in both eye movements and head movements can be proxies for scanning strategies in birds. Individuals
engage in two main visual tasks: visual search and visual tracking.
In a visual search task, individuals vary the position of the retinal
specialization to increase visual coverage with high visual resolution around visual space (Dunlap and Mowrer, 1930; Friedman,
1975; Fernández-Juricic et al., 2010). Scanning during visual search
includes fast saccadic eye and/or head movements interspersed
with short ﬁxation periods (Land, 1999). In a visual tracking task,
individuals expose the retinal specialization towards objects of
interest that require to be sampled with high resolution (Bloch
et al., 1984; Maldonado et al., 1988). Scanning during visual tracking
includes saccadic eye and/or head movements combined with relatively longer ﬁxation periods (Land, 1999). At least theoretically,
during visual search animals do not focus for a long time on a given
sector of the visual space; they literally scan their surroundings for
the presence of objects of interest. During visual tracking, visual
attention is focused on an object of interest (whether it moves or
not) for a relatively longer period of time. Therefore, we can expect
patterns of eye and head movement to be different between these
two visual tasks.
Visual search is expected to generate relatively quick changes
in eye and head positions, whereas visual tracking is expected
to generate comparatively fewer changes in eye and head positions to match the position of an object of interest. We can extent
this argument to obtain a measurable proxy of scanning strategies through rates of eye and head movements. We can expect high
rates and low rates of eye and/or head movements during visual
search and visual tracking, respectively. Despite the sharp theoretical separation between these two visual tasks, in reality, animals
switch from one to the other continuously. Several studies have
been successful at distinguishing empirically between visual search
and visual tracking bouts in chickens and pigeons (Andrew and

Dharmaretnam, 1993; Dawkins and Woodington, 2000; Dawkins,
2002).
From an evolutionary perspective, it is worth noting that there
is a high degree of interspeciﬁc variability in the amplitude and
patterns of eye and head movements that control visual search and
visual tracking tasks in bird species other than chickens and pigeons
(Wallman and Pettigrew, 1985; Wallman et al., 1994; Casperson,
1999; O’Rourke et al., 2010a,b; Fernández-Juricic et al., 2010). However, no attempt has been made to assess the potential relationship
between the interspeciﬁc variability in the conﬁguration of the
visual system and the eye/head movement rates at the comparative level. This is a potential fruitful area of future research that
can shed some light into the evolution of visual scanning strategies
in predator–prey interactions.
4. Visual system conﬁguration inﬂuencing scanning
strategies: some predictions
Studying the relationship between visual system conﬁguration and scanning behavior requires a comparative approach that
reﬂects the levels of interspeciﬁc variability in visual physiology
and eye/head movement behavior. Currently, there is not enough
comparative information for species with different ecology and
phylogenetic history to conduct the necessary analyses. What follows are some predictions for future testing on the potential role
of the visual properties reviewed previously in scanning behavior (Fig. 4). I focus on head movements during visual search tasks
because they are easier to record in birds with regular video devices
than eye movements (but see Kjærsgaard et al., 2008). Nevertheless, some of the predictions may also hold for eye movements.
As described above, the width of the foveal pit could affect the
size of the area with high resolution in the visual ﬁeld. Narrower
foveal pits are expected to have a smaller area of high resolution
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Fig. 4. Predicted effects of different visual properties (proportion of the visual ﬁeld
with the highest visual resolution, distribution and density of photoreceptors – double cones – associated with motion detection, overall visual acuity, and width of the
blind area at the rear of the head) on scanning behavior (head movement rates) in
a visual search context (see text for details). These predictions apply to bird species
with laterally placed eyes with a single fovea located approximately centrally.

than wider foveal pits (Fig. 2). In a visual search context, I predict that as the width of foveal pit gets narrower, head movement
rates would increase to enhance visual coverage with the smaller
area of high resolution (i.e., projection of the retinal specialization;
Fig. 4). In species with relatively wider foveal pits, I predict that
head movement rates would be comparatively lower because of
the greater visual coverage provided by the larger area of high resolution (i.e., projection of the retinal specialization; Fig. 4). There is
some preliminary evidence supporting these predictions. In a comparison between two bird species belonging to the Emberizidae
Family, Fernández-Juricic et al. (2011a) found that the species
with a proportionally smaller area of high resolution in the retina
showed higher head movement rates compared to the species with
a larger area of high resolution. However, two-species comparisons do not have the necessary sample size to properly test these
predictions (Garland and Adolph, 1994).
The density and distribution of double cones is expected to
inﬂuence scanning strategies, given their role in motion detection and achromatic contrast perception (von Campenhausen and
Kirschfeld, 1998; Goldsmith and Butler, 2005). In a visual search
context, given similar overall densities of double cones, bird species
with a higher density of double cones on one sector of the retina
are expected to have higher head movements rates to expose
this motion detection sector to as many different spots in the
visual space as possible in relation to species with a less spatially
restricted distribution of double cones (Fig. 4). Given a homogeneous distribution of double cones across the retina, in a visual
search context I predict that species with proportionally higher
overall density of double cones in relation to other photoreceptor
types would have lower head movement rates due to their greater
ability to resolve movement from different directions in the visual
ﬁeld (Fig. 4). These predictions consider the independent effects
of the distribution and relative density of double cones; however,
these parameters may be somewhat related (e.g., species with a
more concentrated distribution may also have higher relative densities), although no study has addressed this type of relationship
in birds from a comparative perspective. Depending on whether
the relationship between double cone density and distribution is

positive or negative, different sets of predictions on scanning strategies could be made.
Visual acuity can play an important role in predator detection.
In a visual search context, species with higher overall visual acuity
are expected to have lower head movement rates because they can
resolve objects to a greater degree at a given distance within the
limits of visual resolution than species with lower overall acuity
(Fig. 4). A recent study found decrease in the rate of head movement in species with bigger eyes (and thus higher visual acuity;
Fernández-Juricic et al., 2011c). However, this comparison only
included ﬁve species from different families (Falconidae, Accipitridae, Anatidae, Emberizidae) and was probably inﬂuenced by
between-species differences in the type and number of retinal specializations (Fernández-Juricic et al., 2011c).
The width of the blind area at the rear of the animal’s head is
expected to limit the area covered by the visual ﬁeld. In a visual
search context, I predict that species with wider blind areas would
have higher head movement rates than species with narrower blind
areas to compensate for the lack of visual information (Fig. 4). Some
two-species comparison studies have shown that the species with
the wider blind area allocates more time to head-up scanning than
the species with the narrower blind area (Guillemain et al., 2002;
Tisdale and Fernández-Juricic, 2009), but no study has tested these
effects on head movement rates.
The predictions presented above consider the independent
effects of each visual property on scanning strategies. But these
visual properties are likely to have some degree of association
between them. More importantly, different bird species are likely
to have different combinations of visual properties that may lead to
different scanning strategies. Yet, very little is known as to how the
combined effects of all these visual properties would affect scanning behavior. This is a fruitful area for future research that should
start by characterizing the associations between different elements
in the avian visual system at the comparative level before studying
their effects on scanning strategies.
There are some studies that are indicative of potential associations. Martin and Katzir (2000) and Martin and Coetzee (2004)
found a positive relationship between eye size (a proxy of visual
acuity) and the size of the blind area at the rear of the bird’s head.
They interpreted this ﬁnding as evidence of species with larger
eyes reducing glare effects due to sunlight through larger blind
areas. However, the authors had information on only one species of
Passeriformes (the most ecologically diverse avian order) and did
not control for phylogenetic effects. Dolan and Fernández-Juricic
(2010) suggested a negative relationship between eye size and the
peak retinal ganglion cell density in the retinal specialization based
on a comparison of ﬁve bird species without controlling for phylogenetic relatedness. The argument is that species with smaller
eyes (and thus lower visual acuity) could compensate by increasing resolution within the retinal specialization with higher number
of sensory neurons. Additionally, a recent study found that both
achromatic and chromatic vision may complement each other to
enhance visual acuity (Lind and Kelber, 2011). How these relationships (and others) could inﬂuence scanning strategies is yet to be
determined.

5. Effects of habitat type and predation risk
In the previous sections, I presented a framework to establish
the relationship between visual system conﬁguration and scanning
behavior in birds using head movement rates. This can be used
to make more speciﬁc predictions about the role of habitat type,
predation risk, etc. in the evolution of visual systems and scanning strategies that would enhance predator detection in different
environmental conditions. I provide some examples below.
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Assuming similar levels of predation risk across habitats, visual
conditions differ between open (i.e., low vegetation complexity)
and closed (i.e., high vegetation complexity) habitats in terms of
ambient light intensity, spectral properties of the light, and degree
of visual obstruction (Endler, 1993; Altshuler, 2001; Denno et al.,
2005). Predators have been reported to change their attack strategies with changes in vegetation complexity (Denno et al., 2005;
Michel and Adams, 2009). Consequently, prey may be exposed to
predators to different degrees depending on habitat complexity
(Boinski et al., 2003; Shepard, 2007). Consider, for instance, the
effects of aerial predation, which is an important source of mortality for Passeriformes (e.g., Gotmark and Post, 1996; Roth and Lima,
2003; Roth et al., 2006), on species that specialize in foraging in
closed and open habitats. When prey forage in closed habitats (e.g.,
in trees), predators approach from multiple directions (e.g., above
and below) and have shorter exposure times; whereas when prey
forage in open habitats (e.g., on the ground), predators approach
from speciﬁc directions (e.g., above) and have comparatively longer
exposure times (Boinski et al., 2003).
Considering species with a single centrally located fovea, species
specialized in foraging in closed habitats would be constrained
mainly by visual coverage to detect close predator attacks from any
direction. These species are expected to have comparatively narrow
blind areas, a large proportion of the visual ﬁeld with high visual
resolution (wider foveal pits; Fig. 2), and a more homogeneous
distribution of double cones, which can increase the probabilities
of predator detection from different directions in complex visual
environments. On the other hand, species specialized in foraging in
more open habitats are expected to be constrained mainly by visual
acuity to visually resolve predators approaching at a distance from
speciﬁc directions in the visual ﬁeld (e.g., above the ground). These
species would have high overall visual acuity, high degree of retinal specialization (narrow foveal pits; Fig. 2), and a more localized
distribution of double cones, which can increase the probabilities
of detecting aerial predators above the ground. These visual conﬁgurations are also likely to be associated with variations in scanning
strategies (e.g., head movement rates; Fig. 4) in open and closed
habitats.
Although these predictions make numerous assumptions, many
of which may be unrealistic (e.g., predation risk and mortality is
similar between habitat types), they provide some directions for
future comparative research on vision–behavior relationships. At
this moment empirical evidence is scant. In a study of three congeneric species of squirrel monkeys living in habitats with different
degrees of vegetation complexity, Boinski et al. (2003) corroborated
that aerial predators are more exposed to prey before an attack in
open compared to closed habitats. Consequently, squirrel monkeys
living in open areas invest more time in directional scanning to
spot predators early, whereas species living in closed areas engage
in scanning mostly after detecting visual and auditory clues that
may be indicative of a predator (Boinski et al., 2003). Møller and
Erritzøe (2010) found that bird species living in open habitats have
larger eyes and thus higher visual acuity than species living in more
complex habitats. Finally, Hart (2002) found that some species of
avian ground foragers have higher densities of double cones concentrated in the ventral part of the retina, which projects upwards,
coinciding with the usual direction of attacks from aerial predators.
Predation pressure varies between prey species (Gotmark and
Post, 1996; Tornberg, 1997), which could lead to different levels of
perceived predation risk (Cresswell, 2011). The visual morphology
of species with higher levels of predation risk may reﬂect specializations to increase the chances of predator detection under certain
ecological conditions. For instance, species subject to higher predation risk may have comparatively higher density of double cones
and/or narrower blind areas than species subject to lower predation risk, but without changes in rates of eye/head movements

149

necessarily. Alternatively, between-species variation in predation
risk may be associated mostly with changes in scanning behavior.
For instance, American crows and Western scrub jays increase
their head movement rates to increase visual coverage in the
micro-habitats in which they are under higher risk of predation,
perching and on the ground, respectively (Fernández-Juricic et al.,
2010). Additionally, in some species with single centrally located
foveae, individuals adjust their rate of head movements depending
on the levels of risk. For example, brown-headed cowbirds increase
head movement rates at the periphery of the group probably to
enhance visual coverage to detect predators early, and reduce head
movement rate when group mates are farther apart and when
foraging in small groups likely to ﬁxate on neighbors and beneﬁt
from collective detection (Fernández-Juricic et al., 2011b).

6. Conclusions
The conﬁguration of the avian visual system has a high degree
of heterogeneity in visual performance around the animal’s head.
This means that, at least in bird species with laterally placed
eyes and centrally placed retinal specializations, there are some
sectors of the visual ﬁeld that provide high levels of visual resolution and motion detection in comparison with other sectors (e.g.,
peripheral retina and blind area). The implication is that when
birds are monitoring for predators while head-up, the quality of
scanning will vary in different parts of the visual ﬁeld. Therefore, the theoretical assumption that birds can gather high quality
information all around their heads while head-up can be considered unrealistic. From a theoretical perspective, violations of this
assumption can affect the vigilance strategies of social birds. For
instance, Fernández-Juricic et al. (2004b) found that the coordination of vigilance behavior (i.e., group mates taking turns scanning
for predators) can be a beneﬁcial strategy only in species with a
visual system that prevents individuals from gathering information in head-down body postures (e.g., large blind areas and narrow
visual ﬁelds).
As a direct consequence of the heterogeneity in visual performance, birds need to move their eyes and heads to cover with
high resolution their surroundings. The rates of eye and head
movements can be used as proxies of scanning strategies in future
studies. Measuring head movement rates should be relatively easy
to do in birds with the current video technology and behavior
recording software. Recent studies have found that changes in head
movement rates are associated with changes in the degree of visual
obstruction in the environment (Franklin and Lima, 2001), changes
in the levels of perceived predation risk before and after a predator
is detected (Jones et al., 2007b, 2009), and risk perception in groups
(Fernández-Juricic et al., 2011b). Measuring eye movements can be
more challenging because birds (a) do not move their eyes as much
as their heads (Gioanni, 1988; Haque and Dickman, 2005), (b)
the degree of eye movement varies substantially between species
(Blackwell et al., 2009; Fernández-Juricic et al., 2010; O’Rourke
et al., 2010a), and (c) birds can vary eye position while simultaneously changing head position (Wallman and Letelier, 1993). The
maximum amplitude of eye movements (Fernández-Juricic et al.,
2008) as well as the patterns of eye movements (Voss and Bischof,
2009) can be measured with the animal’s head restrained. However,
these measurements lack ecological relevance. A novel alternative
is to use eye trackers, which have been tested preliminary in birds
(Kjærsgaard et al., 2008). Basically, an eye tracker consists of closeup cameras recording the eye under infra-red illumination, which
allows the tracking of the pupil and corneal reﬂections. Another
set of cameras point towards the visual scene that each eye can
perceive. The images are them synchronized digitally allowing to
determine the position of the projection of the retinal specialization
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in the visual space. Eye trackers can then record eye movement
rates along with the patterns of eye movement (e.g., convergent
and divergent). The technology to record the movements of
both eyes when birds can move their heads freely is still under
development.
I presented a group of novel predictions that link visual physiology with scanning behavior that can be tested empirically using a
comparative approach. These predictions only consider bird species
with laterally placed eyes and centrally located retinal specializations. Head and eye movement patterns are expected to vary with
the position of the eyes in the orbits (e.g., more or less frontal) as
well as the position and type of the retinal specialization, and hence
the projection of the area with high resolution in the visual ﬁeld.
Additionally, I focused the predictions on anti-predator behavior
when animals are in vigilant postures. However, it is likely that animals use other components of their visual systems simultaneously
(binocular visual ﬁeld) for foraging purposes, which could potentially inﬂuence head movement rates besides the effects described
above in terms of detecting predators.
From an evolutionary perspective, studying the relationship
between the inter-speciﬁc variability in avian visual systems and
scanning behavior can help establish the degree to which the
sensory system co-evolved with information gathering strategies.
From a theoretical perspective, animals are expected to optimize
their vigilance strategy depending on the perceived risk of predation by gathering information that will enhance the chances of
spotting a predator on time to escape. But the mismatch between
model assumptions and the sensory basis of gathering visual information creates a gap that limits our ability to test empirically
the hypotheses and predictions of many predator–prey interaction
models. Future studies integrating visual physiology and antipredator behavior will be necessary to develop models with more
realistic assumptions on information gathering that will lead to
more reﬁned predictions.
Acknowledgements
This study was supported by the National Science Foundation (IOS-0641550/0937187). I thank Jeff Lucas for comments
on an earlier version of the draft. I am indebted to Alex Kacelnik for his intellectual feedback throughout the years to better
understand scanning behavior from mechanistic and functional
perspectives.
References
Andrew, R.J., Dharmaretnam, M., 1993. Lateralization and strategies of viewing in the
domestic chick. In: Zeigler, H.P., Bischof, H.-J. (Eds.), Vision, Brain, and Behavior
in Birds. MIT Press, Cambridge, MA, pp. 319–332.
Altshuler, D.L., 2001. Ultraviolet reﬂectance in fruits, ambient light composition and
fruit removal in a tropical forest. Evolutionary Ecology Research 7, 767–778.
Beauchamp, G., 2010. A comparative analysis of vigilance in birds. Evolutionary
Ecology 24, 1267–1276.
Bednekoff, P.A., Lima, S.L., 2005. Testing for peripheral vigilance: do birds value what
they see when not overtly vigilant? Animal Behaviour 69, 1165–1171.
Bennett, A.D.T., Théry, M., 2007. Avian color vision and coloration: multidisciplinary
evolutionary biology. American Naturalist 169, S1–S6.
Binggeli, R.L., Paule, W.J., 1969. The pigeon retina: quantitative aspects of the optic
nerve and ganglion cell layer. Journal of Comparative Neurology 137, 1–18.
Blackwell, B.F., Fernández-Juricic, E., Seamans, T.W., Dolan, T., 2009. Avian visual
system conﬁguration and behavioural response to object approach. Animal
Behaviour 77, 673–684.
Bloch, S., Rivaud, S., Martinoya, C., 1984. Comparing frontal and lateral viewing in
the pigeon. III. Different patterns of eye movements for binocular and monocular
ﬁxation. Behavioural Brain Research 13, 173–182.
Boinski, S., Kauffman, L., Westoll, A., Stickler, C.M., Cropp, S., Ehmke, E., 2003. Are
vigilance, risk from avian predators and group size consequences of habitat
structure? A comparison of three species of squirrel monkey (Saimiri oerstedii,
S. boliviensis, and S. sciureus). Behaviour 140, 1421–1467.
Bowmaker, J.K., Heath, L.A., Wilkie, S.E., Hunt, D.M., 1997. Visual pigments and
oil droplets from six classes of photoreceptors in the retinas of birds. Vision
Research 37, 2183–2194.

Bravo, H., Pettigrew, J.D., 1981. The distribution of neurons projecting from the retina
and visual cortex to the thalamus and tectum opticum of the barn owl, Tyto alba,
and burrowing owl, Speotyto cunicularia. Journal of Comparative Neurology 199,
419–441.
Burton, B.G., 2000. Problems and solutions in early visual processing. In: Baddeley,
R.J., Hancock, P.J., Földiák, P. (Eds.), Information Theory and the Brain. Cambridge
University Press, Cambridge, pp. 25–40.
Burton, R.F., 2008. The scaling of eye size in adult birds: relationship to brain, head
and body sizes. Vision Research 48, 2345–2351.
Carlile, P., Peters, R.A., Evans, C.S., 2006. Detection of a looming stimulus by the
Jacky dragon: selective sensitivity to characteristics of an aerial predator. Animal
Behaviour 72, 553–562.
Caro, T., 2005. Antipredator Defenses in Birds and Mammals. The University of
Chicago Press, Chicago.
Casperson, L.W., 1999. Head movement and vision in underwater-feeding birds of
stream, lake, and seashore. Bird Behavior 13, 31–46.
Coimbra, J.P., Marceliano, M.L.V., Andrade-da-Costa, B.L.D., Yamada, E.S., 2006. The
retina of tyrant ﬂycatchers: topographic organization of neuronal density and
size in the ganglion cell layer of the great kiskadee Pitangus sulphuratus and the
rusty marginated ﬂycatcher Myiozetetes cayanensis (Aves: Tyrannidae). Brain,
Behavior and Evolution 68, 15–25.
Collin, S.P., 1999. Behavioural ecology and retinal cell topography. In: Archer, S.,
Djamgoz, M.B., Loew, E.R., Partridge, J.C., Vallerga, S. (Eds.), Adaptive Mechanisms in the Ecology of Vision. Kluwer Academic Publishers, Dordrecht, pp.
509–535.
Collin, S.P., 2008. A web-based archive for topographic maps of retinal cell distribution in vertebrates. Clinical and Experimental Optometry 91, 85–95.
Cresswell, W., 2008. Non-lethal effects of predation in birds. Ibis 150, 3–17.
Cresswell, W., 2011. Predation in bird populations. Journal of Ornithology 152,
251–263.
Cronin, T.W., 2005. The visual ecology of predator–prey interactions. In: Barbosa, P.,
Castellanos, I. (Eds.), Ecology of Predator–prey Interactions. Oxford University
Press, Oxford, pp. 105–138.
Cuthill, I.C., 2006. Color perception. In: Hill, G.E., McGraw, K.J. (Eds.), Bird Coloration:
Mechanisms and Measurements, vol. 1. Harvard University Press, Cambridge,
pp. 3–40.
Dangles, O., Irschick, D., Chittka, L., Casas, J., 2009. Variability in sensory ecology:
expanding the bridge between physiology and evolutionary biology. The Quarterly Review of Biology 84, 51–74.
Dawkins, M.S., 2002. What are birds looking at? Head movements and eye use in
chickens. Animal Behaviour 63, 991–998.
Dawkins, M.S., Woodington, A., 2000. Pattern recognition and active vision in chickens. Nature 403, 652–655.
Denno, R.F., Finke, D.L., Langellotto, G.A., 2005. Direct and indirect effects of vegetation structure and habitat complexity on predator–prey interactions. In:
Barbosa, P., Castellanos, I. (Eds.), Ecology of Predator–prey Interactions. Oxford
University Press, Oxford, pp. 211–239.
Devereux, C.L., Whittingham, M.J., Fernández-Juricic, E., Vickery, J.A., Krebs, J.R.,
2006. Predator detection and avoidance by starlings under differing scenarios
of predation risk. Behavioral Ecology 17, 303–309.
Dittrich, W.H., Lea, S.E.G., 2001. Motion discrimination and recognition. In: Cook, R.G. (Ed.), Avian Visual Cognition. , Available from:
www.pigeon.psy.tufts.edu/avc/dittrich/.
Dolan, T., Fernández-Juricic, E., 2010. Retinal ganglion cell topography of ﬁve species
of ground foraging birds. Brain, Behavior and Evolution 75, 111–121.
Dunlap, K., Mowrer, O.H., 1930. Head movements and eye functions of birds. Journal
of Comparative Psychology 11, 99–112.
Endler, J.A., 1993. The color of light in forests and its implications. Ecological Monographs 63, 1–27.
Fernández-Juricic, E., Erichsen, J.T., Kacelnik, A., 2004a. Visual perception and social
foraging in birds. Trends in Ecology and Evolution 19, 25–31.
Fernández-Juricic, E., Kerr, B., Bednekoff, P.A., Stephens, D.W., 2004b. When
are two heads better than one? Visual perception and information transfer affect vigilance coordination in foraging groups. Behavioral Ecology 15,
898–906.
Fernández-Juricic, E., Smith, R., Kacelnik, A., 2005. Increasing the costs of conspeciﬁc
scanning in socially foraging starlings affects vigilance and foraging behaviour.
Animal Behaviour 69, 73–81.
Fernández-Juricic, E., Gall, M.D., Dolan, T., Tisdale, V., Martin, G.R., 2008. The visual
ﬁelds of two ground foraging birds, House Finches and House Sparrows, allow
for simultaneous foraging and anti-predator vigilance. Ibis 150, 779–787.
Fernández-Juricic, E., O’Rourke, C.T., Pitlik, T., 2010. Visual coverage and scanning
behavior in two corvid species: American crow and Western scrub jay. Journal
of Comparative Physiology A 196, 879–888.
Fernández-Juricic, E., Gall, M.D., Dolan, T., O’Rourke, C., Thomas, S., Lynch, J.R., 2011a.
Visual systems and vigilance behaviour of two ground-foraging avian prey
species: white-crowned sparrows and California towhees. Animal Behaviour
81, 705–713.
Fernández-Juricic, E., Beauchamp, G., Treminio, R., Hoover, M., 2011b. Making heads
turn: association between head movements during vigilance and perceived predation risk in brown-headed cowbird ﬂocks. Animal Behaviour 82, 573–577.
Fernández-Juricic, E., Moore, B.A., Doppler, M., Freeman, J., Blackwell, B.F., Lima, S.L.,
DeVault, T.L., 2011c. Testing the terrain hypothesis: Canada geese see their world
laterally and obliquely. Brain, Behavior and Evolution 77, 147–158.
Fite, K.V., Rosenﬁeld-Wessels, S., 1975. A comparative study of deep avian foveas.
Brain, Behavior and Evolution 12, 97–115.

E. Fernández-Juricic / Behavioural Processes 89 (2012) 143–152
Franklin, W.E., Lima, S.L., 2001. Laterality in avian vigilance: do sparrows have a
favourite eye? Animal Behaviour 62, 879–885.
Friedman, M.B., 1975. How birds use their eyes. In: Wright, P., Caryl, P., Vowles, D.M.
(Eds.), Neural and Endocrine Aspects of Behavior in Birds. Elsevier, Amsterdam,
pp. 182–204.
Garland Jr., T., Adolph, S.C., 1994. Why not to do two-species comparative studies: limitations on inferring adaptation. Physiological Zoology 67,
797–828.
Gioanni, H., 1988. Stabilizing gaze reﬂexes in the pigeon (Columba livia). 1. Horizontal
and vertical optokinetic eye (OKN) and head (OCR) reﬂexes. Experimental Brain
Research 69, 567–582.
Goldsmith, T.H., Butler, B.K., 2003. The roles of receptor noise and cone oil droplets
in the photopic spectral sensitivity of the budgerigar, Melopsittacus undulatus.
Journal of Comparative Physiology A 189, 135–142.
Goldsmith, T.H., Butler, B.K., 2005. Color vision of the budgerigar (Melopsittacus
undulatus): hue matches, tetrachromacy, and intensity discrimination. Journal
of Comparative Physiology A 191, 933–951.
Gotmark, F., Post, P., 1996. Prey selection by sparrowhawks, Accipiter nisus: relative predation risk for breeding passerine birds in relation to their size, ecology
and behaviour. Philosophical Transactions of the Royal Society of London B 351,
1559–1577.
Guillemain, M., Martin, G.R., Fritz, H., 2002. Feeding methods, visual ﬁelds
and vigilance in dabbling ducks (Anatidae). Functional Ecology 16,
522–529.
Hall, M.I., Ross, C.F., 2006. Eye shape and activity pattern in birds. Journal of Zoology
271, 437–444.
Haque, A., Dickman, J.D., 2005. Vestibular gaze stabilization: different behavioral
strategies for arboreal and terrestrial avians. Journal of Neurophysiology 93,
1165–1173.
Harkness, L., Bennet-Clark, H.C., 1978. The deep fovea as a focus indicator. Nature
272, 814–816.
Hart, N.S., 2001. Variations in cone photoreceptor abundance and the visual ecology
of birds. Journal of Comparative Physiology A 187, 685–697.
Hart, N.S., 2002. Vision in the Peafowl (Aves: Pavo cristatus). Journal of Experimental
Biology 205, 3925–3935.
Hart, N.S., Hunt, D.M., 2007. Avian visual pigments: characteristics, spectral tuning,
and evolution. American Naturalist 169, S7–S26.
Hayes, B., Martin, G.R., Brooke, M.D.L., 1991. Novel area serving binocular vision
in the retina of procellariiform seabirds. Brain, Behavior and Evolution 37,
79–84.
Hemmi, J.M., Zeil, J., 2005. Animals as prey: perceptual limitations and behavioural
options. Marine Ecology Progress Series 287, 274–278.
Howland, H.C., Merola, S., Basarab, J.R., 2004. The allometry and scaling of the size
of vertebrate eyes. Vision Research 44, 2043–2065.
Inzunza, O., Bravo, H., Smith, R.L., Angel, M., 1991. Topography and morphology of
retinal ganglion cells in Falconiforms: a study on predatory and carrion-eating
birds. Anatomical Record 229, 271–277.
Iwaniuk, A.N., Heesy, C.P., Hall, M.I., Wylie, D.R.W., 2008. Relative Wulst volume is
correlated with orbit orientation and binocular visual ﬁeld in birds. Journal of
Comparative Physiology A 194, 267–282.
Jablonski, P.G., Strausfeld, N.J., 2000. Exploitation of an ancient escape circuit by an
avian predator: prey sensitivity to model predator display in the ﬁeld. Brain,
Behavior and Evolution 56, 94–106.
Jones, M.P., Pierce Jr., K.E., Ward, D., 2007a. Avian vision: a review of form and function with special consideration to birds of prey. Journal of Exotic Pet Medicine
16, 69–87.
Jones, K.A., Krebs, J.R., Whittingham, M.J., 2007b. Vigilance in the third dimension:
head movement not scan duration varies in response to different predator models. Animal Behaviour 74, 1181–1187.
Jones, K.A., Krebs, J.R., Whittingham, M.J., 2009. Heavier birds react faster to predators: individual differences in the detection of stalking and ambush predators.
Behavioral Ecology and Sociobiology 63, 1319–1329.
Kaby, U., Lind, J., 2003. What limits predator detection in blue tits (Parus
caeruleus): posture, task or orientation? Behavioral Ecology and Sociobiology 54,
534–538.
Kiltie, R.A., 2000. Scaling of visual acuity with body size in mammals and birds.
Functional Ecology 14, 226–234.
Kjærsgaard, A., Pertoldi, C., Loeschcke, V., Hansen, D.W., 2008. Tracking the gaze of
birds. Journal of Avian Biology 39, 466–469.
Krause, J., Ruxton, G.D., 2002. Living in Groups. Oxford University Press, New York.
Land, M.F., 1999. Motion and vision: why animals move their eyes. Journal of Comparative Physiology A 185, 341–352.
Land, M.F., Nilsson, D.-E., 2002. Animal Eyes. Oxford University Press, Oxford.
Lemeignan, M., Sansonetti, A., Gioanni, H., 1992. Spontaneous saccades under different visual conditions in the pigeon. NeuroReport 3, 17–20.
Levin, L.E., 1997. Kinetic dialogues in predator–prey recognition. Behavioural Processes 40, 113–120.
Lima, S.L., 1993. Ecological and evolutionary perspectives on escape from predatory
attack: a survey of North American birds. Wilson Bulletin 105, 1–47.
Lima, S.L., 1987. Vigilance while feeding and its relation to the risk of predation.
Journal of Theoretical Biology 124, 303–316.
Lima, S.L., 1990. The inﬂuence of models in the interpretation of vigilance. In: Bekoff,
M., Jamieson, D. (Eds.), Interpretation and Explanation in the Study of Animal
Behavior. Westview Press, Boulder, pp. 246–267.
Lima, S.L., 1998. Non-lethal effects in the ecology of predator–prey interactions.
Bioscience 48, 25–34.

151

Lima, S.L., Dill, L.M., 1990. Behavioral decisions made under the risk of predation: a
review and prospectus. Canadian Journal of Zoology 68, 619–640.
Lima, S.L., Bednekoff, P.A., 1999. Back to the basics of antipredatory vigilance: can
nonvigilant animals detect attack? Animal Behaviour 58, 537–543.
Lind, O., Kelber, A., 2011. The spatial tuning of achromatic and chromatic vision in
budgerigars. Journal of Vision 11, 1–9.
Lisney, T.J., Rubene, D., Rózsa, J., Løvlie, H., Håstad, O., Ödeen, A., 2011. Behavioural
assessment of ﬂicker fusion frequency in chicken Gallus gallus. Vision Research
51, 1324–1332.
Maldonado, P.E., Maturana, H., Varela, F.J., 1988. Frontal and lateral visual systems in birds. Frontal and lateral gaze. Brain, Behavior and Evolution 32,
57–62.
Martin, G.R., 1986. Shortcomings of an eagle’s eye. Nature 319, 357.
Martin, G.R., 1993. Producing the image. In: Zeigler, H.P., Bischof, H.-J. (Eds.), Vision,
Brain and Behaviour in Birds. MIT Press, Massachusetts, pp. 5–24.
Martin, G.R., 2007. Visual ﬁelds and their functions in birds. Journal of Ornithology
148, S547–S562.
Martin, G.R., Katzir, G., 2000. Sun shades and eye size in birds. Brain, Behavior and
Evolution 56, 340–344.
Martin, G.R., Coetzee, H.C., 2004. Visual ﬁelds in hornbills: precision-grasping and
sunshades. Ibis 146, 18–26.
Martin, G.R., Osorio, D., 2008. Vision in birds. In: Basbaum, A.I., Kaneko, A., Shepherd,
G.M., Westheimer, G. (Eds.), The Senses: A Comprehensive Reference, Vol. 1:
Vision 1. Academic Press, San Diego, pp. 25–52.
McIlwain, J.T., 1996. An Introduction to the Biology of Vision. Cambridge University
Press, Cambridge.
Meyer, D.B.C., 1977. The avian eye and its adaptations. In: Crescitelli, F. (Ed.),
The Visual System of Vertebrates. Handbook of Sensory Physiology, Vol. VII/5.
Springer, New York, pp. 549–612.
Michel, M.J., Adams, M.M., 2009. Differential effects of structural complexity on
predator foraging behavior. Behavioral Ecology 20, 313–317.
Møller, A.P., Erritzøe, J., 2010. Flight distance and eye size in birds. Ethology 116,
458–465.
Moinard, C., Rutherford, K.M.D., Statham, P., Green, P.R., 2005. Visual ﬁxation of a landing perch by chickens. Experimental Brian Research 162,
165–171.
O’Rourke, C.T., Hall, M.I., Pitlik, T., Fernández-Juricic, E., 2010a. Hawk eyes. I: diurnal raptors differ in visual ﬁelds and degree of eye movement. PLoS ONE 5 (9),
e12802.
O’Rourke, C.T., Pitlik, T., Hoover, M., Fernández-Juricic, E., 2010b. Hawk eyes. II: diurnal raptors differ in head movement strategies when scanning from perches.
PLoS ONE 5 (9), e12169.
Osorio, D., Miklosi, A., Gonda, Z., 1999. Visual ecology and perception of coloration
patterns by domestic chicks. Evolutionary Ecology 13, 673–689.
Osorio, D., Vorobyev, M., 2005. Photoreceptor spectral sensitivities in terrestrial animals: adaptations for luminance and colour vision. Proceedings of the Royal
Society B 272, 1745–1752.
Pumphrey, R.J., 1948. The theory of the fovea. Journal of Experimental Biology 25,
299–312.
Querubin, A., Lee, H.R., Provis, J.M., Bumsted O’Brien, K.M., 2009. Photoreceptor and
ganglion cell topographies correlate with information convergence and high
acuity regions in the adult pigeon (Columba livia) retina. The Journal of Comparative Neurology 517, 711–722.
Rind, F.C., Simmons, P.J., 1999. Seeing what is coming: building collision-sensitive
neurones. Trends in Neurosciences 22, 215–220.
Roth, T.C., Lima, S.L., Vetter, W.E., 2006. Determinants of predation risk in small
wintering birds: a hawk’s perspective. Behavioral Ecology and Sociobiology 60,
195–204.
Roth, T.C., Lima, S.L., 2003. Hunting behavior and diet of Cooper’s Hawks: an urban
view of the small-bird-in-winter paradigm. Condor 105, 474–483.
Ruggeri, M., Major Jr., J.C., McKeown, C., Knighton, R.W., Puliaﬁto, C.A., Jiao, S., 2010.
Retinal structure of birds of prey revealed by ultra-high resolution spectral
domain optical coherence tomography. Investigative Ophthalmology & Visual
Sciences 51, 5789–5795.
Shepard, D.B., 2007. Habitat but not body shape affects predator attack
frequency on lizard models in the Brazilian Cerrado. Herpetologica 63,
193–202.
Tisdale, V., Fernández-Juricic, E., 2009. Vigilance and predator detection vary
between avian species with different visual acuity and coverage. Behavioral
Ecology 20, 936–945.
Tornberg, R., 1997. Prey selection of the Goshawk Accipiter gentilis during the breeding season: the role of prey proﬁtability and vulnerability. Ornis Fennica 74,
15–28.
von Campenhausen, M., Kirschfeld, K., 1998. Spectral sensitivity of the accessory optic system of the pigeon. Journal of Comparative Physiology A 183,
1–6.
Voss, J., Bischof, H.-J., 2009. Eye movements of laterally eyed birds are not independent. Journal of Experimental Biology 212, 1568–2157.
Wallman, J., Pettigrew, J.D., 1985. Conjugate and disjunctive saccades in two avian
species with contrasting oculomotor strategies. Journal of Neuroscience 5,
1418–1428.
Wallman, J., Letelier, J.-C., 1993. Eye movements, head movements, and gaze stabilization in birds. In: Zeigler, H.P., Bischof, H.-J. (Eds.), Vision, Brain, and Behaviour
in Birds. MIT Press, Cambridge, pp. 245–263.
Wallman, J., Pettigrew, J.D., Letelier, J.-C., 1994. The oscillatory saccades of birds:
motorneuronal activity and possible functions. In: Fuchs, A.F., Brandt, T., Buttner,

152

E. Fernández-Juricic / Behavioural Processes 89 (2012) 143–152

V., Zee, D. (Eds.), Contemporary Ocular Motor and Vestibular Research: A Tribute
to David A. Robinson. Thieme Publishing, Stuttgart, pp. 480–487.
Walls, G.L., 1937. Signiﬁcance of the foveal depression. Archives of Ophthalmology
18, 912–919.
Walls, G.L., 1942. The Vertebrate Eye and Its Adaptive Radiation. Bull No. 19. Cranbrook Institute of Science, Bloomﬁeld Hills.

Wyszecki, G., Stiles, W.S., 1982. Color Science: Concepts and Methods, Quantitative
Data and Formulae. Wiley, New Work.
Xiao, Q., Da-Peng, L., Wang, S.-R., 2006. Looming-sensitive responses and receptive
ﬁeld organization of telencephalis neurons in the pigeon. Brain Research Bulletin
68, 322–328.

