VOL. 189, NO. 6 THE AMERICAN NATURALIST JUNE 2017

NATURAL HisTOrRY NOTE

The Hawk-Eyed Songbird: Retinal Morphology, Eye Shape,

and Visual Fields of an Aerial Insectivore

Luke P. Tyrrell* and Esteban Fernandez-Juricic

Department of Biological Sciences, Purdue University, West Lafayette, Indiana 47907
Submitted August 26, 2016; Accepted December 22, 2016; Electronically published March 22, 2017
Online enhancements: appendix. Dryad data: http://dx.doi.org/10.5061/dryad.n7140

ABSTRACT: Swallows are a unique group of songbirds because they
are active-pursuit predators that execute all aspects of hunting prey in
flight: search, detection, pursuit, and capture. We show that swallows
have evolved a visual system that is unlike that of any other studied
songbird. Swallows have a bifoveate retina that provides sharp lateral
and frontal vision, an unusually long eye that enhances spatial resolu-
tion, a large posterior blind area, and a narrow binocular field. We also
show that swallows and diurnal raptors (hawks and falcons) have con-
verged on a similar visual configuration but that, interestingly, preda-
tory songbirds that ambush prey (flycatchers) have not converged on
the same suite of traits. Despite the commonly held belief that preda-
tors rely on binocular vision, the temporal (frontally projecting) fovea
present in swallows—but not present in other songbirds—is likely not
involved in binocular vision. Instead, swallows have four nonoverlap-
ping foveae in a 100° arc around the beak, which can improve the track-
ing of frontally located aerial prey that are engaging in evasive ma-
neuvers. Overall, vision in pursuit predators reflects the complex sensory
demands of hunting in the air at high speeds and emphasizes the im-
portance of acute frontal vision in predators.
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Introduction

Chasing prey is a challenging visual task for predators of all
sizes and taxa. From cheetahs to hawks to ancient Cambrian
arthropods, predators that take part in the chase have excep-
tional visual specializations (Tucker 2000; Ahnelt et al. 2005;
Paterson et al. 2011). Diurnal raptors, in particular, have no-
toriously excellent vision (Jones et al. 2007; Land and Nils-
son 2012). They have two foveae in each retina that provide
the birds with acute vision directed forward and to either side
of the head (Chievitz 1891; Reymond 1985, 1987). The diurnal-
raptor eye itself is quite long, which increases focal length
and consequently visual acuity (Reymond 1985, 1987). The
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diurnal-raptor visual field is characterized by a large blind
area behind the head but a relatively small area of binocular
overlap in front of the head (Martin and Katzir 1999; O'Rourke
et al. 2010; Potier et al. 2016). Although diurnal raptors are
a polyphyletic group that consists of the orders Accipitriformes
and Falconiformes—hawks and falcons, respectively (Hack-
ett et al. 2008; Jarvis et al. 2014)—both groups have inde-
pendently converged on many of the same morphological
traits, including the aforementioned visual specializations.

The other group of birds that have well-studied vision are
passerine songbirds (order Passeriformes), which make up
over 50% of all extant bird species. Many passerines are op-
portunistic foragers that are commonly granivorous during
the nonbreeding season and omnivorous during the breed-
ing season. The typical passerine has only a single, centrally
placed fovea in each eye that projects to either side of the head,
and unlike that of raptors, the passerine eye has a short fo-
cal length (table A1, available online; Dolan and Fernandez-
Juricic 2010; Moore et al. 2013, 2015, 2017; Tyrrell et al. 2013;
Baumbhardt et al. 2014). The typical passerine visual field
includes a relatively wide binocular field in front of the head
that is approximately symmetrical in size with the blind area
behind the head (table Al; Martin 1986; Ferndndez-Juricic
et al. 2008; Blackwell et al. 2009; Moore et al. 2013, 2015;
Tyrrell et al. 2013; Baumbhardt et al. 2014).

Given the foraging differences between predatory raptors
and opportunistic passerines, it is not surprising that their vi-
sual systems are organized differently. It is even known that
some passerines that are typically ambush predators have a
third type of retinal configuration, with an area temporalis
in addition to a fovea centralis (tyrant flycatchers; Coimbra
et al. 2006, 2009). However, there are few recent studies on
key visual-system properties of passerines that are also active-
pursuit predators. Unlike other passerines, swallows (family
Hirundinidae, order Passeriformes) are also active, obligate
predators. More importantly, swallows could have a more
visually difficult task than stalking and ambush predators
(e.g., cheetahs, flycatchers), because swallows execute all four
aspects of hunting prey (search, detection, pursuit, and cap-
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ture) in flight, adding additional components to the high-
speed chase. In fact, it has been shown that swallows have
two foveae in each eye, a trait they share with other active
predators, such as hawks, falcons, terns, and kingfishers (Chie-
vitz 1891; Slonaker 1897; Wood 1917; Rochon-Duvigneaud
1943).

To better understand the visual requirements of passerine
active predators, we characterized different components of
spatial vision of an active-pursuit predator (tree swallow Tachy-
cineta bicolor) and two ambush predators for comparison
(Acadian flycatcher Empidonax virescens and least fly-
catcher Empidonax minimus; hereafter Empidonax flycatchers).
More specifically, we measured eye shape; the number, po-
sition, types, and spatial resolving power of centers of acute
vision; and the size of the binocular, lateral, and blind fields.
This information allowed us to draw comparisons between
predatory passerines, opportunistic passerines, and diurnal
raptors in terms of the key traits driving their sensory world
that could lead to variation in their foraging strategies.

Methods
Animals

Five tree swallows, six Acadian flycatchers, and six least fly-
catchers were captured with mist nets and nest box traps in
Tippecanoe, Indiana. The Purdue Institutional Animal Care
and Use Committee (1201000567 and 1112000398) approved
all experimental procedures with animals.

Eye Shape and Tissue Sampling

Animals were euthanized with CO,, and their eyes were re-
moved immediately by cutting away the conjunctivia and sev-
ering the optic nerve. We then measured the axial diameter
(eye length) and transverse diameter (eye width) of seven tree
swallow eyes (four individuals), eight Acadian flycatcher eyes
(five individuals), and 11 least flycatcher eyes (six individu-
als), using digital calipers (0.01-mm accuracy). To standard-
ize eye shape across species with variable eye sizes, we cal-
culated the ratio of axial diameter to transverse diameter. High
values suggest particularly long eyes with long focal lengths,
whereas low values suggest short eyes.

We then hemisected the eyes at the ora serrata, removed
the vitreous humor, and fixed the retinae in the eyecup with
4% paraformaldehyde in 0.1 M phosphate-buffered saline
(PBS), pH 7.4. Three tree swallow, three Acadian flycatcher,
and two least flycatcher retinae were extracted from their eye-
cups by cutting away the sclera and peeling away the cho-
roid. The retinae were then bleached in 3% H,O, in PBS for
~12 h to clear the pigmented epithelium. Retinae were flat-
tened by making radial cuts, whole-mounted onto gelatinized
slides, and stained with cresyl violet, following Ullmann et al.

(2012), to allow for retinal ganglion cell visualization. Images
were taken of the whole-mounted retinae before and after
staining to correct for shrinkage that may have occurred dur-
ing the staining process.

Retinal ganglion cells were counted at 344 * 6 (mean =+
SE) sites across each retina with the Optical Fractionator
method within Stereolnvestigator software (MBF Bioscience,
Williston, VT), a Zeiss Axio Imager.M2 microscope (Carl
Zeiss Microscopy, Gottingen, Germany) at 1,000 x total mag-
nification, and a Zeiss AxioCam MRm camera (Carl Zeiss
Microscopy). At the periphery of the retina, the ganglion cell
layer can include other cell types (e.g., amacrine cells, glial
cells). These cells were identified and excluded on the basis
of their soma size, shape, Nissl accumulation in the cyto-
plasm, and staining of the nucleus (Ehrlich 1981; Stone 1981).
In the retinal periphery, a counting frame of 50 um x 50 pm
was used at each 750 x 750-um site to estimate cell density,
with an area-sampling fraction (i.e., proportion of each grid
that was occupied by the counting frame) of 0.0044. At the
center of the retina, we conducted higher-resolution sam-
pling in an oval area encompassing both foveae in the tree swal-
lows and a similar-sized oval area in the flycatchers. A count-
ing frame of 25 um x 25 um was used at each 250 x 250-um
perifoveal site, with an area-sampling fraction of 0.01. At less
than 0.10, our mean Schaeffer’s coefficient of 0.029 =+ 0.001
indicates that the stereological sampling strategy was appro-
priate (Glaser and Wilson 1998). To visualize the distribu-
tion of ganglion cells across the retina, we constructed topo-
graphic maps in R (ver. 3.3.0), following Garza-Gisholt et al.
(2014).

We estimated the theoretical spatial resolving power in
cycles/degree for each center of acute vision, using the peak
retinal ganglion cell density and focal length of each eye, fol-
lowing Ullmann et al. (2012). Axial length was used as a proxy
for focal length by taking axial length x 0.6 (Ullmann et al.
2012).

To confirm the presence of foveae, we performed histo-
logical cross sections on two tree swallow eyes, four Aca-
dian flycatcher eyes, and four least flycatcher eyes. After the
eye was hemisected and fixed in 4% paraformaldehyde (see
above), the eyecup was cut into a 2-mm-wide strip along the
nasotemporal axis, with the fovea in the center of the strip.
We then embedded the tissue in paraffin wax and serial-
sectioned it, using a Thermo Scientific Shandon Finesse ME
microtome (Waltham, MA). Sections were stained with hemo-
toxylin/eosin in a Thermo Scientific Shandon Varistain 24-3.

Visual Fields

We measured the visual-field configuration of three tree swal-
lows, three Acadian flycatchers, and three least flycatchers,
using the ophthalmoscopic-reflex technique. Live, fully alert
individuals were restrained at the center of a visual-field ap-



paratus (see Martin 1984), with the bill held parallel to the
ground. The observer moved a Keeler Professional ophthal-
moscope around the perimeter arm of the apparatus until
the retinal reflex disappeared from the ophthalmoscope view-
finder. This position corresponds to the margin of the ret-
inal visual field. The margin of the retinal visual field was
always measured for both eyes, but we could record only
one at a time rather than both eyes simultaneously. Visual-
field dimensions were measured with the eyes at rest, with
the eyes fully adducted in a forward position, and with the
eyes fully abducted in a rear position. Eye movements were
readily induced by light tapping sounds or small flashes
of light in the visual periphery. To measure eye movement
amplitude, an eye was induced to take an adducted or ab-
ducted position, and the limit of the visual field was noted.
We continued to induce the same type of eye movement
until the most extreme recorded eye position was adopted
multiple times (following Martin and Katzir 1994; Martin
2007). Although only one eye was observed at a time, the
adduction measurements are likely representative of a con-
verged visual-field state where both eyes are adducted simul-
taneously (as shown by Tyrrell et al. 2015). The abduction
measurements, however, are likely a slight overestimation of
the diverged visual-field state where both eyes are abducted
simultaneously (Tyrrell et al. 2015). A complete set of mea-
surements was taken at every 10° vertical increment around
the head, starting 60° below the beak and ending directly
behind the head.

We also measured the angular projection of the optic axis
(i.e., the line passing through the center of the cornea and the
lens) and the projection of the fovea. To measure the optic
axis, we mounted an light-emitting diode onto the side of
the ophthalmoscope and took the optic axis as the point where
the three discernible Purkinje images were aligned (Martin
1984). We measured the projection of each fovea using the
following equation:

s
forward fovea projection =

where s is the location of the fovea in Cartesian coordi-
nates on a 0-1 scale (see Moore et al. 2012), f is the field
of view for a single eye in degrees, and b is the blind-area
width in degrees. We present means =+ standard errors
throughout.

Results
Retinal Configuration

Every tree swallow retina examined contained a central fo-
vea and a temporal fovea, both of which were easily visible
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on whole mounts under a stereomicroscope (fig. A1, avail-
able online). The presence of both foveae was confirmed via
histological cross sections (fig. Al). Retinal ganglion cell
counting revealed two peaks of cell density corresponding
to the central and temporal foveae (fig. 1a). The central fo-
vea had a peak cell density of 57,700 + 1,126 cells/mm?,
and the temporal fovea had a peak cell density of 40,174 =+
5,280 cells/mm?®.

Empidonax flycatcher retinae contained a central fovea
but did not have an obvious temporal fovea. In addition,
serial cross sectioning of six retinae failed to reveal a tem-
poral fovea. Retinal ganglion cell counting did, however, re-
veal two peaks of cell density corresponding to a central fo-
vea and an area temporalis (i.e., a region of elevated cell
density in the temporal portion of the retina but lacking
a foveal pit; fig. 1b). Acadian flycatchers had a peak cell den-
sity of 63,762 *+ 6,925 cells/mm” in the central fovea and
45,177 * 5,507 cells/mm?” in the area temporalis. Least fly-
catchers had a peak cell density of 56,028 *+ 3,699 cells/mm®
in the central fovea and 38,113 *+ 1,642 cells/mm?’ in the
area temporalis. Collectively, the Empidonax flycatchers had
a peak density of 60,668 * 4,917 cells/mm” in the central
fovea and 42,351 =+ 3,931 cells/mm’ in the area temporalis.
For reference, Inzunza et al. (1991) found the central fovea
of the black-chested buzzard-eagle (Geranoaetus melano-
leucus) and American kestrel (Falco sparverius) to have peak
retinal ganglion cell densities of 65,000 and 62,000 cells/mm?,
respectively, and the temporal fovea of both species peak den-
sities of 45,000 cells/mm?®.

The central fovea of the tree swallow (11.0 = 0.1 cycles/
degree) had significantly higher spatial resolving power than
that of Empidonax flycatchers (9.7 * 0.4 cycles/degree; t, =
2.52, P = .045). The temporal fovea of the tree swallow
(9.1 = 0.4 cycles/degree) also had significantly higher spa-
tial resolving power than the area temporalis of Empidonax
flycatchers (8.1 * 0.3 cycles/degree; t, = 2.58, P = .042).

Eye Shape

With an axial diameter of 8.30 = 0.07 mm and a trans-
verse diameter of 8.39 + 0.06 mm, tree swallows had a
relatively long eye (axial/transverse = 0.99 + 0.01). This
eye shape is similar to that of falcons (axial/transverse =
1.00; Reymond 1987) and hawks (axial /transverse = 1.08;
Reymond 1985; fig. 1c). Empidonax flycatchers had wider
(transverse diameter = 8.61 = 0.04 mm) but shorter (axial
diameter = 6.93 * 0.06 mm) eyes than tree swallows. Em-
pidonax flycatcher eye shape (axial/transverse = 0.80 *+
0.01) was similar to that of typical songbirds (fig. 1d). A sam-
pling of 26 other passerine species showed an axial/trans-
verse ratio of 0.77 + 0.01 with a range of 0.72-0.86, with
statistical outliers being less than 0.72 or greater than 0.83
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a Tree swallow

Empidonax flycatcher

Temporal fovea Central fovea

C Tree swallow
A/T =0.99

axial diameter (A)

transverse diameter (T)

Area temporalis
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Figure 1: a, b, Topographic maps of retinal ganglion cell distribution for one exemplar tree swallow (a) and one exemplar Empidonax
flycatcher (b; Acadian flycatcher). Tree swallows are bifoveate, while Empidonax flycatchers have a central fovea and an area temporalis. The
oblique black bar indicates the pecten. ¢, d, Representations of eye shape profile in tree swallows (c¢) and Empidonax flycatchers (d). A/T is
the species mean for axial diameter divided by transverse diameter. For reference, the A/T is 0.77, 1.00, and 1.08 for typical passerines, falcons,
and hawks, respectively (see table Al, available online, for sources and species).

(table A1). Flycatchers fall within that range, but tree swal-
lows are extreme statistical outliers.

Visual Fields

With their eyes at rest, tree swallows had a 23.0° = 1.6° bin-
ocular field in front of the head and a 53.0° = 4.5° blind
area behind the head. The tree swallow has a blind area
that is 2.3 times the size of its binocular field, which is iden-
tical to the 2.3 blind:binocular ratio in accipitrid hawks
(Martin and Katzir 1999; O’Rourke et al. 2010; Potier et al.
2016) and similar to the 2.1 ratio in falcons (O’Rourke et al.
2010; fig. 2). Empidonax flycatchers had a resting binocular
field of 24.1° * 2.7° that is similar in size to the blind area

behind the head (26.6° + 1.9°). With a 1.1 blind : binocular
ratio, flycatchers were more similar to typical passerines
(1.0 blind : binocular ratio; fig. 2). The blind : binocular ratio
for all passerines had a range of 0.7-2.4, with statistical out-
liers being less than 0.4 or greater than 1.5 (table Al). Once
again, flycatchers fall within that range, but tree swallows—
and European starlings (Sturnus vulgaris)—are extreme sta-
tistical outliers.

The tree swallow optic axis (42.8° + 1.7° forward, 1.5° =
1.3° down) aligned closely with the projection of its cen-
tral fovea (40.3° = 0.7° forward, 3.6° = 2.1° down). The
temporal fovea in the tree swallows projected 68.9° + 1.4°
forward and 2.6° + 4.2° down. Even with the more for-
ward projection, the temporal fovea did not project into the
binocular field. Instead, it projected into the lateral field,
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b Empidonax flycatchers

blind:binocular = 1.1:1

e Typical passerine
blind:binocular = 1.0:1

Figure 2: Horizontal section of the visual field along the plane parallel to the ground in tree swallows (a), Empidonax flycatchers (b), hawks
(¢), falcons (d), and typical passerines (e). Visual fields for typical passerines, falcons, and hawks are mean values from those available in the
literature (table A1, available online, for sources and species). Blind: binocular ratios of 2.3, 2.3, and 2.1 indicate that the blind area is over
twice the size of the binocular field in tree swallows, hawks, and falcons, respectively. Empidonax flycatchers, like other passerines, have similar-

sized blind areas and binocular fields.

9.6° = 1.4° outside the margin of the binocular field (fig. 3a).
The central Empidonax flycatcher fovea projected 21.7° =
1.2° forward and 5.5° = 1.1° down. The area temporalis
projected 76.0° + 0.8° forward and 0.9° = 3.1° down, lying
outside the binocular field by 2.0° + 0.8° (fig. 3b).

With both eyes adducted in a converged state, tree swal-
lows had a 39.4° *+ 2.5° binocular field in front of the head
and a 68.4° = 1.5° blind area behind the head. In this
converged state, the tree swallow’s central fovea projected
48.3° + 0.7° forward and the temporal fovea projected
77.0° = 1.4° forward (fig. 4). Therefore, the two temporal
foveae never view a shared point in space, but they do fall
within the periphery of the binocular field when both eyes
are adducted. Empidonax flycatchers had a 39.2° &= 4.7°
binocular field and a 53.3° = 4.9° blind area with the eyes
converged, their central fovea projected 31.9° + 1.2° for-
ward, and their area temporalis projected 84.4° = 0.8° for-
ward. With both eyes abducted in a diverged state, tree swal-
lows had a 0.5° = 3.9° binocular field in front of the head
and a 35.9° = 6.2° blind area behind the head, whereas
Empidonax flycatchers had a 2.0° £ 2.2° binocular field
and a 5.5° = 4.5° blind area. The tree swallow had a maxi-
mum eye movement amplitude of 19.5° & 2.8° in the plane
of the beak, and Empidonax flycatchers had a maximum

eye movement amplitude of 18.6° = 3.3°. All data are de-
posited in the Dryad Digital Repository: http://dx.doi.org
/10.5061/dryad.n7140 (Tyrrell and Ferndndez-Juricic 2017b).

Discussion

Overall, several tree swallow visual-system properties are
similar to those of diurnal raptors. This study shows that a
songbird—the tree swallow—has a bifoveate retina (figs. la,
A1) rather than the single fovea present in other songbirds
(Dolan and Ferndndez-Juricic 2010; Moore et al. 2013, 2015,
2017; Tyrrell et al. 2013; Baumhardt et al. 2014), corrobora-
ting previous work with barn swallows (Hirundo rustica), bank
swallows (Riparia riparia), common house martins (Delichon
urbicum), and tree swallows (Chievitz 1891; Slonaker 1897;
Rochon-Duvigneaud 1943). Furthermore, our flycatcher re-
sults support previous studies (Coimbra et al. 2006, 2009)
that described other tyrant flycatchers as having a centrally
placed fovea as well as an area temporalis (fig. 1b). Although
both groups of predatory songbirds studied here have a
second, frontally directed center of acute vision, the fovea
of the active-pursuit swallow represents a higher degree of
retinal specialization for acute vision than the area tem-
poralis of the ambushing flycatcher. The presence of a fo-
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Tree swallow

I Binocular field m Blind area A Beak projection

@ Central fovea (left eye)

O Temporal fovea/area (left eye)

4 Central fovea (right eye) : . Temporal fovea/area (right eye)

Figure 3: Three-dimensional representation of the visual field and point projections of the centers of acute vision in tree swallows (a, ¢) and
Empidonax flycatchers (b, d); a and b show the visual fields in front of the head, and ¢ and d show the visual field and blind areas behind the

head.

veal pit has been hypothesized to serve numerous different
functions (Moore et al. 2016), including image magnification
(Walls 1942) and object-tracking enhancement (Pumphrey
1948).

In addition to the second fovea, tree swallows possess
a raptor-like eye shape that is nearly as long as it is wide
(fig. 1¢). Empidonax flycatchers, however, have short eyes
that are similar to those of typical passerines (fig. 1d). The
unusually long eyes of tree swallows and diurnal raptors
increase the focal length and, consequently, the visual acu-
ity they can achieve. Our results actually show that tree
swallows and Empidonax flycatchers have similar retinal
ganglion cell densities, but tree swallows have a significantly
higher theoretical spatial resolving power because of their
longer focal length. Birds already have very large eyes in
general, and in some cases the volume of a single eye can
be greater than the volume of the entire brain (Burton 2008).
Therefore, space in the avian skull is limited. If tree swal-
lows and raptors were to increase axial length and trans-
verse length proportionally, the eye would occupy more space
in the skull and limit brain size. But by increasing axial length
without a concomitant increase in transverse length, swal-
lows and raptors achieve higher visual acuity without bal-

looning the size of the orbit and challenging brain size to
accommodate the eye.

Flycatchers, like most other passerines, have a binocular
field that is approximately symmetrical to the blind area
at the rear of the head (fig. 2b). Yet tree swallows diverge
from their passerine relatives, with a visual-field configu-
ration that is more similar to that of diurnal raptors. Like
raptors, tree swallows have a narrow binocular field, despite
their predatory nature, and an asymmetric visual-field con-
figuration where the large posterior blind area is over twice
the size of the narrow anterior binocular field (fig. 2). While
both tree swallows and raptors are predators, tree swallows
are subject to higher risk of being depredated themselves.
Actually, tree swallows have a somewhat smaller blind area
behind the head—where predators are likely to approach—
at an even greater expense to binocular vision. Among stud-
ied passerines, only European starlings (Martin 1986) have
visual-field morphology similar to that of the tree swallow.
Why starlings also have larger blind areas is difficult to es-
tablish, given the low number of species with multiple visual
traits measured. Starling eye shape is similar to that of typical
passerines (table Al; Martin 1986), but starlings do have a
ramped retina (Martin 1986), track conspecifics with pe-



binocular
field

Figure 4: Top-view diagram of a tree swallow skull with the eyes in a
fully converged position, showing the binocular field, the posterior blind
area, and the foveal visual fields along the horizontal plane. LCF and
LTF indicate the foveal visual field of the left eye’s central fovea and
temporal fovea, respectively. RTF and RCF indicate the foveal visual
field of the right eye’s temporal fovea and central fovea, respectively.
Note that the temporal foveal visual fields will never cross to view a sin-
gle, shared point, but they will enter the binocular field ~10 cm out from
the focal point of the eye.

ripheral rather than foveal vision (Butler et al. 2016), and
use a probing foraging technique to search for food in the
ground (Beecher 1978). Further comparative studies consid-
ering these morphological and ecological factors would be
needed to assess their relevance in explaining the similarities
and differences with other songbirds.

Typically, when we think of animals with a temporally
shifted fovea like that of the tree swallow, we envision a per-
ceptual world akin to ours, where the foveae from the left
and right eyes converge on a single point in the binocular
field. The temporal fovea in the tree swallow retina does
indeed project more frontally than its central fovea, but it
does not intersect with the temporal fovea from the other
eye or even fall within the binocular field at all (fig. 3a). This
leaves the tree swallow with a visual system where each eye
has two foveae that both serve monocular vision, not bin-
ocular vision. Knowing this, the first expectation may be

The Hawk-Eyed Songbird 715

that tree swallows use large convergent eye movements to
bring the temporal foveae of the left and right eyes together
just before prey capture. Tree swallows are indeed capable
of large convergent eye movements that bring their temporal
foveae into the binocular field. However, it is important to
note that, despite falling within the binocular field, the tem-
poral fovea of the left eye and the temporal fovea of the right
eye are still divergent from each other, falling close to the
margins of the binocular field (fig. 4). This means that the
foveae of each eye would not be able to view a single, shared
point in space even when the eyes are converged. To achieve
a state where the two temporal foveae are parallel to each
other, tree swallows would have to move their eyes 13° more
forward than the 20° of total eye movement of which they
are already capable. To bring both temporal foveae into in-
tersection at the tip of the beak, an additional 28° of forward
movement would be necessary.

There is conflicting evidence as to whether the percep-
tual world of swallows is replicated in the visual system of
other bifoveate birds (Slonaker 1897; Wood 1917; Lord 1956;
Pettigrew 1978; Wallman and Pettigrew 1985; Tucker 2000;
Kane and Zamani 2014). The temporal foveae of the left and
right eyes also diverge from each other in American kestrels,
broad-winged hawks, and common terns (Slonaker 1897;
Wood 1917). More recent studies also found that the tem-
poral foveae of the little eagle (Haliaetus morphnoides; Wall-
man and Pettigrew 1985) and the American kestrel (Pettigrew
1978) are diverged with the eyes at rest. In both diurnal-raptor
species, the authors note that eye movements were observed
that would allow both temporal foveae to fix on a single bin-
ocular target (Pettigrew 1978; Wallman and Pettigrew 1985).
An important distinction between the little eagle and the
American kestrel on the one hand and the tree swallow on
the other is that, with the eyes in a resting position, the diur-
nal raptors’ temporal foveae fall within the binocular field
whereas the tree swallow foveae do not (fig. 3a). This is im-
portant because birds likely have no single neuron to con-
trol foveal alignment (Wallman and Pettigrew 1985). There-
fore, the temporal foveae must rest within the binocular
field so that binocular neurons with extremely large disparity
can control fovea-aligning saccades (Wallman and Pettigrew
1985).

In either case, the temporal fovea does provide high-
quality vision in a location more frontal than that of the
central fovea, even if it is not binocular vision per se. De-
spite the commonly held belief that predators rely on bin-
ocular vision, swallows and diurnal raptors actually have
narrow binocular fields. These lines of evidence suggest that
avian binocular vision may serve a different set of functions
in birds than it does in mammals (Martin 2009; Tyrrell and
Ferndndez-Juricic 2017a).

Opverall, predatory swallows have an extremely specialized
visual system for a songbird, to the point that it has converged
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with that of diurnal raptors on several characteristics, in-
cluding a bifoveate retina, a long focal length, and an asym-
metric visual field. Our study also shows that high-quality
frontal vision is a shared trait among aerial predators, likely
because of the visual demands of their foraging strategies.
Despite a shared emphasis on frontal vision, it is ambiguous
whether avian predators also share an emphasis on binoc-
ular vision itself. Even the central fovea of the tree swallow
projects nearly 20° farther forward than that of flycatchers,
giving swallows four separate foveae plus an afoveate bin-
ocular field in a single 100° arc (fig. 3a). Predators that chase
prey have to react quickly to evasive maneuvers executed
by the prey. With a total of four foveae already directed to-
ward different potential escape paths, the swallow has acute
vision waiting at every turn, and even abrupt changes in the
escape trajectory by the prey can fall into any of the swal-
low foveae.
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