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Abstract
Eye movements are a critical component of visually guided behaviors, allowing organisms to scan the environment and bring stimuli of interest to regions of
acuity in the retina. Although the control and modulation of eye movements by cranial nerve nuclei are highly conserved across vertebrates, species variation
in visually guided behavior and eye morphology could lead to variation in the size of oculomotor nuclei. Here, we test for differences in the size and neuron
numbers of the oculomotor nuclei among birds that vary in behavior and eye morphology. Using unbiased stereology, we measured the volumes and numbers
of neurons of the oculomotor (nIII), trochlear (nIV), abducens (nVI), and Edinger-Westphal (EW) nuclei across 71 bird species and analyzed that with
phylogeny-informed statistics. Owls had relatively smaller nIII, nIV, nVI and EW nuclei than other birds, which re�ects their limited degrees of eye movements. In
contrast, nVI was relatively larger in falcons and hawks, likely re�ecting how these predatory species must shift focus between the central and temporal
foveae during foraging and prey capture. Unexpectedly, songbirds had an enlarged EW and relatively more nVI neurons, which might re�ect accommodation
and horizontal eye movements. Finally, the one merganser we measured also has an enlarged EW, which is associated with the high accommodative power
needed for pursuit diving. Overall, these differences re�ect species and clade level variation in behaviour, but more data is needed on eye movements in birds
across species to better understand the relationships among behaviour, retinal anatomy, and brain anatomy.

Introduction
Eye movements are critically important for a wide range of behaviors, including detection of predators and food items, visual communication, and movement
through the environment (Walls 1962_. Mobile eyes enable organisms to scan the environment and bring stimuli of interest to regions of high receptor density
on the retina (Walls 1962; Moore et al. 2017). Convergent eye movements permit binocular visual �eld overlap and stereoscopic vision (Pettigrew 1986; Martin
2009), which can be critical for prey capture (Fox et al. 1977; Wallman and Pettigrew 1985; Moroney and Pettigrew 1987; Iwaniuk and Wylie 2020). Conversely,
divergent eye movements reduce the size of blind areas in the visual �eld (Land et al. 1999; Martin 2007; Land 2015; Land 2019) enabling a broader overall
view that can be important for predator detection (Wallman and Pettigrew 1985). Finally, moving through the environment (i.e., self-motion) often requires
compensatory eye movements that stabilize the image on the retina (Collewijn et al. 1983; Wylie and Frost 1996).

Despite the importance of eye movements to many behaviours, the magnitude of these movements vary greatly across species. In birds, for example, eye
movements in songbirds can exceed 60°, whereas owls have little to no eye movement (Steinbach and Money 1973; Steinbach et al. 1974; Knudsen 1982;
Martin 2007; Moore et al. 2013, 2015, 2017). The magnitude and frequency of eye movements is thought to be associated with the dimensions of the visual
�eld and retinal topography in birds (Martin 2009; Moore et al. 2017). The dimensions of the visual �eld is dependent on the position of the eyes in the skull
and ocular mobility within the orbit (Martin 2017). In owls, a broad binocular visual �eld (Martin 1984; Wylie et al. 1994; Martin 2009) is associated with
frontally oriented eyes that are largely immobile (Walls 1942; Steinbach and Money 1973; Hall and Ross 2007; Lisney et al. 2012) and a retina with a single,
temporal, high density region of retinal ganglion cells (Wood 1917; Wathey and Pettigrew 1989; Lisney et al. 2012). Conversely, in many bird species, eye
movements can change the extent of the cyclopean visual �eld and the amount of binocular overlap (Martin 2007). For example, the tawny frogmouth
(Podargus strigoides) can diverge its eyes to enable broad, lateral vision and then converge its eyes to create greater binocular overlap, allowing better depth
perception for prey capture (Wallman and Pettigrew 1985). In bifoveate species, these eye movements are important for shifting focus between regions of
high retinal ganglion cell density (Wallman and Pettigrew 1985; Moroney and Pettigrew 1987).

The magnitude of pupillary and accommodative re�exes also varies among bird species (Walls 1942; Murphy and Howland 1983; Sivak et al. 1985; Wagner
and Schaeffel 1991; Glasser and Howland 1996; Glasser et al. 1997). Changing pupil diameter is important for the control of retinal image brightness and
depth of �eld, ensuring that sensitivity and/or resolution are maximized according to light levels (De Groot and Gebhard 1952; Martin and Katzir 1994; Glasser
and Howland 1996; Martin 1999). In diving birds, for example, the pupils undergo larger changes in size compared to other species because of differences in
light levels experienced during underwater foraging compared to the surface (Sivak et al. 1985; Martin 1999). As with the pupillary re�ex, the range of
accommodation also varies greatly in underwater foraging species (Murphy and Howland 1983; Sivak et al. 1985; Glasser et al. 1997; Katzir and Howland
2003; Machovsky-Capuska et al. 2012), re�ecting the need to compensate for the loss of corneal refractive power underwater (Walls 1942; Sivak 1980; Ott
2006). Thus, just as extraocular eye movements re�ect behavior in relation to gaze and visual �eld, so do the movements generated by the intraocular
muscles.

Eye movements, pupillary re�exes, and lens/corneal accommodation are controlled and modulated by the oculomotor, trochlear, and abducens nerves and
their associated brainstem nuclei (Büttner-Ennever 2006). Despite variation in eye movements across species, quantitative data on the size and number of
neurons within the brainstem nuclei responsible for eye movements are lacking. If the principle of proper mass (Jerison 1973) applies to eye movements in the
same way as sensory systems (Wylie et al. 2015), then the size of the nuclei, and numbers of neurons therein, will vary with the magnitude of eye movements,
pupillary re�ex, and accommodation re�ex across species. Here, we measured the four brainstem nuclei that control eye movements and re�exes across 71
bird species to test this hypothesis. Based on the interspeci�c variations in eye movements, visual �eld, and retinal topography, we had several speci�c
predictions. First, predatory species with bifoveate retinae, such as falcons, hawks, and king�shers (Wood 1917; Walls 1942; Fite and Rosen�eld-Wessels
1975; Wallman and Pettigrew 1985; Inzunza et al. 1991; Potier et al. 2020), will have relatively large nuclei with more neurons than other species because of
the processing demands of shifting focus between lateral and frontal vision. Second, owls will have relatively small nuclei with few neurons because their eye
movements are limited (Steinbach and Money 1973; Steinbach et al. 1974; Glasser and Howland 1996; Glasser et al. 1997) and they lack accommodative
power (Howland et al. 1991; Glasser and Howland 1996; Glasser et al. 1997). Last, species with high accommodative power, such as pursuit divers (Sivak
1980; Katzir and Howland 2003; Machovsky-Capuska et al. 2012), will have an enlarged Edinger-Westphal nucleus, the brainstem nucleus responsible for
accommodation (Marwitt et al. 1971; Gamlin and Reiner 1991).

Material And Methods
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Specimens
We measured brain regions in 71 bird species (n = 1 for all species) across 15 orders (Table 1). Specimens were donated from wildlife sanctuaries, veterinary
clinics in Australia, or hunters in Canada and New Zealand. All procedures were completed in accordance with the guidelines of the Canada Council for Animal
Care. The heads of these specimens were immersion �xed in 4% buffered paraformaldehyde for at least two weeks. The brains were extracted, weighed and
stored in paraformaldehyde until being processed. Brains were cryoprotected in 30% sucrose in 0.1 M phosphate buffer until they sank, embedded in gelatin
and sectioned on a freezing stage microtome in the coronal plane at a thickness of 40µm and every section collected in 0.1 M phosphate buffered saline.
Every second or fourth (hawks, vultures, and large owls) section was mounted onto gelatinized slides. Following air drying, the sections were stained with
thionin acetate, dehydrated through a graded ethanol series, cleared in Hemo-De (Thermo Fisher Scienti�c, #HD-150) and coverslipped with Permount (Thermo
Fisher Scienti�c, #SP15-150).
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Table 1
The volumes (mm3) of the brainstem and each of the following nuclei for all bird species included in this study: dl-nIII – dorsolateral oculomotor nucleus; dm-
nIII – dorsomedial oculomotor nucleus; v-nIII – ventral oculomotor nucleus; nIV – trochlear nucleus; nVI –abducens nucleus, EW – Edinger-Westphal nucleus.
Order Species brainstem

volume
(mm3)

dl-nIII
volume
(mm3)

dm-nIII
volume
(mm3)

v-nIII
volume
(mm3)

nIV
volume
(mm3)

nVI
volume
(mm3)

EW
volume
(mm3)

Accipitriformes Collared sparrowhawk

(Accipiter cirrocephalus)

781.436 0.570 0.423 0.927 0.532 0.894 0.276

  Cooper’s hawk

(Accipiter cooperii)

796.255 0.545 0.536 1.044 0.607 1.166 0.239

  Sharp-shinned hawk

(Accipiter striatus)

607.110 0.272 0.362 0.826 0.401 0.550 0.166

  Red-tailed hawk

(Buteo jamaicensis)

1,498.030 0.809 0.864 1.755 0.852 1.733 0.236

  Rough-legged hawk

(Buteo lagopus)

1,145.820 1.245 1.076 2.047 1.010 1.825 0.190

  Swainson's hawk

(Buteo swainsoni)

921.168 0.810 0.806 1.242 0.539 0.996 0.321

  Northern harrier

(Circus hudsonius)

786.377 0.638 0.643 1.128 0.655 0.529 0.224

Anseriformes Chestnut teal

(Anas castanea)

463.520 0.125 0.200 0.311 0.280 0.269 0.094

  Mallard

(Anas platyrhynchos)

768.73 0.317 0.345 0.715 0.707 0.276 0.094

  Lesser scaup

(Aythya a�nis)

586.166 0.182 0.242 0.444 0.370 0.220 0.101

  Canada goose

(Branta canadensis)

1,227.130 0.389 0.408 0.852 1.106 - 0.265

  Common goldeneye

(Bucephala clangula)

762.883 0.323 0.348 0.565 0.553 0.346 0.177

  American wigeon

(Mareca americana)

478.072 0.199 0.205 0.420 0.318 0.189 0.086

  Red-breasted merganser

(Mergus serrator)

554.128 0.255 0.292 0.571 0.552 0.462 0.250

  Northern shoveler

(Spatula clypeata)

452.448 0.193 0.208 0.436 0.307 0.260 0.073

  Blue-winged teal

(Spatula discors)

452.205 0.127 0.175 0.317 0.308 0.229 0.055

Apodiformes Rufous-tailed hummingbird
(Amazilia tzacatl)

30.065 0.017 0.020 0.055 0.036 0.027 0.008

  Long-tailed hermit

(Phaetornis superciliosus)

35.921 0.021 0.019 0.066 0.041 0.041 0.007

  Rufous hummingbird

(Selasphorus rufus)

28.499 0.016 0.028 0.078 0.050 0.032 0.005

Caprimulgiformes Tawny frogmouth

(Podargus strigoides)

561.148 0.241 0.316 0.516 0.250 0.449 0.064
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Order Species brainstem
volume
(mm3)

dl-nIII
volume
(mm3)

dm-nIII
volume
(mm3)

v-nIII
volume
(mm3)

nIV
volume
(mm3)

nVI
volume
(mm3)

EW
volume
(mm3)

Cathartiformes Turkey vulture

(Cathartes aura)

1,145.380 0.556 0.551 1.271 0.830 1.145 0.326

  Black vulture

(Coragyps atratus)

1,206.490 0.499 0.610 1.443 0.831 1.469 0.276

Charadriiformes Bonaparte's gull

(Chroicocephalus
philadelphia)

363.609 0.281 0.296 0.410 0.421 0.284 0.121

  Eurasian woodcock

(Scolopax rusticola)

358.348 0.119 0.137 0.368 0.449 0.236 0.038

Columbiformes White-headed pigeon

(Columba leucomela)

375.077 0.221 0.259 0.448 0.375 0.317 0.207

  Rock dove

(Columba livia)

430.020 0.204 0.255 0.401 0.264 0.301 0.143

  Bar-shouldered dove

(Geopelia humeralis)

209.142 0.125 0.104 0.261 0.223 0.173 0.078

  Spotted dove

(Stigmatopelia chinensis)

223.030 0.121 0.106 0.257 0.204 0.157 0.095

  Mourning dove

(Zenaida macroura)

171.518 0.074 0.080 0.195 0.139 0.104 0.059

Coraciiforrmes Laughing kookaburra

(Dacelo novaeguineae)

444.032 0.247 0.225 0.316 0.419 0.379 0.072

Falconiformes Merlin

(Falco columbarius)

293.862 0.196 0.209 0.428 0.228 0.420 0.097

  Prairie falcon

(Falco mexicanus)

522.085 0.265 0.320 0.774 0.795 0.912 0.208

  American kestrel

(Falco sparverius)

331.046 0.323 0.333 0.495 0.275 0.339 0.165

Galliformes Chukar

(Alectoris chukar)

377.080 0.127 0.238 0.349 0.190 0.268 0.110

  Ruffed grouse

(Bonasa umbellus)

507.919 0.283 0.321 0.708 0.465 0.535 0.200

  Japanese quail

(Coturnix japonica)

202.727 0.119 0.134 0.224 0.200 0.123 0.099

  Spruce grouse

(Falcipennis canadensis)

472.19 0.266 0.388 0.632 0.476 0.205 0.228

  Grey partridge

(Perdix perdix)

338.624 0.169 0.190 0.267 0.234 0.146 0.099

  Common pheasant

(Phasianus colchicus)

403.323 0.204 0.192 0.421 0.322 0.280 0.177



Page 6/22

Order Species brainstem
volume
(mm3)

dl-nIII
volume
(mm3)

dm-nIII
volume
(mm3)

v-nIII
volume
(mm3)

nIV
volume
(mm3)

nVI
volume
(mm3)

EW
volume
(mm3)

  Lesser prairie chicken

(Tympanuchus
pallidicinctus)

454.323 0.264 0.320 0.665 0.398 0.363 0.144

  Sharp-tailed grouse
(Tympanuchus phasianellus)

501.811 0.313 0.364 0.658 0.493 0.430 0.250

Gruiformes American coot

(Fulica americana)

375.163 0.138 0.130 0.225 0.209 0.168 0.118

Passeriformes Red-winged blackbird

(Agelaius phoeniceus)

157.978 0.055 0.083 0.190 0.096 0.091 0.074

  Tufted titmouse

(Baeolophus bicolor)

93.967 0.069 0.080 0.120 0.062 0.077 0.078

  House �nch

(Carpodacus mexicanus)

102.150 0.081 0.086 0.180 0.102 0.099 0.100

  Australian magpie

(Cracticus tibicen)

351.718 0.219 0.227 0.641 0.316 0.219 0.288

  Grey catbird

(Dumetella carolinensis)

117.325 0.073 0.085 0.152 0.086 0.085 0.108

  Dark-eyed junco

(Junco hyemalis)

102.802 0.050 0.080 0.120 0.065 0.086 0.081

  Song sparrow

(Melospiza melodia)

104.61 0.060 0.084 0.137 0.060 0.131 0.088

  Brown-headed cowbird

(Molothrus ater)

176.480 0.097 0.097 0.256 0.150 0.110 0.106

  Carolina chickadee

(Parus carolinensis)

62.254 0.029 0.045 0.067 0.042 0.078 0.059

  Chipping sparrow

(Spizella passerina)

56.497 0.038 0.030 0.061 0.037 0.064 0.041

  Field sparrow

(Spizella pusilla)

71.797 0.034 0.042 0.102 0.060 0.067 0.038

  Double-barred �nch
(Stizoptera bichenovii)

58.435 0.034 0.036 0.109 0.064 0.067 0.020

  Zebra �nch

(Taeniopygia castanotis)

44.765 0.021 0.024 0.051 0.028 0.032 0.016

  House wren

(Troglodytes aedon)

77.458 0.034 0.047 0.079 0.040 0.063 0.050

  White-throated sparrow

(Zonotrichia albicollis)

118.682 0.074 0.071 0.153 0.070 0.109 0.070

Pelecaniformes Nankeen night heron

(Nycticorax caledonicus)

465.145 0.225 0.334 0.435 0.346 0.490 0.161

Psittaciformes Australian king parrot

(Alisterus scapularis)

474.272 0.201 0.253 0.623 0.418 0.212 0.093

  Long-billed corella

(Cacatua tenuirostris)

641.629 0.199 0.293 0.672 0.372 0.340 0.098
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Order Species brainstem
volume
(mm3)

dl-nIII
volume
(mm3)

dm-nIII
volume
(mm3)

v-nIII
volume
(mm3)

nIV
volume
(mm3)

nVI
volume
(mm3)

EW
volume
(mm3)

  Galah

(Eolophus roseicapilla)

420.226 0.174 0.195 0.489 0.372 0.252 0.076

  Budgerigar

(Melopsittacus undulatus)

117.558 0.068 0.078 0.227 0.090 0.122 0.031

  Cockatiel

(Nymphicus hollandicus)

205.400 0.126 0.158 0.356 0.218 0.192 0.052

Strigiformes Northern saw-whet owl

(Aegolius acadicus)

366.737 0.101 0.116 0.135 0.148 0.143 -

  Short-eared owl

(Asio �ammeus)

528.083 0.125 0.142 0.219 0.168 0.371 -

  Snowy owl

(Bubo scandiacus)

970.412 0.272 0.287 0.952 0.444 0.595 0.096

  Great horned owl

(Bubo virginianus)

991.021 0.188 0.199 0.536 0.341 0.504 0.060

  Great grey owl

(Strix nebulosa)

796.863 0.171 0.204 0.637 0.303 0.364 0.075

  Barred owl

(Strix varia)

799.880 0.118 0.128 0.387 0.262 0.360 -

  Northern hawk-owl

(Surnia ulula)

701.333 0.237 0.294 0.792 0.311 0.521 -

  Barn owl

(Tyto alba)

489.376 0.099 0.101 0.121 0.116 0.157 -

For each brain, we measured all four of the brainstem nuclei that control eye movements, pupillary re�exes, and accommodation: the Edinger-Westphal
nucleus (EW), oculomotor nucleus (nIII), trochlear nucleus (nIV), and abducens nucleus (nVI) (Fig. 1). In birds, EW is dorsolateral to nIII (Fig. 2) and contains
only pre-ganglionic neurons (Gamlin and Reiner 1991; Reiner et al. 1991). EW neurons innervate the ciliary ganglion, which controls the lens, cornea, pupil and
choroidal blood vessels (Marwitt et al. 1971; Reiner et al. 1983; Fitzgerald et al. 1990; Gamlin and Reiner 1991; Reiner et al. 1991). nIII consists of three distinct
subregions (Fig. 1), ventral (v-nIII), dorsomedial (dm-nIII), and dorsolateral (dl-nIII), which have differential projections to the extraocular muscles. dl-nIII and
dm-nIII innervate the ipsilateral inferior and medial recti, respectively and v-nIII innervates the ipsilateral inferior oblique and contralateral superior rectus
muscles (Heaton and Wayne 1983). nIV innervates the contralateral superior oblique (Sohal and Holt 1978) and nVI innervates the ipsilateral lateral rectus
(Labandeira-Garcia et al. 1987). Generally speaking, the medial and lateral recti control horizontal eye movements whereas the inferior and superior recti, as
well as the obliques, control vertical and torsional eye movements (Walls 1942; Walls 1962).

Stereological measurements
We measured the volumes of the brainstem and all four nuclei of interest (nIV, nVI, EW, and all three subdivisions of nIII) using the Cavalieri method, as
implemented in Stereo Investigator software (Microbright�eld Inc., VT, USA), with a 10x objective (n.a.= 0.05) on a Zeiss Axio Imager 2 microscope (Table 2).
We measured every section mounted, which for most species was every second section, but for the largest species (hawks, vultures, and large owls), was every
fourth section. Due to local brainstem damage, nVI could not be measured in the Canada goose (Branta canadensis). For the purposes of this study, we
de�ned brainstem as the combined volumes of the diencephalon, tegmentum, pons and medulla (sensu Iwaniuk and Hurd 2005; Cor�eld et al., 2016). For the
volumetric measurements, grid sizes varied from 20–100 mm, depending on the size of the specimen. All coe�cients of error (Gundersen et al. 1999) were ≤ 
0.02.
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Table 2
The numbers of neurons of each of the following nuclei for all bird species included in this study: dl-nIII – dorsolateral oculomotor nucleus; dm-nIII
– dorsomedial oculomotor nucleus; v-nIII – ventral oculomotor nucleus; nIV – trochlear nucleus; nVI –abducens nucleus, EW – Edinger-Westphal

nucleus.
Order Species dl-nIII

(# neurons)

dm-nIII

(# neurons)

v-nIII

(# neurons)

nIV

(# neurons)

nVI

(# neurons)

EW

(# neurons)

Accipitriformes Collared sparrowhawk

(Accipiter cirrocephalus)

8,126 7,164 11,249 6,291 9,225 8,274

  Cooper’s hawk

(Accipiter cooperii)

8,725 7,880 10,778 6,259 8,586 9,510

  Sharp-shinned hawk

(Accipiter striatus)

6,123 6,568 9,986 6,513 8,098 6,483

  Red-tailed hawk

(Buteo jamaicensis)

11,171 12,137 16,062 9,426 14,611 10,447

  Rough-legged hawk

(Buteo lagopus)

16,160 14,384 20,008 9,556 14,859 9,886

  Swainson's hawk

(Buteo swainsoni)

13,497 9,971 15,564 7,152 12,580 10,153

  Northern harrier

(Circus hudsonius)

10,327 8,896 13,998 7,592 7,505 9,145

Anseriformes Chestnut teal

(Anas castanea)

4,799 4,451 7,671 7,076 5,556 5,251

  Mallard

(Anas platyrhynchos)

6,760 6,356 12,564 10,838 4,071 5,960

  Lesser scaup

(Aythya a�nis)

4,385 4,549 7,448 4,831 4,749 5,381

  Canada goose

(Branta canadensis)

6,919 5,879 9,271 12,120 - 12,256

  Common goldeneye

(Bucephala clangula)

6,660 6,428 9,525 8,596 5,721 7,899

  American wigeon

(Mareca americana)

5,897 4,647 8,914 5,897 3,306 5,242

  Red-breasted merganser

(Mergus serrator)

7,366 6,250 9,687 8,616 9,637 9,598

  Northern shoveler

(Spatula clypeata)

5,470 4,734 8,521 5,225 4,596 4,524

  Blue-winged teal

(Spatula discors)

4,388 3,315 7,050 7,586 3,103 4,466

Apodiformes Rufous-tailed hummingbird

(Amazilia tzacatl)

1,638 1,525 2,922 2,044 1,663 1,576

  Long-tailed hermit

(Phaetornis superciliosus)

1,761 1,679 3,045 1,877 1,479 1,339

  Rufous hummingbird

(Selasphorus rufus)

2,005 2,104 4,536 3,386 2,302 1,200

Caprimulgiformes Tawny frogmouth

(Podargus strigoides)

7,278 6,569 12,212 5,665 9,083 5,088
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Order Species dl-nIII

(# neurons)

dm-nIII

(# neurons)

v-nIII

(# neurons)

nIV

(# neurons)

nVI

(# neurons)

EW

(# neurons)

Cathartiformes Turkey vulture

(Cathartes aura)

8,152 7,928 15,632 9,050 13,236 8,377

  Black vulture

(Coragyps atratus)

10,025 9,143 15,318 8,261 10,308 10,827

Charadriiformes Bonaparte's gull

(Chroicocephalus philadelphia)

6,845 6,973 9,155 8,000 4,579 4,791

  Eurasian woodcock

(Scolopax rusticola)

4,932 5,152 11,498 8,534 5,864 4,241

Columbiformes White-headed pigeon

(Columba leucomela)

7,732 6,575 9,968 8,189 7,992 10.515

  Rock dove

(Columba livia)

6,167 6,095 9,053 6,203 7,753 8,656

  Bar-shouldered dove

(Geopelia humeralis)

5,772 4,247 9,151 7,954 4,607 4,927

  Spotted dove

(Stigmatopelia chinensis)

4,138 3,486 6,564 5,443 4,425 6,503

  Mourning dove

(Zenaida macroura)

4,352 3,970 7,206 5,564 3,895 4,081

Coraciiformes Laughing kookaburra

(Dacelo novaeguineae)

6,035 4,822 6,124 6,724 6,535 5,976

Falconiformes Merlin

(Falco columbarius)

7,986 7,766 11,760 7,815 5,858 10,531

  Prairie falcon

(Falco mexicanus)

5,810 5,869 10,108 9,325 8,252 8,448

  American kestrel

(Falco sparverius)

8,607 7,290 9,925 7,098 6,405 8,520

Galliformes Chukar

(Alectoris chukar)

4,916 5,185 8,796 4,532 5,326 5,603

  Ruffed grouse

(Bonasa umbellus)

5,917 6,196 10,586 5,873 5,125 8,178

  Japanese quail

(Coturnix japonica)

4,551 4,642 7,204 4,340 2,403 5,516

  Spruce grouse

(Falcipennis canadensis)

6,138 6,871 9,376 10,269 3,739 8,734

  Grey partridge

(Perdix perdix)

6,003 6,063 9,244 3,780 2,508 4,604

  Common pheasant

(Phasianus colchicus)

6,162 4,898 10,397 6,767 8,018 9,670

  Lesser prairie chicken

(Tympanuchus pallidicinctus)

6,923 6,023 10,897 6,504 5,502 7,234

  Sharp-tailed grouse

(Tympanuchus phasianellus)

7,460 7,394 12,489 10,266 6,713 11,757
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Order Species dl-nIII

(# neurons)

dm-nIII

(# neurons)

v-nIII

(# neurons)

nIV

(# neurons)

nVI

(# neurons)

EW

(# neurons)

Gruiformes American coot

(Fulica americana)

5,110 3,683 7,159 5,524 4,196 7,738

Passeriformes Red-winged blackbird

(Agelaius phoeniceus)

3,276 4,138 6,681 4,095 5,465 6,552

  Tufted titmouse

(Baeolophus bicolor)

3,669 3,498 4,783 2,356 3,604 6,524

  House �nch

(Carpodacus mexicanus)

4,269 3,751 5,401 3,638 3,371 6,387

  Australian magpie

(Cracticus tibicen)

5,857 6,051 16,147 6,180 5,140 13,267

  Grey catbird

(Dumetella carolinensis)

4,085 4,220 6,623 4,085 5,025 7,899

  Dark-eyed junco

(Junco hyemalis)

4,243 5,084 7,241 4,278 5,575 10,591

  Song sparrow

(Melospiza melodia)

4,150 4,487 6,279 3,614 6,739 9,113

  Brown-headed cowbird

(Molothrus ater)

3,678 3,144 6,162 4,448 3,397 6,523

  Carolina chickadee

(Poecile carolinensis)

2,845 3,621 5,803 3,605 4,413 7,436

  Chipping sparrow

(Spizella passerina)

1,871 2,021 3,207 1,761 2,306 2,971

  Field sparrow

(Spizella pusilla)

3,149 3,543 6,829 3,937 4,361 5,799

  Double-barred �nch

(Stizoptera bichenovii)

2,341 2,131 4,636 2,251 2,656 2,951

  Zebra �nch

(Taeniopygia castanotis)

1,527 2,666 2,603 1,836 2,249 3,910

  House wren

(Troglodytes aedon)

3,325 3,460 6,470 2,965 4,868 7,249

  White-throated sparrow

(Zonotrichia albicollis)

4,278 4,167 7,205 2,163 4,621 6,298

Pelecaniformes Nankeen night heron

(Nycticorax caledonicus)

8,397 7,244 12,052 9,912 9,300 10,735

Psittaciformes Australian king parrot

(Alisterus scapularis)

6,060 5,870 11,137 7,647 4,629 6,124

  Long-billed corella

(Cacatua tenuirostris)

6,206 6,132 10,879 7,322 6,299 3,854

  Galah

(Eolophus roseicapilla)

6,166 4,399 10,903 6,843 6,727 4,420

  Budgerigar

(Melopsittacus undulatus)

3,145 3,183 7,540 3,221 4,450 3,483
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Order Species dl-nIII

(# neurons)

dm-nIII

(# neurons)

v-nIII

(# neurons)

nIV

(# neurons)

nVI

(# neurons)

EW

(# neurons)

  Cockatiel

(Nymphicus hollandicus)

5,602 4,088 8,421 6,135 6,053 3,391

Strigiformes Northern saw-whet owl

(Aegolius acadicus)

4,174 4,793 5,411 5,628 4,298 -

  Short-eared owl

(Asio �ammeus)

5,159 5,337 6,197 7,442 10,105 -

  Snowy owl

(Bubo scandiaca)

7,427 5,903 11,934 8,982 7,918 4,888

  Great horned owl

(Bubo virginianus)

4,614 4,346 11,760 10,168 10,688 3,456

  Great grey owl

(Strix nebulosa)

6,221 5,280 11,636 8,508 6,338 5,885

  Barred owl

(Strix varia)

5,135 4,820 6,521 8,285 6,247 -

  Northern hawk-owl

(Surnia ulula)

7,750 5,889 14,780 8,187 10,349 -

  Barn owl

(Tyto alba)

4,488 4,395 4,953 4,241 5,101 -

In addition to volumes of the nuclei, we estimated neurons numbers within dl-nIII, dm-nIII, v-nIII, nIV, nVI, and EW (Table 2). Only cells with intact, continuous
cell membranes with clearly visible nuclei were counted. Neuron numbers were estimated using the optic fractionator method as implemented in Stereo
Investigator software with a 40x objective (n.a. = 0.95) on the same microscope. The sampling interval was the same as for the volumetric measurements
(every second or fourth section) and frame size (40x40mm) and grid size (50x50mm) remained constant across all species. We used a dissector height of
8mm with 7mm guard zones and section thickness was measured for every section. Coe�cients of error for all neuron counts were ≤ 0.10.

Staining quality and intensity varied too much across our specimens to permit accurate measurements of soma sizes across all specimens. We are therefore
unable to comment on the differences in neuron size across clades or in relation to allometry, but acknowledge that neuron size may be an important metric to
consider with respect to interspeci�c variation in oculomotor nuclei.

Data analyses
Prior to analyses, the data was log10-transformed. All of the analyses described below were performed in R 4.0.3 (R Core Team, 2020). Given that closely
related species are expected to have more traits in common (Garamszegi 2014), we used phylogenetic generalized least squares (PGLS) in our analyses. First,
we extracted 1,000 fully resolved trees from birdtree.org (Jetz et al. 2012), using Ericson et al. (2006) backbone phylogeny, and built a consensus tree
(maximum clade credibility tree) using phangorn (Schliep 2011). This consensus phylogenetic tree was used for all PGLS analyses. Maximum likelihood
estimations of Pagel’s l (Pagel 1999) were extracted from caper (Orme et al. 2013) and phylogenetic analyses of covariance (pANCOVA) performed to test for
signi�cant differences in relative nuclei size and neuron numbers among avian orders represented by three or more species in our dataset: Accipitriformes,
Anseriformes, Apodiformes, Columbiformes, Falconiformes, Galliformes, Passeriformes, Psittaciformes, and Strigiformes. Where signi�cant differences were
present, we estimated the effect size by calculating the percent difference between the intercepts/slopes of the clade speci�c allometric lines and that of all
other birds (Cunha et al. 2020).

Results

Cytoarchitecture of the oculomotor nuclei
The morphology of nIII, nIV, and nVI was similar across all species examined. For every species examined, we were able to distinguish dm-nIII, dl-nIII, and v-nIII
(for some examples see Fig. 2). EW could be identi�ed in almost all species, except for some owls. Of the eight owl species examined, EW could only be
identi�ed in the three largest species: great horned owl (Bubo virginianus), snowy owl (Bubo scandiacus), and great grey owl (Strix nebulosa) (Fig. 2l). For the
other �ve, smaller owl species, we were not able to identify any structure as EW in our Nissl stained sections (Fig. 2h). In these smaller owls, a diffuse
collection of neurons was observed dorsal to dl-nIII, where EW is normally present, but it lacked the typical cytoarchitectural features of EW and was therefore
not distinguishable from surrounding tissue.

Oculomotor nucleus (nIII)
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The allometric relationship between the total volume of nIII and brainstem volume was close to isometry and explained 78% of the variation in nIII volume
(Fig. 3a, Table 3), however, at larger brainstem volumes there was more variability around the regression line. As shown in Fig. 3a, owls (black dots) had
relatively smaller nIII volumes, relative to brainstem volume, than other birds as measured by a change in the intercept (-14%, Table 4). Although the hawks and
falcons tended to have relatively larger nIII volumes, the differences were not signi�cant (Table 4).

Table 3
Details of the phylogenetic generalized least squares regression analyses of brain region volume against brainstem

volume and number of neurons within each brain region plotted against brain region volumes across 71 bird
species. l refers to the phylogenetic signal (Pagel, 1999) of each regression line. All data were log10-transformed

prior to analysis. The brain regions are as follows: dl-nIII – dorsolateral oculomotor nucleus; dm-nIII – dorsomedial
oculomotor nucleus; v-nIII – ventral oculomotor nucleus; nIV – trochlear nucleus; nVI –abducens nucleus, EW –

Edinger-Westphal nucleus.
x-axis y-axis λ F p r2 Intercept Slope (95% CI)

brainstem volume total nIII volume 0.842 245.1 < 0.01 0.777 -2.445 0.904 (0.846–0.962)

  dm-nIII volume 0.906 223.8 < 0.01 0.761 -3.015 0.897 (0.837–0.957)

  dl-nIII volume 0.721 217.8 < 0.01 0.756 -3.092 0.905 (0.844–0.966)

  v-nIII volume 0.865 176.1 < 0.01 0.714 -2.779 0.918 (0.849–0.987)

  nIV volume 0.753 222.3 < 0.01 0.760 -2.929 0.925 (0.863–0.987)

  nVI volume 0.618 189.1 < 0.01 0.732 -2.888 0.902 (0.837–0.967)

  EW volume 0.830 79.9 < 0.01 0.548 -3.123 0.821 (0.729–0.913)

total nIII volume total nIII #neurons 0.146 444.1 < 0.01 0.864 4.350 0.454 (0.433–0.475)

dm-nIII volume dm-nIII #neurons 0.238 348.4 < 0.01 0.832 4.034 0.447 (0.423–0.471)

dl-nIII volume dl-nIII #neurons 0.013 620.9 < 0.01 0.898 4.108 0.469 (0.450–0.488)

v-nIII volume v-nIII #neurons 0.056 303.3 < 0.01 0.812 4.128 0.438 (0.413–0.463)

nIV volume nIV #neurons 0.268 179.9 < 0.01 0.719 4.053 0.465 (0.430–0.500)

nVI volume nVI #neurons 0.267 160.6 < 0.01 0.698 4.025 0.483 (0.445–0.521)

EW volume EW #neurons 0.393 200.0 < 0.01 0.754 4.315 0.524 (0.487–0.561)
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Table 4
p-values from phylogenetic analyses of covariance (pANCOVAs) testing for differences in intercept (int) and slope for volume and number of neurons in each n
brainstem volume across nine order for which we had three or more species in our dataset. The brain regions are as follows: dl-nIII – dorsolateral oculomotor n

dorsomedial oculomotor nucleus; v-nIII – ventral oculomotor nucleus; nIV – trochlear nucleus; nVI –abducens nucleus, EW – Edinger-Westphal nuc

  Accipitriformes Anseriformes Apodiformes Columbiformes Falconiformes Galliformes Passeriformes Psittaciformes

Measurement int slope int slope int slope int slope int slope int slope int slope int slope

nIII volume 0.10 0.90 0.49 0.85 0.32 0.36 0.92 0.71 0.27 0.71 0.64 0.35 0.65 0.08 0.59 0.16

nIII #neurons 0.50 0.06 0.06 0.88 0.06 0.21 0.43 0.98 0.48 0.05 0.67 0.31 0.19 0.81 0.77 0.92

dm-nIII
volume

0.11 0.43 0.57 0.89 0.91 0.11 0.96 0.10 0.25 0.43 0.50 0.50 0.59 0.20 0.78 0.34

dl-nIII volume 0.01 0.53 0.49 0.51 0.93 0.90 0.72 0.67 0.17 0.25 0.58 0.80 0.67 0.30 0.91 0.16

v-nIII volume 0.30 0.92 0.55 0.96 0.13 0.41 0.92 0.79 0.44 0.86 0.79 0.25 0.67 0.06 0.44 0.18

dm-nIII
#neurons

0.74 0.09 0.01 0.21 0.09 0.52 0.76 0.83 0.33 0.05 0.72 0.58 0.57 0.44 0.15 0.65

dl-nIII
#neurons

0.46 0.14 0.06 0.72 0.32 0.40 0.21 0.92 0.29 0.32 0.59 0.57 0.45 0.82 0.70 0.39

v-nIII

#neurons

0.25 0.22 0.08 0.81 0.06 0.21 0.48 0.86 0.71 0.11 0.47 0.32 0.06 0.36 0.60 0.84

nIV volume 0.65 0.98 0.86 0.07 0.05 0.32 0.47 0.61 0.22 0.05 0.79 0.84 0.73 0.17 0.56 0.73

nIV #neurons < 0.01 0.97 0.86 0.57 0.43 0.15 0.25 0.76 0.48 0.16 0.47 0.08 0.78 0.84 0.82 0.69

nVI volume < 0.01 0.16 0.30 0.43 0.87 0.77 0.85 0.48 0.02 0.26 0.91 0.12 0.81 0.31 0.61 0.07

nVI #neurons 0.47 0.90 0.37 0.08 0.16 0.26 0.53 0.38 0.27 0.53 0.16 0.21 0.01 0.76 0.75 0.65

EW volume 0.70 0.10 0.45 0.55 0.08 0.88 0.48 0.61 0.43 0.71 0.39 0.83 < 
0.01

0.19 0.28 0.53

EW #neurons 0.44 0.62 0.86 0.49 0.54 0.91 0.97 0.26 0.34 0.13 0.72 0.16 < 
0.01

0.34 0.11 0.34

Neurons numbers and nIII volume were strongly correlated with one another (Fig. 3b, Table 3) and there was far less scatter around the regression line than
that observed for volumes. Although some clades appeared to have relatively fewer neurons than others (Fig. 3b), we found no signi�cant differences across
orders in our pANCOVAs (Table 4).

When we focused our comparisons to the allometric scaling of the subdivisions of nIII, the results were similar. All three subdivisions shared similar slopes
and correlation coe�cients when regressed against brainstem volume (Figs. 3c,e,g, Table 3). As with the entire volume of nIII (Fig. 3a), there was considerable
scatter around the regression lines for all three subdivisions. Our pANCOVAs revealed that owls have signi�cantly smaller dm-nIII (-11%, Fig. 3c, Table 4), dl-nIII
(-11%, Fig. 3e, Table 4), and v-nIII (-14%; Fig. 3g, Table 4) volumes, relative to brainstem volume, than other birds. For the relative size of v-nIII, owls also had a
signi�cantly higher slope for this relationship when compared with other clades (+ 113%, Fig. 3g, Table 4). At the other end of the spectrum, the relative size of
dl-nIII was signi�cantly larger in hawks (+ 9%, Fig. 3e, Table 4) and the falcons did not differ signi�cantly from other birds for any of the subdivision volumes
(Table 4).

As with the total number of neurons within nIII (Fig. 3b), the volumes and neuron numbers of the subdivisions were strongly correlated with one another
(Figs. 3d,f,h, Table 3), albeit with shallower slopes than that of subdivision volume versus brainstem volume (Table 3). Across all three pANCOVAs, only one
signi�cant difference was detected: waterfowl had relatively fewer neurons in dm-nIII compared to other orders (-2%, Fig. 3d, Table 4). This difference in
waterfowl appeared to be largely due to the relatively low number of dm-nIII neurons in the blue-winged teal (Spatula discors).

Trochlear nucleus (nIV)
Similar to nIII, the allometric relationship between nIV and brainstem volume was close to isometry and explained 76% of the variation in nIV volume (Fig. 4a,
Table 3). Owls differed from other clades in having smaller nIV volumes for their brainstem volume (-12%, Table 4).

Most of the variation in nIV neurons numbers was due to nIV volume (72%, Fig. 4b, Table 4), but species were scattered widely around the regression line
compared to the data for nIII (Figs. 3b,d,f,h). Unlike nIII, owls were above the regression line (Fig. 4b) and had signi�cantly more neurons, relative to nIV
volume, than other clades (+ 3%, Table 4). Conversely, hawks and New World vultures have relatively fewer neurons (Fig. 4b). We only have data for two vulture
species, so they were not analyzed in our pANCOVAs, but the hawks have proportionately fewer neurons than other groups (-3%, Fig. 4b, Table 4).
Hummingbirds also appeared to have relatively large nIV volumes (Fig. 4a), but did not quite reach statistical signi�cance in our pANCOVA (Table 4).

Abducens nucleus (nVI)
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Similar to nIII and nIV, the allometric relationship between nVI and brainstem volume was also close to isometry and explained 73% of the variation in nVI
volume (Fig. 4c, Table 3). Once more, owls were below the regression line and had signi�cantly smaller nVI volumes, relative to the brainstem, than other birds
(-8%, Table 4). Above the regression line, hawks, New World vultures, and falcons stood out as having enlarged nVI volumes. Indeed, both hawks (+ 9%) and
falcons (+ 10%) have signi�cantly larger VI volumes than other birds (Table 4). However, as mentioned previously, the New World vultures were not included in
these pANCOVAs due to only being able to sample two species.

As with the other nuclei examined, most of the variation in the number of nVI neurons can be attributed to nVI volume (70%, Fig. 4d, Table 4). Although the
correlation coe�cient for the relationship between nVI volume and neuron numbers is similar to that of nIII and nIV, the scatter around the regression line
appeared to be greater, with several songbirds possessing more neurons than expected (i.e., higher density). Our pANCOVA showed that songbirds have
relatively more nVI neurons than other birds (+ 3%, Fig. 4c, Table 4), but no other differences across clades were detected (Table 4).

Edinger-Westphal nucleus (EW)
The allometric relationship between EW and brainstem volume was close to isometry (Fig. 5a, Table 3), but only 55% of the variation in EW volume was
explained by brainstem volume (Table 3). As noted above, EW was only recognizable in 3/7 owl species. Nevertheless, these three, larger owl species had
signi�cantly smaller EW volumes, relative to brainstem volume, than other birds (-14%, Table 4). Located close to these three owls were two other species: the
tawny frogmouth (inverted triangle) and Eurasian woodcock (Scolopax rusticola, asterisk). It is worth noting that the position of the woodcock in this space is
vastly different from that of the only other charadriiform species sampled, Bonaparte’s gull (Chroicocephalus philadelphia). Although the gull and woodcock
share similar brainstem volumes, the former is above the regression line, whereas the latter is below it. At the other end of the spectrum, and somewhat
unexpectedly, songbirds had relatively larger EW volumes (+ 13%, Table 4).

In a similar fashion to the other nuclei examined, most of the variation in the number of EW neurons can be attributed to EW volume (Fig. 5b, Table 3). With
respect to differences across clades, songbirds emerged as having signi�cantly more neurons, relative to EW volume (+ 3%, Table 4). Thus, songbirds tend to
have higher EW neuronal density than other birds, as well as proportionately larger EW volumes.

One of our predictions was that pursuit diving species would have a relatively large EW because of their higher accommodative power (Sivak 1980; Katzir and
Howland 2003; Machovsky-Capuska et al. 2012). We were only able to secure a single pursuit diving species for this study, the red-breasted merganser
(Mergus serrator, Fig. 2e). The merganser did not stand out in the comparisons across all species, so we examined its EW volume and neuron numbers with
respect to other waterfowl. As shown in Fig. 5c, the merganser has a much larger EW than that predicted by brainstem volume across a sample of nine
waterfowl species. The enlargement of EW in the merganser appears to be due primarily to the addition of neurons, without a change in neuronal density
(Fig. 5d).

Discussion
Overall, we found differences in the relative volume and number of neurons of the oculomotor nuclei across avian clades. In support of our predictions, owls
had relatively small nIII, nIV, nVI, and EW volumes, while hawks and falcons had relatively larger nVI volumes than other birds. Other differences, such as the
relative enlargement of EW in songbirds, were unexpected. Although we often lack detailed information on avian eye movements, accommodative power, and
pupillary re�exes, some of the differences we observed appear to re�ect differences in oculomotor strategies (i.e., eye movements and/or head movements)
and foraging behaviour.

EW in Songbirds and Pursuit Divers
Unexpectedly, EW was relatively larger in songbirds, although the variability was quite large within this group. Nonetheless the data suggests that songbirds
might have greater accommodative power and/or pupillary responses than other birds. In general, little is known about accommodative power in birds (Martin
1986; Glaeser and Paulus 2015), but Lord (1956) reports that at least some songbird species have greatly enlarged ciliary muscles. Ciliary muscles are
innervated by EW (Reiner et al. 1983), so an enlargement of EW in some songbirds could be associated with larger ciliary muscles and greater accommodative
power. Little is known about accommodative power in songbirds, but based on the distribution of songbirds in our plot of EW and brainstem volumes (Fig. 5a),
accommodative power likely varies greatly across species. We lack su�cient species to test effectively for variation with behaviour and life history, but
possible functional correlates are diet, foraging behaviour, and photic environment.

Among the waterfowl species sampled, the EW was greatly enlarged in the red-breasted merganser. All mergansers are pursuit divers, which requires dynamic
accommodation and rapid adaptation to be able see above and below the water. Diving birds typically have much higher accommodative power than non-
diving birds (Sivak et al. 1985; Glasser and Howland 1996; Glasser et al. 1997; Katzir and Howland 2003; Strod et al. 2004). Among mergansers, data is only
available for the hooded merganser (Lophodytes cucullatus), which has an accommodative power of approximately 80 diopters (Sivak et al. 1985), much
higher than most other birds tested to date (2–30 diopters, Glasser et al. 1997; Katzir and Howland 2003). The high accommodative power of the merganser is
achieved through a higher number of muscles �bers in the peripheral iris that squeeze the lens (i.e., lenticular accommodation; Glasser et al. 1995), which is
under the control of EW (Reiner et al. 1983). Interestingly, the merganser also had relatively larger nIII, nIV, and nVI compared to other waterfowl, suggesting
that pursuit diving might even require a broader range eye movements than other foraging modes. Testing this hypothesis will require a comparison across a
broader range of waterfowl species as well as quantifying the anatomy of EW, nIII, nIV, and nVI in other pursuit divers, such as cormorants and gannets (Katzir
and Howland 2003; Strod et al. 2004; Machovsky-Capuska et al. 2012).

Owls
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Compared with other birds, owls have eye movements of very low amplitude (< 1.5° visual angle) and limited accommodation and pupillary change (Walls
1942; Steinbach and Money 1973; Knudsen 1982; Glasser et al. 1997; Lind et al. 2008). This lack of ocular mobility stems from the tubular shape of owl eyes
as well as the shape and orientation of their orbits (Walls 1942; Steinbach and Money 1973; Martin 1984). We therefore predicted that owls would have
relatively smaller III, IV, VI and EW nuclei and our data supported this prediction (Figs. 3–5).

EW was not only small in owls, it could not be identi�ed in the smaller owl species we sampled (Fig. 2h). The apparent lack of EW in some of our owl species
does not, however, mean that EW neurons are absent. Pupillary change and accommodation, although of very small magnitude, do occur in owls (Howland et
al. 1991; Wagner and Schaeffel 1991; Schaeffel and Wagner 1992; Glasser et al. 1997; Lind et al. 2008), so EW neurons are present in all owls, but cannot be
identi�ed as a distinct nucleus in Nissl stained material in smaller owl species. In the Chilean tinamou (Nothoprocta perdicaria), the isthmo-optic nucleus is
not recognizable in Nissl stained sections (Gutierrez-Ibanez et al. 2012), but injection of retrograde and anterograde tracers revealed isthmo-optic neurons that
were diffusely organized rather than in a discrete nucleus (Krabichler et al. 2017). Thus, EW neurons in the smaller owls may be sparsely distributed such that
they do not form a recognizable nucleus in a similar fashion to the isthmo-optic nucleus in the tinamou.

Interestingly, a reduction in relative EW size was not limited to owls. As shown in Fig. 5A, both the woodcock and frogmouth also have relatively small EW
volumes. Frogmouths share many behavioural and anatomical traits with owls: they are nocturnal, perch hunters with convergently oriented large eyes as well
as an enlarged hyperpallium (Iwaniuk and Hurd 2005; Iwaniuk and Wylie 2006). Unlike owls, frogmouths display large amplitude eye movements (as much as
40°; Wallman and Pettigrew 1985) and consequently do not have the signi�cant reduction in nIII, nIV, and nVI we observed in owls (Figs. 3–5). We lack data on
their accommodative power and pupillary re�exes, but based on the relative size of EW, we predict that they will resemble owls and have poor accommodation
and little variation in pupil diameter. Woodcock, however, are very different from owls. They primarily forage by probing soft substrates for invertebrates, often
at night (Van Gils et al. 2020), and their foraging is not guided by vision. In fact, the narrow blind area of the woodcock visual �eld corresponds to the bill tip
(Martin 1994). Accommodation is therefore not required for foraging in woodcock and their vision appears to be adapted for predator detection (Martin 1994).
If correct, we predict poor accommodation in woodcock, similar to that reported in owls.

Hypertrophy of nVI in falcons and hawks
We predicted that bifoveate, predatory birds would have relatively larger nIII, nIV, nVI and EW because many of them have relatively large amplitude eye
movements (Moore et al. 2017) and they need to focus dynamically on moving prey (Potier et al. 2018; Potier et al. 2020). Our prediction was only partially
supported by our data. Rather than all nuclei being relatively large in all bifoveate, predatory species, only nVI was enlarged in hawks and falcons. One
potential reason for the lack of enlarged nuclei across all predatory, bifoveate species is that different species use different strategies to shift focus between
specialized regions of the retina (Moroney and Pettigrew 1987; O'Rourke et al. 2010a; O'Rourke et al. 2010b). Among bifoveate species, the monocular foveae
are consistent in their position on the retina, but the position of the binocular foveae vary greatly (Fite and Rosen�eld-Wessels 1975; Moroney and Pettigrew
1987). For example, in the kookaburra and other king�shers, the binocular foveae are frontal and aligned with the beak such that binocular vision can be
accomplished with eye movements of low amplitude (Moroney and Pettigrew 1987). In contrast, the binocular foveae in hawks are more divergent (Moroney
and Pettigrew 1987) and therefore switching between monocular and binocular vision requires larger and more complex eye movements (Wallman and
Pettigrew 1985). In addition, neck and/or head movements are thought to be more effective in shifting visual stimuli to different regions of the retina than
moving both eyes in some species (Wallman and Pettigrew 1985; Moroney and Pettigrew 1987; O'Rourke et al. 2010a; O'Rourke et al. 2010b), such as the
bifoveate king�shers (Moroney and Pettigrew 1987). Thus, simply having more than one specialized area in the retina does not necessarily mean higher
degrees of eye movements (Moroney and Pettigrew 1987) and similarly, being a bifoveate, predatory species is not always associated with larger oculomotor
nuclei.

Although neither hawks nor falcons differed signi�cantly from other clades in the relative sizes of nIII (with the exception of nIIIdl) and nIV, they did have an
enlarged nVI. nVI is critically important for horizontal eye movements (Donaldson and Knox, 1991). In hawks and falcons, abduction and adduction of the
eyes would enable shifting between the temporal and central foveae (Wallman and Pettigrew 1985), movements that are likely important for different phases
of foraging and prey capture. For example, scanning for prey (and even predators in the case of smaller species) would involve the central foveae whereas
targeting and capturing prey with the talons would require binocular vision and frontal convergence of the temporal foveae (Fox et al. 1977; Wallman and
Pettigrew 1985). The enlargement of nVI could re�ect the additional requirements of switching focus between the two foveae or even facilitate quicker
horizontal eye movements. Songbirds provide some corroborating evidence for this. Although nVI was not larger in songbirds, they did have relatively more
neurons than other clades (Fig. 5a). Just as an enlarged nVI could enable higher amplitude movements, more neurons might be associated with the higher
amplitude saccadic movements reported in some songbirds (> 40°, Moore et al. 2013). More detailed information on eye movements as well as data on the
size and morphology of nVI neurons across bird species would aid in determining the adaptive value of an enlarged nVI in hawks and falcons and more
neurons in songbirds.
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Figure 1

Coronal sections through the brain of a ring-necked pheasant (Phasianus colchicus) showing: a. the oculomotor (nIII) and Edinger-Westphal (EW) nuclei,
including the dorsomedial (dm), dorsolateral (dl), and ventromedial (vm) subdivisions of nIII; b. the trochlear nucleus (nIV); and c. the abducens nucleus (nVI).
The white matter labeled in all three panels is the medial longitudinal fasciculus (FLM). Scale-bars = 200 μm.
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Figure 2

Photos and photomicrographs of coronal sections through the oculomotor nucleus (nIII) and Edinger-Westphal nucleus (EW) of several representative species
included in this study: a,b. brown-headed cowbird (Molothrus ater, Order Passeriformes); c, d. white-headed pigeon (Columba leucomela, Order
Columbiformes); e, f. red-breasted merganser (Mergus serrator, Order Anseriformes); g, h. a barn owl (Tyto alba, Order Strigiformes); i, j. Swainson’s hawk
(Buteo swainsoni, Order Accipitriformes); and k, l. great horned owl (Bubo virginianus, Order Strigiformes). The subnuclei of nIII are indicated as follows:
dorsomedial (dm); dorsolateral (dl); and ventromedial (vm). Scale-bars = 200 μm.

Figure 3

Scatterplots of the volume and neuron numbers of the oculomotor nucleus (nIII) against brainstem and nucleus volume are shown across all species
sampled. a is a scatterplot of total nIII volume vs. brainstem volume; and b is a scatterplot of the number of total nIII neurons vs. nIII volume. The same
relationships are shown for the dorsomedial (dm-nIII; c, d), dorsolateral (dl-nIII; e, f) and ventromedial subnuclei (vm-nIII; g, h). Different orders are shown with
different symbols as indicated in the legend, and the solid dark grey lines are the phylogenetically informed linear regression lines across all species. The
slopes, intercepts (int) and correlation coe�cients (r2) for the phylogeny-informed linear regression lines across all species are indicated in the upper right of
each plot. Where applicable, the black lines indicate the regression lines speci�c to owls (Strigiformes).
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Figure 4

Scatterplots of the volume and neuron numbers of the trochlear (nIV) and abducens (nVI) nuclei against brainstem and nucleus volume are shown across all
species sampled. a is a scatterplot of nIV volume vs. brainstem volume; and b is a scatterplot of the number of nIV neurons vs. nIV volume. The same
relationships are shown for nVI in c, d. Note that the data has been log transformed. Different orders are shown with different symbols as indicated in the
legend, and the solid dark grey lines are the phylogenetically corrected linear regressions for all birds. The slopes, intercepts (int) and correlation coe�cients
(r2) for the phylogeny-informed linear regression lines across all species are indicated in the upper right of each plot. Where applicable, the black line indicates
the regression line speci�c to owls (Strigiformes), the green line the regression line speci�c to songbirds (Passeriformes) and the blue and pinks lines the
regression lines speci�c to the falcons (Falconiformes) and hawks (Accipitriformes), respectively. 
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Figure 5

Scatterplots of the volume and neuron numbers of the Edinger-Westphal (EW) nucleus against brainstem and nucleus volume are shown across all species
sampled. a is a scatterplot of EW volume vs. brainstem volume; and b is a scatterplot of the number of EW neurons vs. EW volume. Different orders are shown
with different symbols as indicated in the legend, and the solid dark grey lines are the phylogenetically corrected linear regressions. The slopes, intercepts (int)
and correlation coe�cients (r2) for the phylogeny-informed linear regression lines across all species are indicated in the upper right of both plots in a and b.
The solid green lines show the regression lines speci�c to songbirds (Passeriformes). Likewise the black line in b shows the regression line for the owls. c and
d show the same relationships as a and b, respectively, but only for the waterfowl, and highlighting the red breasted merganser (red circle). The solid black
lines are the phylogenetically corrected linear regressions and the grey areas represent the 95% con�dence intervals.


