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this type of eye the image thrown on the retina is relatively small, so visual
acuity is correspondingly low in these species. In diurnal birds with wider
heads, like passeriforms and birds of prey, the intermediate region is cone-
shaped producing a 'globular' eye (Fig 16-1B) and relatively greater visual
iicuity. Nocturnal birds of prey, e.g. owls, have a 'tubular' eye (Fig 16-1C), in
which the intermediate region is relatively elongated. Fig 16-1 shows that in
all these different forms of avian eye the shape of the retina resembles a
parabolic reflector (like the dish aerial of a radio telescope). Consequently, the

EYE

Nearly all birds are intensely visual animals. A simple indication of this fact
the size of the eye which is extremely large in relation to the rest of the hea
Indeed some owls and hawks have eyes which are absolutely as large or ev(
larger than those of a man. The head accounts for about 10 per cent of the total
body weight in both a man and a starling, but the weight of the eyes forms leHt
than 1 per cent of the weight of the human head; in the starling it forms abnul
15 per cent. The eye of the Ostrich is about 50mm in diameter and II
absolutely the largest among the contemporary terrestrial vertebrates, id
many birds the two eyes together outweigh the brain, but the weight ratl
between the eyes and the brain in the domestic fowl is about 1:1. Thd
relatively large eye in birds as a group permits a correspondingly large imaga
to be projected on the retina, thus contributing to the acuity of avian vision,

In species with narrow heads such as pigeons the position of the eyes fl
lateral in the skull, while birds with broader heads such as falconiforms haVB
eyes which are directed more frontally. Thus in pigeons the angle between ihM
right and left bulbar axes is about 145° (the bulbar axis being a line passing1

through the centre of the cornea and lens to the retina). In predators like thS
Common Kestrel the angle may be reduced to 90° or less. Species with laterally
placed eyes have a larger visual field (300° in pigeons) than those w i t h
frontally directed eyes (150° in the Barn Owl). On the other hand, thl
binocular field of vision in pigeons (24°) is correspondingly less than thai H
owls (60-70°). In binocular vision both eyes are focused on the same object, tira
the movement of the two eyes becomes coordinated. Monocular vision occur!
when only one eye is focused on one object at any particular moment. Mont
birds can use binocular vision, but some (e.g. penguins) cannot.

The eyeball consists of a small anterior region covered by the cornea, a nun l -
larger and almost hemispherical posterior region covered on the outside by 11»«
sclera, and a variably shaped intermediate region based on the scleral os s i - l i
and uniting the other two regions. In the 'flat' eyeball (Fig 16 1 A) found in
majority of diurnal bi rds with narrow heads l i k e the domestic fowl, tj
intermediate region is ;\ Ha l d i sc - a lmost , parallel with the iurface of the la
in id I I n - h i l l h a r a x i ; ; i n i v l a t i v ly , ' i h n r l HccmiHr ul ' I I n - abort i n - M M of t h e a MM

B

V 16-1 The ventral half of the left eyeball of A a 'flat' eye as in swans, B a 'globular'
ve as in eagles, and C a 'tubular' eye as in owls. In all three forms the eyeball consists
l a relatively small corneal region, a variable intermediate region supported by the
Irral ossicles (dark shading), and a more or less hemispherical 'posterior' region. In all
nls the eyeball is somewhat asymmetrical, in that the bulbar axis begins slightly
wards the nasal side of the midline (to the right in these diagrams). From Walls

i L942), with kind permission of the Cranbrook Institute of Science, Michigan.

nan retina lies fairly near the point of focus for all directions of incident light
' ' i j ; 16-2a): in the more spherical mammalian eye, the retina lies anterior to
ii1 focus of any light which enters the eye obliquely. Thus the mammalian
• I ma has only one region of acute vision and relatively poor visual acuity
••where, whereas the avian retina has all round visual acuity. In all birds,

> ! • ! ] those with laterally placed eyes, the eyeball is somewhat asymmetrical,
l u i s the intermediate region is slightly shorter on the nasal side than on the
'inpnral side (Fig 16-1). Consequently, the bulbar axis when projected

wards tends to be directed somewhat towards the midline, and presumably
favours b i n o c u l a r vision.

The twill of the cyehal l consisls of t he same general layers as in mammals,
1 an outer l i h r o u w I u n i c comprisini1 , the cornea and sclera, a m i d d l e vascular

and an i n n e r n c r v u t J M l a y e r or re l i n a i l ' ' ir . Hi I I ) .
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Fibrous tunic

The fibrous tunic is a tough layer which maintains the shape of the eyeball and
protects the deeper layers within it. The cornea in most birds has a relatively
small area compared to the rest of the eyeball. Its area is particularly small in
underwater swimmers, but it tends to be relatively more extensive and mors
strongly curved in species such as eagles and owls with globular or tubulfl
eyes (Fig 16—IB and -1C). As in mammals it consists of an anterior (outcrl
stratified squamous epithelium, an anterior (outer) limiting lamina (Bow
man's membrane), a substantia propria which forms the great bulk of the
corneal wall and consists of bundles of collagen fibres, a posterior (inncrl

eye of domestic fowl

human eye

Fig 16-2a Diagram of the eye of a bird and a man superimposed, the scales hcinj
adjusted so that the polar diameters are equal. The avian retina lies near the positiuni
focus for all directions of incident light, but the retina of the human eye lies anterior ti
the focal surface except at the bulbar axis. From King-Smith (1971), with kffl

permission of the publisher.

limiting lamina (Descemet's membrane), and a posterior (inner) layer of simp
cuboidal epithelium. In the domestic fowl all these layers are present, but l|
some species the anterior limiting lamina is not differentiated. The thicknJ
of the cornea is about 450/im in the domestic fowl, which is about midway t|
the range of thickness in the various species. The difference between I he
refractive indices of the cornea and of air is relatively great, and therefore lh|
cornea is very important in refracting light in air. Under water, however, I fa
cornea has no power to act like a lens since its refractive index is practinilll
the same as that of water.

In. birds generally, as in many reptiles, the whole of the sclera is
by a continuous layer of hyaline cartilage, except in the region of the
ossicles (Fig 16—3). In the zone which is nearest to the cornea the wall
sclera is modified into a ring of small, roughly quadrilateral,
bones, the scleral ossicles, which strengthen the eyeball and provide a l l
ments for the ciliary muscles. The number of ossicles varies from 10 to 1H
in mosl. species i n c l u d i n g the domestic fowl there are u s u a l l y M or I f i . In TI
species, i n . i i n ! i i i , " falconiformi, hummingbirds, woodpeckers and pa*

forms, the scleral cartilage round the optic nerve is ossified forming a
U-shaped bone, the os nervi optici. The scleral venous sinus (canal of Schlemm)
is quite conspicuous in some species but in others is small or almost invisible.
It lies at the limbus, i.e. at the junction between the cornea and sclera (Fig
16—3). In this region a wide meshed plexus of connective tissue fibres, the
Irabecular reticulum (pectinate ligament), joins the limbus to the iris and to
I he ciliary body. The spaces between these fibres form the spaces of the

retina

ciliary body

cornea

ciliary body

I'V 16—2b Diagrammatic sagittal sections of the eyes of the Hooded Merganser with
pcommodation relaxed (top) and with accommodation induced (bottom). Coordinated
lid inn of the sclerocorneal muscles and the sphincter muscle of the iris have forced the
IPI IS against the iris so that the central part of the lens bulges through the pupil. From

Sivak (1980), with kind permission of the editor of Trends in Neurosciences.

trido-corneal angle (spaces of Fontana) through which the aqueous humour
i l i a i n s into the scleral venous sinus.

Vascular tunic

t " l n - vascular tunic consists of the choroid, the ciliary body and the iris (Fig
1 1 - . 'M. The choroid is the thick, highly vascular and darkly pigmented layer
' » I n c h coats the retina and contributes nutrition to the tissues of the eyeball. It
In part icularly vascular in many divers. A tapetum lucidum, the brilliantly
m l i M i r e d area which reflects l i g h t in many nocturnal vertebrates, has been
found in o n l y a li 'w birds U' . t f . I . l ie nocturnal goatsuckers). The choroid is

t inned by the ciliary body nnd ir is. The ctlitity hotly suspends the lens by
111*' . 'nnii l. i t M M . a n d i ! • • I . - M U MM. i l l l « > l « l ( l ie cilinl'.v prnceHNes, which
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Fig 16-3 Diagram of the wall of the avian eyeball in the region of the cornosclt
junction and ciliary body. The scleral wall is supported by cartilage and, near fl
corneoscleral junction (the limbus), by the scleral ossicles. The thick choroid continuB
into the ciliary body, which suspends the lens by the zonular fibres. The ciliflfl
processes form aqueous humour, which eventually drains away by percolating thrnufl
the pectinate ligament into the scleral venous sinus. During accommodation 1M
posterior sclerocorneal muscle moves the ciliary body towards the bulbar axis, i l • ,
pressing the ciliary body against the annular pad of the lens; the anterior sclerocorn^B
muscle may pull the cornea posteriorly, thus increasing the curvature of the c ..... L •
The diagram is composite from numerous sources including Slonaker (1918), Wnlll

(1942), Pumphrey (19611 and Evans (1979).

produce the aqueous humour. The ciliary processes are firmly pressed i i
the rim of the lens by the ciliary muscles (the muscles of accommod;il ......
and are directly attached to the lens capsule (Fig 16-3). There ;irr IwQ
ciliary muscles (sclerocorneal muscles) in birds (Fig 16-3), i.e. the i i n l e i i u f
sclerocorneal muscle (Crampton's muscle) and the posterior sc leninir imj
muscle (Brucke's muscle). These muscles are s l r i n l i ' d in birds, i n n m l n m l it)
l l i ' - .smooth i n n i I - of i l l . < H i . n M i u • l < - i n i n i u u i t i a L s . T w o o i l i e r pi>H»ibH

striated ciliary muscles, Muller's muscle and the temporal ciliary muscle, are
believed to be simply subdivisions of the posterior sclerocorneal muscle. These
various subdivisions of the ciliary musculature may be largely artificial
separations caused mainly by branches of the ciliary nerve. In general, the
greatest development and greatest subdivision of the ciliary muscles occur in
hawks where a relatively high degree of accommodation is required for
focusing on moving prey; the least development and subdivision are found in
ground-feeding and seed-feeding birds such as the House Sparrow and
Eastern Meadowlark.

The mechanism of accommodation is entirely different in mammals and
birds. In mammals the ciliary muscles act by reducing the tension on the
zonular fibres and thus allowing the elastic lens passively to assume a more
spherical shape. In many birds the posterior sclerocorneal muscle brings about
accommodation directly by forcing the ciliary body against the lens so that the
curvature of the lens is increased. In nocturnal birds including owls, but also in
hawks, this muscle is weak, but accommodation in this group is achieved by
the anterior sclerocorneal muscle. The attachments of this muscle from the
cornea to the sclera (Fig 16-3) enable it to distort the cornea by pulling the
corneoscleral junction posteriorly, thus increasing the curvature of the cornea
at its centre. In diving birds this mechanism would be ineffective while the
bird is under water, since the cornea is then no longer a significant refracting
surface; as would therefore be expected, the anterior muscle is very much
reduced in diving birds. Diving creates problems in focusing, because of the
sudden need for an additional 20 diopters of refraction to compensate for the
loss of corneal refraction. Some diving birds such as terns seem to lack the
means to overcome this difficulty and are consequently long-sighted (hyper-
metropic) while in the water; they detect their fish from above, but often miss
(hem in the water. Penguins, on the other hand, can see accurately in the
water but are somewhat short-sighted (myopic) on land. However, many other
diving birds, including cormorants, diving ducks and dippers, have truly
mnphibious vision. In these birds the lens is particularly soft and the two
sclerocorneal muscles are enormously powerful. Even so, additional accom-
modation is probably produced by compression of the anterior part of the lens
by the strongly developed sphincter muscle of the iris. Furthermore, it has
been suggested that the coordinated action of the sclerocorneal muscles and
I be iris sphincter could force the soft lens against the iris and hence cause
I he centre of the lens to bulge through the pupil (Fig 16-2b) thus greatly
increasing its curvature at the bulbar axis. The power of accommodation of the
cormorant has been shown to be four to five times greater than that of the
voung human adult. As mentioned below under Retina, kingfishers seem to
have adopted yet another device, i.e. a second fovea, to obtain sharp vision
under water. To sum up, three mechanisms of accommodation occur in birds:
1 1 1 compression of the whole lens by the posterior sclerocorneal muscle, in
n i n n y d i u r n a l birds; ( 2 ) distortion of the centre of the cornea by the anterior
clerocornenl m i i w r l r , i n n n r l u r n n l b i rds n n d b i i w k s ; ; ind ( , ' { ) compression of the

• • ' of I he l e i l H hy I l ie n i m h i m - d ; i r l ion of I he sc lerocornenl muscles ;md I l ie
• I i ' i n i i i i i c l e of I he i n n p e r l l l l p ; : f m r i nj1 , I be I r r i . - i lo hn b;e I h l o u j ; h I I n - p u p i l ,
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in many diving birds. To these can be added the possible utilization of a fovea
for underwater vision, in kingfishers.

The iris in most birds is dark in colour, ranging from brown to black, but in I
some species it is highly coloured le.g. yellow in most owls, green in cormor-
ants, red in night-herons and pale blue in the Gannet). Refractive cells
(iridiocytes) form a tapetum lucidum of the iris in several columbiform species,
and are responsible for the rapid changes in colour of the iris which occur in
these species when excited. The shape of the pupil is round in almost all birds,
but it forms a horizontal oval when dilated in some species (e.g. thick-knees);
in skimmers, but no other known species of bird, it is a vertical slit,I
Measurements of the area of the skimmer's pupil when constricted and dilated
suggest that the vertical shape in bright light achieves a greater reduction in
pupillary area than would a constricted circular pupil; on the other hand when
the bird is in almost complete darkness the pupil is circular and relatively
wide in relation to the diameter of the eye. These characteristics may enhance
the skimmer's ability to feed even during the darkest nights, and yet protect
the retina when the bird is active in brilliant sunlight. In the domestic fowl the
iris can become mis-shaped in ocular leucosis. In contrast to mammals thi>
sphincter and dilator muscles of the pupil are again striated. The movements of
the avian pupil can be very extensive and much faster than in mammals, and
yet the pupil seerns unexpectedly unresponsive to light possibly because of
inhibition by the brainstem. In birds (and also in teleost fish and frogs, but mil
in mammals) the amount of light reaching the visual cells of the retina can
also be regulated by photomechanical changes in the cells of the pigmrnl
epithelium of the retina. The processes of the pigment cells extend between tin-
photosensitive tips of the receptor cells (Fig 16-5). In light adaptation th«
pigment migrates inwards within these processes, shielding the outer setf»
rnents of the receptor cells.

Lens

The lens of birds is much softer than that of mammals. A lens vesicle, f i l l e d
with fluid, lies between the annular pad and the body of the lens (Fig 16~IJI,B
contributing to the general softness of the lens. This softness facilitates 1,1 tv i
rapid accommodation which typifies the avian eye. The anterior surface of'thfl
lens is generally much flatter in diurnal species than in nocturnal and aquatic ']
birds. In all birds the lens includes the annular pad (Ringwulst) round UN
equator, adjacent to the ciliary processes. The pad is particularly well
developed in diurnal predators, but is reduced in nocturnal species, d i v i t i y
birds and flightless birds. In primates the lens acts as a yellow fi l ter which c i i l n
off light of wavelengths below 400nm and therefore renders u l fn iv io l i i j
radiation invisible: the cornea and lens of diurnal birds are o p t i c a l l y He;ir ; u n l
appear to transmit wavelengths down t.o about H r > ( ) m n , t h u s n - n d i - r i n i 1 , m 1 1
u l l . n i v i o l e l r; id i : i t inn v i ; ; i h l r and n l i n o r h i n ^ - ( i n l y those n i l r a v i n I e l wavelength™
w l n r l i I I M - n u t phyniologicutty-^HtrucUvu,

rod single cone

A P

double cone

l' 'itf 16-4 Cones are of two types: single and double. Double cones consist of a principal
nine (P) and an accessory cone i A). They are widespread among vertebrates, except for
[ilacental mammals. Oil droplets (od) are present in single cones and in the principal
nine of double cones, and may or may not be present in the accessory cone also
depending on the species. They are never present in rods. S - synaptic zone;
I ' l l - photosensitive laminae; N = nucleus; arrows = direction of light. Based on King-

Smith (1971) and Sillman (19731, with kind permission of the publisher.

Retina

In contrast to the retina of mammals, that of birds is relatively thick and has
no blood vessels. It resembles the mammalian retina, however, in consisting of
B non-nervous pigment epithelium and a nervous layer formed essentially
I t n m rods and cones, bipolar cells and ganglion cells (Fig 16-5). The ganglion
t e l l s form the axons of the optic nerve. Cones (Fig 16-4) are responsible for
\ i M i a l acuity and colour vision. Diurnal birds have far more cones than rods
"\er thi1 entire r e t i n n , the cone density being greater than in man. In diurnal
pieilatoi 's ami passerines I.he few rods ;ire con f ined to the periphery. Rods ( K i g
l i ! ' I ) arc BSIllitiVB to I l i e i n t e n s i t y ol' l i g h t ; nod urn; 11 h i n l s surl i M M o win have
mi l e rotten I M i l n n n . l l \ i m l : . A l l l i < n i | ; h i t h a : , not been d i n r l I v demoun t n i l ed, i t
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pigment
epithelium

receptor cells

Fig 16-5 Simplified 'wiring' diagram of the retina. The four rods on the left convcrij
onto one bipolar neuron (B). So also do the four rods on the right. The ganglion cells (•
on the right and left receive synapses from two or more rod bipolar cells. Thus mum
rods converge on one ganglion cell. In contrast the single cone in the middle (identilloj
by its oil droplet, see Fig 16-4) may project on a single bipolar cell, which in turn inn
project onto one ganglion cell, thus creating a 'private line' for the cone. The horizon™
cell (H) and the arnacrine cell (A) cause divergence of neural activity from side to H|(fl

is generally believed that in diurnal birds one cone synapses with a s i i i^ l*
bipolar cell, which in turn synapses with a single ganglion cell (Fig 16-M
Such a one-to-one projection of the cones to the brain would give each com
'private line' to the brain, and thus improve visual acuity. In contrast, i l
widely accepted that several rods synapse with a single bipolar c e l l , at
several of these bipolar cells synapse with a single ganglion cell ' F ig Hi f
This convergence of many rods on one ganglion cell would give the eye nl
nocturnal bird good visual sensitivity to small amounts of ' l ight . At the bark
the eyeball the axons of the ganglion cells colled together nl I h e o/itir < / i
where they pass through Ibe w a l l I n form I.he o p l i c nerve. Since Lhere a n -
nuls nr cones a I I he optic disc it, in alsn k n o w n UK I b e hit ml HI mi.

As in mammals, a part of the retina of birds is thickened into a mound where
there is a relatively high concentration of cones and other nervous elements
but no rods thus forming a special region of maximum optical resolution
known as the central area (Fig 16-6). Some birds have a laterally-placed
.special region, which is then known as the temporal area. The central area may
have a fouea, which in principle resembles that of primates in being a shallow
bowl with its concavity facing the vitreous body (Fig 16-6); at the bottom of the
f'ovea the cones are extremely closely packed, and since the non-receptor
elements are displaced peripherally the light can pass almost directly to the
receptors in this part of the retina. Compared to the fovea of primates,
however, that of birds is much deeper. It has been suggested that the deep

l(1ig J6—6 Diagram of an avian central area with fovea. The central area is a slight
mound caused by packing in a relatively large number of cones at the expense of rods.
The fovea is the depression in the centre of the mound. Many of the non-receptor
elements, especially bipolar neurons, are displaced from the fovea thus causing the
mound. The diagram shows how the convex lips of the fovea might magnify the image.
Refraction of light as it passes through the retina may magnify the image at x,
increasing it to y at the photoreceptive zone of the retina (hatched). Based on Walls
11942) , with kind permission of the Cranbrook Institute of Science, Michigan, and

Sillman (1973), with kind permission of the publisher.

fovea of birds may increase their visual acuity. The two steeply convex lips of
I he fovea could act like the edges of two adjacent convex lenses, refracting the
cays of light so that they diverge and thereby magnify the area of the image by
us much as 30 per cent (Fig 16-6). It has also been proposed that the fovea of
t h e round central area fixes the eye on an object by refraction from its steep
•.ides and increases the sensitivity to movement of the object. The temporal
mea of maximum optical resolution may also have a fovea.

There are three main types of arrangement of the fovea and area (or areas) of
maximum, optical resolution, (a) The great majority of species have a single
finifid central area (in each eye) close to the optic axis, with a fovea. The
domestic fowl and a few other species have a round central area but no fovea.
I h i Two foveate areas, comprising a central area close to the optic axis and a
lu lera l ly situated temporal area, occur in each eye in a number of species.
Kxnmples are terns, swallows and falconiforms, all of which pursue fast-
inuving prey or feed on the wing and therefore require a very accurate
perception of distance and relative speed. The temporal fovea is so positioned
111 .11 .1 .he imntfe of the object is formed on the temporal fovea of both the left and
i h i - r i g h l eye simultaneously, ind ica t ing that they function in stereoscopic
I n i in en h i f v i s i o n K i r i j ' . l i i i l i e r ; ; : I ! M O hnve I wo lovene in enrh eye. These birds nee
"r|| u n < I n wa le l 1 c l i - M p i l o having n o power o f •CCOmiTlodnl i n n , I I i : ; n- , ; . , .
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that in kingfishers one fovea is adapted for aerial and the other for aquatic
vision, (c) Owls are unique among birds in possessing a single foveate temporal
area in each eye. (d) Water birds and birds which live in open plains have a
horizontal central area which is expanded into a ribbon! ike band. This type of
area can occur regardless of whether the retina is afoveate, monofoveate or
bifoveate. The eye of these birds is held in such a position that the long axis of
the horizontal central area lies close to the horizontal plane. The ribbonliki1

area could then fix the horizon accurately as a reference point.
There has been much discussion of the popular idea that diurnal birds have ,

far greater visual acuity than mammals. Visual acuity is the sharpness with
which detail is perceived, i.e. the resolving power of the eye. Factors which
influence visual acuity include (1) the relative size of the eye, (2) the accuracy
of focus on the various regions of the retina, (3) the possible magnifying
capacity of the fovea, (4) the absence of blood vessels in the retina, (5) thi»
fineness of'grain' of the retina, (6) the degree of convergence of receptor cellll
on the ganglion cells, and (7) the amount of contrast between an object and iU
background. Of these factors, 1, 2, 3 and 6 have already been discussed, and all
of them favour greater visual acuity in birds; 7 is considered below under
colour vision. Factor 4 again indicates greater acuity in birds. In mammals tin*
floor of the fovea is devoid of blood vessels and can be used for acute vision, but
the rest of the retina suffers from optical interference by the retinal vessel*,
The complete absence of retinal vessels in birds means that the whole of (,\w
retina is free of such interference. Factor 5, retinal grain, is important for Il ia
same reason as the fineness of grain in photographic film is a factor in
photographic detail. In diurnal birds the retina is heavily dominated by com*,
In the fovea of the hawk there are about 300 000 cones per mm'2, whereas tha
human fovea contains only about 147 000 cones per mirr^. Furthermore, nearly
every cone may be individually represented in the optic nerve of a diurnal bird ,
whereas in the human eye there are 6 to 7 million cones but only a mil l ion
axons in the entire optic nerve. Moreover, diurnal birds seem to be able (4
detect a rapidly flickering stimulus better than man; thus the pigeon's retina
can distinguish between individual flashes at a rate of 140 per second, w h i l w
the maximum rate for man is about 70 per second. Measurements including
counts of cones in the fovea suggest, nevertheless, that the resolving power of
passerine and faconiform birds is in fact only about twice to three tin^l
greater than that of man or monkey. On the other hand, the anatomical
characteristics of the eye make it likely that a diurnal bird could see a wlmlt
panorama as accurately as a mammal could see a single detail. Thus holh •
bird and a man could see a mouse from a height of 250 feet, but the man could
only do so if his attention were accurately directed to it: the bird should be al>||
to see it without looking directly at it. Moreover, the bird should be able to Ifl
in a single glance all the mice in a field, whereas the man could only do thilH
scanning the area laboriously with his central area and fovea. In oilier woi'ili
the bird should be able to assimilate detail very much fasler t h a n a mammal
Furthermore, because it can follow a faster f l i c k e r i n g s l i m u I n s , I be b i rd : ; lmi i l i |
be b e l t e r able lo delect and fo l low m o v e m e n t .

Very lew birds nro arl iv-e_ at nij.',hl. Those I li.-il ;ire, M mount lo less 11 tan It |M

cent of all the avian species, and the 146 species of owl account for well over
1 half of these. The owls are the only nocturnal birds which are thought to rely at

all extensively on vision for feeding. The sensitivity of the owl's eye to small
amounts of light has therefore been much debated. The receptor cells of the

j owl's eye consist predominantly of rods but the ganglion cells are very
numerous, indeed more so even than in the human fovea, so there appears to
he relatively little convergence. Cones are present, and there is a temporal
I'ovea placed for binocular vision. Measurements suggest that the owl's eye is

I m fact, only about two-and-a-half times more sensitive than that of a man.
This superiority is not a factor of the sensitivity of the rods themselves; it has

I been suggested that the individual human rod can respond to the absorption of
;i single quantum of light, thus reaching the theoretical limit of light detection.
The difference in absolute sensitivity appears to be due, instead, to the better
uptics of the owl's eye, which enable it to gather more light than the human

I rye; thus it loses fewer quanta from absorption, scatter and reflection in the
I uplic media. The f-number of the owl's eye is about 1.30, whereas that of man is
I nhout 2.10. This produces a retinal image in the owl which is about two-and-a-
I ha l f times brighter than that in a man. This optical advantage is, however, too
I Mtna l l to explain the extraordinary ability of owls to fly between obstacles and
I In hunt successfully in what looks to us like pitch darkness. The reason lies
I much more in the sense of hearing. Owls can locate sounds with sufficient
I mruracy to catch prey in the total absence of light. However, the Tawny Owl
I ran also see perfectly well in daylight, with colour vision. When food require-
I merits are strong this highly nocturnal species will hunt by day. Its visual
I u i ' i i i t y is, indeed, equal to that of a pigeon and only slightly inferior to that of a
I m a n . The main factor accounting for the visual acuity of the owl is the
I lAcoptionally large size of its eye, which therefore produces a very large retinal
I linage. Owls, like man, have a dual purpose eye that is well-adapted for both
I tmcturnal and diurnal vision.

The magnificent plumage of many avian species suggests that birds have
I -I'/oiir vision, and this is confirmed by behavioural and electrophysiological
I iik.orvations. Spectrophotometry has demonstrated three visual pigments in
I Inn l s , and there is perhaps a fourth which is sensitive to wavelengths near the
I ultraviolet. Thus birds are at least trichromatic, and perhaps tetrachromatic.
I \ complication in the avian cone (and in the cones of many amphibia and
I h'|)l iles) is the presence of a brightly coloured oil droplet at the base of the
I (ilmlosensitive outer segment (Fig 16-4) and therefore interposed between the
I (undent light and the visual pigment; the rods usually lack the oil droplet. The
I n i l droplets are orange, red, yellow or clear, but five types have been identified
I hv t h e i r absorbency spectra. One interpretation of this is that avian cones have

< n l \ or io visual pigment and that colour vision depends entirely on the oil
I ' l i n | » | e t . s . The more widely held view is that colour vision is a function of
I « \ < > r ; d f l . h ree or f o u r ) v i sua l pigments in the cones, and that the oil droplets
litniply enhance contrast by acting as inl raocular light filters thereby inten-
I > i - . J i i / ; s imi lar rolnut'M by reducin).; I be discrimination of olbers. Thus the
l i . l lnw drnplels would remove iniu'b ol ' lhe blue IVinii the barki'.round, hence1

I ..,. i.MMiij '. I he null rani I>H \ \ee i i MM nhjerl mid l l n > blue , ' i kv , Similarly, I lie red
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a b

A

a b c d
B

Fig 16-7 A, The two main types of pecten oculi. a is from the domestic fowl
represents the pleated type which consists of thick vertical pleats and typifies
carinate species. Along the top, the tips of the pleats blend into a longitudinal hrt
which adheres to the vitreous body, b is from the Ostrich, being of the vaned type w
carries 25 to 30 thin vertical vanes and is characteristic of many ratites. From
(1942) with kind permission of the Cranbrook Institute of Science, Michigan, H
Diagrammatic sagittal sections through the eyeball to show variations in the litlili
length and curvature of the pecten. a, Common Kestrel; b, Barn Swallow; c, Blue .I
d, kiwi. From Wood, C.A. (1917) The Fundus Oculi of Birds Especially as Viewed t^

Ophthalmoscope. Chicago: Lakeside Press.

droplets would remove much of the green from the background, thus imp
ing the contrast between an object and trees. Enhanced contrast W(
considerably increase visual acuity.

The pecten is a thin black structure projecting from the retina i n l u
vitreous body, towards the lens. Its base is always planted on the opt . ic i
which is functionally the best place for it to be since the optic disc is the h
spot and the pecten is non-sensory. In general, it is small and s i inp l
nocturnal birds, ;md largo and elaborate in d i u r n a l birds , a l though M i e n -
many species var ia t ions . Basically, however, (here t i r e I w n m a i n l y p i <
peel en < I 1 ' i f , Hi V A i I n 1 l i*^ pka led I v p e n l ' p e r l e i i . w h i c h t M T u n ; i n ca f i n a l

ii

surface of the ridge is thrown into narrow thick vertical corrugations or pleats
(a in Fig 16-7A). The tips of the pleats are generally held together distally by a
bridge which is strongly adherent to the vitreous body. The number of pleats
varies widely between species, the pecten of active diurnal birds tending to be
larger and more folded than that of nocturnal species; the pecten of the
domestic fowl has 16 to 18 pleats while that of owls has only five to eight
pleats. In the vaned type, which occurs in most ratites such as the Ostrich and
rheas, the ridge carries 25 to 30 wide thin vertical vanes projecting all round it
(b in Fig 16-7A). The pecten of kiwis differs from the two main types in being a
simple conical structure without any pleats or vanes at all. The curvature and
length of the pecten also vary greatly (Fig 16-7B). In structure the pecten is
extremely vascular, consisting mainly of modified small blood vessels and
melanotic pigment cells. Both the luminal and external surfaces of the
endothelial cells form large numbers of microfolds, which greatly increases the
surface area. It is widely accepted that the main function of the pecten is to
provide nutrients to the avascular retina by diffusion through the vitreous
body. A similar but smaller and simpler structure, the conus papillaris, occurs
at the same site in reptiles which like birds do not have blood vessels within
I he retina. Numerous other functions have been suggested but not conclu-
sively substantiated. They include a role in accommodation by varying the
pressure in the vitreous body; maintaining a high ocular temperature at high
altitude where the ambient temperature is extremely low; acting as a dark
mirror by decreasing glare and reflecting an image onto the retina of an object
approaching from the direction of the sun; protecting the central area from the
sun; and providing a fixed point as a navigational aid to fix the position of the
sun during migration.

The chambers of the eye and vitreous body

The anterior chamber is bounded by the cornea and the iris and the posterior
chamber by the iris and the lens (Fig 16-3), the anatomy of these chambers
heing essentially the same as in mammals. They contain the aqueous humour,
which is formed by the ciliary body and is responsible for the intraocular
pressure, thus maintaining the global shape of the eye. The aqueous humour
percolates through the spaces of the iridocorneal angle and then drains into
I ho venous circulation via the scleral venous sinus. The vitreous body, as in
mammals, is a clear translucent gel which fills the eyeball between the lens
j i n d retina.

Eyelids

The cornea is protected by the upper and lower eyelids and the nictitating
membrane . In many or mosl birds the eyelids close only in sleep, and the
M i r l i l a l . i n g membrane a lone is responsible for b l ink ing . On the other hand, in
I he A m e r i c a n H ippe r t h e r e is a r e g u l a r a n d IVe( | uen t b l i n k i n g of I ho eyel ids. I n
f h e ( lumesl ic low I ( l i e dor; m l herder of I he mobi le part n l ' l h e upper eyel id forms
. 1 deep groove l inn ; .me . nevural npecion of lice and (lean; the*
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on the lower lid is much shallower. The lower eyelid is thinner, more extensive
and more movable than the upper eyelid being mainly responsible for closing
the eyes. It is devoid of glands. When the eyelids are open their edges form a]
circle round the edge of the iris so that very little of the white of the eye (the
sclera) is visible. In altricial birds the lids remain closed for a short period after
hatching. Rows of small overlapping bristle feathers take the place of
eyelashes. At least three striated muscles act on the eyelids. The levator of tho
upper lid is innervated by the oculomotor nerve, and the depressor of tho
lower lid by the mandibular nerve. Two other muscles have been named an
eyelid muscles, the m, tensor periorbitae and the m. orbicularis palpebrarum,

nictitating
membrane

marginal fold

eyelid

lacrimal
canaliculus

duct of gland
of
nictitating
membrane

gland of
nictitating membrane

cornea

lacrimal
duct

lacrimal
gland

wall of
eyeball

optic nerve

Fig 16-8 Diagrammatic horizontal section through tho eye to show the positioni
the gland of the nictitating memhrane and lacrimal gland, and the direction taken

their secretions (arrows). From Slonaker (1918).

but it is not clear whether or not these are one and the same muscle. Howe1

it seems certain that sphincter-like striated muscle fibres encircle the eye! nip
and are innervated by the mandibular nerve. It is also probable that smoullt
muscle fibres are present in the avian, as in the mammalian, eyelid.

The nictitating membrane (third eyelid) lies beneath the eyelids on the m i M n l
side of the orbit, and can be freely moved transversely across the front of I IIP
eye (Fig 16-8). It darts across the eye about 30 to 35 times a minute in Ihfl
domestic fowl, and also moves in response to objects approaching the ow
suddenly or striking the comb, wattles or ear lobes. The free edge of till
membrane is stiffened by a connective tissue band, and on its outer surface •
has an anteriorly-directed scooplike projection, the marginal fold (Fig Hi H ) , Ifl
contrast to mammals, two striated muscles, namely tho quadn i t .u s ahd
pyrarnidalis muscles (Fig 16-91, are responsible for movements of f l i c mr i i i n i
ine, membrane. These muscle's ;ire under I be c o n t r o l of I he .six 1.11 r n m m l nerve,
At i l • i i i ' . n i I M I , n i l I be I M I I of I he I ' V e h i t l l I he t | i i n d n i t r i m i . ! , l o r n i : , .1 h i >

pulleylike sheath just dorsal to the optic nerve; the tendon of the pyramidalis
muscle passes mediolaterally through the pulley and inserts on the ventral
part of the free edge of the membrane (Figs 16-9 and 16-10). Since the dorsal
part of the free edge of the membrane is fixed to the eyeball, the membrane
makes a pendulumlike movement as it passes to and fro across the eye. As the
nictitating membrane travels across the eye from the nasal to the temporal
side it sweeps the surface of the cornea distributing the secretion of the gland

dorsal oblique

m. rectus

gl. nict. membrane

pulley of quadratus

for tendon of

pyramidalis

ventral oblique

pyramidafis

dorsal rectus

quadratus

I. rectus

optic nerve

tendon of
pyramidalis

lacr. gl.

ventral rectus

l('ig 16—9 View of the posterior surface of the right eyeball showing the extraocular
muscles, and the pyramidalis and quadratus muscles. The extraocular muscles have
been cut, leaving only their insertions on the eyeball. The quadratus muscle arises from
I he dorsal aspect of the eyeball and curves ventrally towards the optic nerve. Its ventral
Imrder makes a sling through which the tendon of the pyramidalis muscle passes on its
way to the nictitating membrane (see Fig 16-10). The pyramidalis muscle acts directly
mi the nictitating membrane, whereas the quadratus muscle acts indirectly on the
membrane, via the pyramidalis tendon. Most of the relatively large gland of the
nictitating membrane (gl. nict. membrane) lies on the ventral and caudomedial aspect
nl ' the eyeball; the much smaller lacrimal gland (lacr. gl.) lies on the caudolateral aspect
i see Fig 16-10). Both glands are superficial to the extraocuiar muscles, and each opens
into the conjunctival sac by a single duct. 1. = lateral; m. = medial. Based on Gadow and

Selenka (1891) and Slonaker (1918).

of the nictitating membrane over the cornea, but the marginal fold is flattened
I'M that excess fluid can flow onto the anterior surface of the membrane (Fig
hi H). As the membrane makes its return journey medially across the eye the
margina l Ibid swings outwards to become scooplike, and thus sweeps the
excess of f l u id in to the nasal commissure of the eyelids where it drains into the
l . i c r i m a l appirfttUi (Fig Hi H ) . I n ;i few species, i n c l u d i n g I.be American Robin,
\ m e r i c;in Dipper . n < < I u w l n , I l ie m e m h r n i i e : s H i m d y I n most hirds, however ,
' r i i o i i J M n o ! H e V e l e l v i m p e l l e d when Hie eye r ; ; rnveivd l iy Hie n i r l l l i l l i l l ^
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membrane because the membrane is usually transparent in diurnal species.
Indeed it has even been suggested that some birds may fly with the membrane
covering the cornea, thus protecting it from desiccation. In a number of divintf
birds, including auks, divers and some diving ducks, the central part of tho
membrane has a transparent window. In other diving birds, including cormor-
ants and certain diving ducks such as pochards, mergansers and goldeneyes,
the membrane is transparent all over. It has long been held that in diving
birds the transparent region of the membrane is highly refractive and bends
light under water thus compensating for the loss of corneal refraction when

lacrimal gland

tendon ol pyramidalis

nictitating membrane

gland of nictitating membrane

Fig 16-10 Head of Greylag Goose, left side, with the eyelids removed. The tendon flf
the pyramidalis muscle has pulled the nictitating membrane partly across the antei'loF
surface of the eyeball. The two glands are included schematically to show (hu ip

approximate position in relation to the eyeball. From Gadow and Selenka (1891)J

submerged. It has now been shown, however, that the refractive index nn4
curvature of the membrane are virtually the same as those of the cornea, MM 1 1
membrane does not after all possess a refractive function under water.

Lacrimal apparatus

The gland of the nictitating membrane (Harderian gland). In bird*
generally, this relatively large compound tubular or tubuloalveolar gland ll
tongue-shaped and has a pink or yellow colour which is very s imilar to that 0f
the muscles of the eyeball. In the domestic fowl and the Kook it. iw nhmit
18 X 8 X 2mm in size. It lies on the ventral and caudomedia l surface nl ' I hi
eyeball (Figs 16-9 and 16-10), h u t often remains in t h e min i when t h e cyi'liu
is removed. U s posit ion i n t h e _ u r h i l is much deeper Hum ( h u t o l ' l h e l . n M M U . I

gland. The mucoid secretion of the gland discharges through a single duct into
the conjunctival pouch between the nictitating membrane and the eyeball, and
cleans and moistens the cornea. In birds generally, the gland becomes
infiltrated by plasma cells which are derived from the cloacal bursa. These
cells produce specific antibody in response primarily to local antigenic stimula-
tion of the eye, thereby protecting the eye against microbial invasion.

The lacrimal gland. In birds generally, the lacrimal gland is much smaller
( 7 x 2 x 1 . 5 m m in the domestic fowl) than the gland of the nictitating
membrane, this relationship being the reverse of that in mammals. It is
usually reddish-brown in colour. It lies in the region of the temporal (caudal or
lateral) commissure of the eyelids and is firmly attached to the orbital rim
(Figs 16-9 and 16-10). In contrast to the gland in mammals, it drains by a
single duct which opens into the conjunctival sac on the bulbar surface of the
lower lid. The gland is absent in a few species including penguins.

The drainage system. The lacrimal secretions drain by the lacrimal ostia of
I he upper and lower eyelids. The ostium of the upper lid is a large opening
;ibout 3mm in diameter in the domestic fowl, that of the lower lid being only
; i bout one-third of this diameter. In this species the two ostia are close together
within about 1-2 mm of the medial commissure of the eyelids. Each ostium
leads into a lacrimal canaliculus (Fig 16-8). After a few millimetres the two
ranaliculi join to form the spacious nasolacrimal duct (Fig 7-1B) which passes
through the dorsal and medial wall of the infraorbital sinus and opens into the
nasal cavity through an elongated slit. This opening lies dorsal to the
rostral end of the choanal opening and ventral to the middle nasal concha
(Fig7-lB).

Extraocular muscles

Kve movements in birds are generally limited since the eyeball almost
completely fills the orbit. The eyes of many species, however, are capable of
liirward convergence towards the tip of the beak, this being demonstrated in an
extreme form by the Eurasian Bittern which can direct its gaze forwards and
horizontally over the surface of the ground even while its beak is pointing
vertically upwards in the typical cryptic posture. There is relatively great
mobility of the eyes in toucans and hornbills. The small eye movements of the
majority of birds, however, are compensated by the great mobility of the head
t n u l neck. In contrast to mammals, movements of both eyes are quite
•dependent. They are controlled by the dorsal and ventral oblique muscles
mid by the dorsal, medial, ventral and lateral rectus muscles (Figs 15-9 and
Hi !)) resembling those of mammals. (See Chapter 15 for their innervation by
I he oculomotor , t . rochlcar nnd abducent nerves.) However, unlike many
n i . i n m i a l s and reptiles the relrart.or h u l h i muscle is absent. Although the
i ' . I u m c u h i r muscles i n mvln a r e I ' l l i r l y w e l l developed, t he e i i onn i iu s t u b u l a r
I 'Vl 'H i l l HieMe . ' . p i - n i - ; . . i n - n u l y r ; i p ; i h ! r ( i t ' . i n i l l l l l i u v r i t l e i l l . N .
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EAR

External ear

The external ear is a relatively short canal extending ventrally and caudally
from the external acoustic meatus to the tympanic membrane. The external
acoustic rneatus is a small aperture, nearly always circular, which opeiiK
externally on the side of the head. In the domestic fowl it is 4-5mm in
diameter. In most birds the meatus is covered by specialized contour feather*,
the ear coverts {Fig 14-2), and only rarely is it naked as in vultures and HIP
Ostrich. The coverts lying on the rostral aspect of the meatus reduce the drag
caused by turbulence inflight and thus diminish the masking of sound by noine
generated from turbulence in the external ear; since the barbs of these eat
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facial disc

facial disc

facial ruff

operculum

facial ruff

Fig 16-11 Facial disc, facial ruff and operculum of the Barn Owl. In the drawing OR
the left the facial disc is intact. In the drawing on the right the facial disc has b^m
removed to show the facial ruff and the operculum on each side. The left and r iyhl
opercula are asymmetrical. The external acoustic meatus lies between the operculum
and the facial ruff. Redrawn fromKnudsen and Konishi (19791, with kindpeT-missiunilf

the editor of Journal of Comparative Physiology.

external
acoustic
meatus

operculum

Fig 16-12 Left and right lateral views of the external aperture of the ear ii
Long-eared Owl. The operculum (also known as the prc-aural f lap) is a Hap olTeall
skin which can be moved to aid localization of sound sources. In botb drawings it
been moved rostrally to expose (he external acoustic meat us. The meal us is iisytiv
r i c j i l in shape in 111 i s species of owl. Also t he s lu i l l I H U H - : , a n - j r . v m i i i e l r i ca l , H ie MM

I - - i 1 1 mi I he I e l l h i ' I ; . M i i - M h . . M I 1'ymil'l I I 1 H O I .

coverts lack barbules the sound waves are not obstructed. On the caudal aspect
of the meatus the specialized feathers combine into a tight funnel which is
particularly enlarged in songbirds, parrots and falconiform species such as the
Osprey. In many species of owl the rostral border of the external meatus has a
vertical skin flap, the operculum (Fig 16-11), bearing a row of feathers along
and at right angles to its edge. The operculum (also commonly known as the
concha) can be erected by striated muscle to assist in locating sounds. In the
Barn Owl the facial ruff, which consists of small, curved, stiff feathers
supporting the lower feathers of the facial disc, is an effective sound reflector,
similar to a man cupping his hands behind his ears. If the operculum swings
rostrally (like a door on a hinge) its feathers form, in conjunction with the
peripheral feathers of the disc, a vertical slitlike aperture resembling the
semi-tubular concha of many mammals. Acoustic location is apparently
improved still further in owls by asymmetry of the external ear (Figs 16-11

nostril

orbit

postorbital process

exoccipital bone

quadrate bone

rig 16—13 Skull of the Boreal Owl showing its asymmetry. The site of the middle ear
cavity (arrows) lies in the general region caudal to the postorbital process, and
immediately caudal to the quadrate bone. From Sillman (1973), with kind permission of

the publisher.

mid 16-12) which is sometimes even accompanied by asymmetry of the skull
11 self (Fig 16-13). In diving birds the external aperture is protected by stronger
'eal.hers and by reduction of its diameter. Deep diving species can close the
•sternal ear canal altogether.

Middle ear

r middle ear (Fig 16-14) is the air-filled cavity between the tympanic
nn'inhrane and the inner ear. Unlike that of mammals, the tympanic mem-
l inme projects outwards rather l.bnn inwards. In owls the membrane is

SptionaJly lar^e in diameter. The tens ion in I h e tympanic membrane is
t i l l e r e d hy I l i e n i l i m i r l l n r nm.Hcle. wh ich ill Laches I n I lie extraCOlliniellar

M i i l . r ' r j i t i d I n i l n i . M I | . u n , . i n M . I . I i n . i i . I I Since i l n ; , muscle u r i H i ' M from
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the second embryonic pharyngeal arch and has a motor nerve supply from thi<
facial nerve, it is presumably homologous to the mammalian stapedius muscle,
although its action resembles that of the mammalian tensor tympani muscle,
Vibrations of the tympanic membrane are carried to the perilymph of the inner
ear by the extracolumellar cartilage which is in contact with the tympanic
membrane, and the rodlike bony columella which is implanted medially in thi

a
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bone

vestibule

tympanic membrane

extracolumellar cartilaga

columella

cochlear window

columellar muscle

veslibular window -1 L scala tympani

Fig 16-14 Diagrammatic transverse section through the right middle ear o
domestic fowl. In the diagram, dorsal is upwards and lateral is to the right. Ossi
conduction from the tympanic membrane to the vestihular window is achieved li
columellar complex, consisting of the extracolumellar cartilage laterally and the
columella medially. The columellar muscle attaches to the tympanic membrane r
than to the columella, but is innervated by the facial nerve. The vestibular and coc
windows have both been partly transected by the plane of the section. Redrawn

Pohlman (1.921).

vestibular window. The columella is homologous to the mammalian stapew;
mammalian incus and malleus are homologous to the avian quadrate
articular bones respectively. The columella has taxonomic significance
typical avian columella is reptilian with a flat footplate and a stni ighl
shaft arising from the centre of the footplate. In a few groups, for
storks, the columella is tubular and its shaft has many perforal ions, c i -
near the footplate. Medially the base ( footplate) of I lie col n ine l la is u l l a c l i
the marg in of the vcs t i lmlar w i n d o w , ;md its med ia l surl ' i ice is I l i n v l m
direc t n m l n i ' t w i l l i I he peri l y m p h nl I I n - vrsl i l m l c u!' I h i - i n n c i i - ;n < K i < ' I ( i I ' l l

probably it is also in direct contact with perilymph in the cistern of the
vestigial scala vestibuli (Fig 16-15). In most birds the footplate of the
columella is flat and moves in and out of the window like a piston, but in owls
the footplate is hemispherical and the columella is oblique to the window so
that rocking movements must occur (the mammalian stapes also undergoes
rocking movements). The cochlear (round) window lies near the vestibular
window and is in contact with the scala tympani of the inner ear (Fig 16-15).
The membrane which covers the cochlear window is particularly thin and
transparent in passerine species and owls. The compression of the perilymph of
the inner ear, which occurs when the columella pushes the vestibular window
inwards, is accompanied by an outward movement of the membrane of the
cochlear window. The pharyngotympanic tube (Eustachian tube) connects the
cavity of the middle ear to the oropharynx via the infundibular cleft (Fig 6-1),
thereby equalizing the pressure on either side of the tympanic membrane,

Inner ear

The inner ear consists of bony and membranous labyrinths. The bony laby-
rinth, comprising the vestibule, semicircular canals and the cochlea, encloses

I he membranous labyrinth. The space between the bony and membranous
labyrinths is filled with a fluid, the perilymph. The cavities of the membranous
labyrinth are occupied by endolymph. Of the membranous labyrinth, the
utricle, saccule and semicircular ducts are concerned with the position and
movement of the head in space, whereas the cochlear duct is involved in
hearing. The function of the lagena is not clear.

Auditory organ. The avian cochlea differs from the spiral cochlea of most
mammals in being a relatively short and only slightly curved tube (about
(imm in length in the domestic fowl). The cochlea of the owl is relatively long
compared to that of other birds. Extending throughout the length of the
rochlea is the cochlear duct {scala media) which is filled with endolymph, but
hecause of the shortness of the cochlea the avian cochlear duct is only about
one-tenth the length of that of a mammal of comparable body size. The scala
vestibuli is vestigial, being reduced to a small space adjacent to the vestibular
window, namely the cistern of the scala vestibuli (Fig 16-15), and another
Hinall space near the lagena known as the fossa of the scala vestibuli (Fig
16-15). The cochlear duct is separated from the vestigial scala vestibuli by the
th i ck folded tegmentum vasculosurn (corresponding to the vestibular mem-
lirane of Reissner in mammals), and from the well-developed scala tympani by
I lie basilar membrane (Fig 16-15). The scala tympani and the remnants of
I l i e scala vestibuli connect with each other at the apical end of the cochlea via
( l i e apical interscalar canal which thus corresponds to the mammalian
lii ' l icotrema; the two scalae also connect at the base of the cochlea by the basal
mlei 'Mcalar canal (ductus hrovis) (Fig 16-15). The scala tympani, and presum-
ably also the vestiges of I he sea hi ves l . i bu l i , con L a i n perilymph. The blind apex
»l I h c c d d i l c a r d u e l i : ; f ' n r n u ' i l by I l i t - / < / / ; r m / 1 absent, i n m a m m a l s a par! from I hr
r -|',r. l . ' i v i n i ; M i n i m i i v t n i ' M ) w h i c h r o n l n i i i H ( h e m a c u l a la i ' . cnnr , n u n t i i p of
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sensory cells with otoconia. Afferent nerve fibres from this macula appear to
end in auditory centres of the medulla, and presumably have an auditory
function.

As in mammals the basilar membrane carries the neuroepithelial receptor
cells which constitute the organ of hearing. The basilar membrane of birds in
considered to be relatively shorter than that of mammals (for instance 3mm
long in the pigeon, 35 mm long in man) because of the relative shortness of th«
avian cochlea, but it is much wider in birds thus making it possible for d
relatively large number of receptor cells to be carried per unit length; indeed,

teginentum
vasculosum

columella

fossa of
scala vestibuli

lagena

apical
interscalar

canal

cislerna of
scala vestibuli

cartilage -1

- bony wall of cochlea

Fig 16-15 The cochlea of a songbird. The cochlear duct is bounded on one side by (ho
basilar membrane, which carries the sensory acoustic epithelium of the p a j i i l l i *
basitaris, and on the other side by the thick folded tegmentum vasculosum. The scull
vestibuli is vestigial, but remnants of it persist apically as the fossa of the snilit
vestibuli and basally as the cistern of the scala vestibuli. The scala tympani and (It*
remnants of the scala vestibuli connect with each other via the apical interscalar canal
and the basal interscalar canal. Based on Schwartzkopff (1968), with kind permission

the publisher.

i i
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the receptor cells are densely packed across almost the whole width. As In
mammals the length of the transverse fibres of the basilar membrane, and
hence the width of the membrane, increases towards the apex of the cochlciiP
duct. The receptor cells are carried as a continuous ridge, the crista basilnrin,
along the whole length of the basilar membrane. The crista basilaris is I hn
homologue of the organ of Corti of mammals. In a cross-section it contuini
about 10 times as many receptor cells as in the organ of Corti, Ihui
compensating for the relative shortness of the cochlear duct. Each receptor <'<rj$
carries a single kinocilium and up to 100 stereocilia, the tips of which it if
firmly inserted into niches in the tectorial membrane. The tectorial memlinw*
spreads like a thick blanket over the crista basilaris, and is much M I N I . .
massive than the thin ribbonlike tectorial membrane of mammals. During
movement of the basilar membrane shearing stresses arc imposed by l l m
tectorial membrane on the cilia, and tin-si1 induce I he rerepl.or (^enen i ln f fc
potential i n I l ie receptor eel In . The receptor re I In i n i l k e n y t i u p l ic run I ;H I : , w i t h

axons of the cochlear part of the vestibulocochlear nerve. Experimental evidence
suggests that the apex of the cochlear duct responds to low frequency sounds
and that the base of the cochlear duct responds to high frequency sounds.

Although the avian cochlear duct is relatively short its greater number of
receptor cells per unit length suggests that the total number of receptor cells
may be somewhat similar to that of mammals. However, the auditory
performance of birds differs from that of mammals in several characteristics,

1. The capacity for frequency analysis (discrimination of pitch) is good, at
least in passerines and parrots where it approaches that of man. However,
this capacity is restricted to a narrower band than in mammals, and
furthermore within their range of hearing birds are less sensitive to
higher and lower tones than man.

'2. On the other hand, it seems that the temporal resolution of the avian ear is
about 10 times faster than that of the human ear. Thus the song of the
Chaffinch would have to be slowed down 10 times before the human ear
could resolve all the details which are learned by the Chaffinch chick.

;i. The capacity for directional analysis depends on the recognition of differ-
ences in the time of arrival of sounds in each ear, and the perception of
different intensities at each ear. Behavioural studies indicate that the
power of localization is not particularly remarkable in diurnal birds; the
songs of passerines seem to be locatable with more or less equal accuracy
by other birds and by man. Localization improves when the sound is
repeated, allowing the brain to average the signals; localization is also
better when the sound is full of transients as in the songs of passerines, in
contrast to a pure tone like the alarm call of hawks which seems to give
little or no sense of direction at least to the human ear. Auditory
localization is far more accurate in nocturnal birds. As already mentioned
in the discussion of visual sensitivity, owls can hunt successfully in total
darkness. Indeed, the Barn Owl has an acuity of localization surpassing all
terrestrial animals so far tested, including man. In response even to very
brief sudden sounds the Barn Owl instantly moves its head to a fixed point
which brings the prey into a relative position of maximum acuity, both
auditory and visual. The aerial attack that follows can be guided visually
or entirely acoustically. Experiments suggest that the accuracy of the
acoustic mechanism depends on a comparison of the arrival time of the
sound in the two ears, and a comparison of the difference in the intensity of
the sound at each frequency at the two ears (the interaural spectrum).
There would be a small but distinct time difference between the arrival in
the external acoustic meatus, of first the primary sound signals, and then
the secondary signals which have been reflected by the contours of the
facial ruff and by the flaplike operculum of the external acoustic meatus.
The very small delay between these signals would generate, at the basilar
membrane, a complex t ime pat.tern that would vary with the direction of
the sound. The i n l e n m n i l sped rum is ev iden t ly crucial , sinco the Barn
Owl IN much le.HH n c r i i n i l e ; i l l o c a l i / i n j ; ; i i o n a l s i g n a l Hum a nni.se s i j ' . n . - i l
w i th i w ide h a i i d w i d l h T i n : , r un he e x p l a i n e d by l.he i r i v n n n e l r i c a l
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positions of the ears, which cause the left ear to be more sensitive to
regions below the horizontal plane, and vice versa for the right ear; thus an
sound frequency increases, the plane of equal sensitivity for the two ears
rotates from vertical to horizontal. A possible alternative, or perhaps
additional mechanism for localization in birds, and especially in owls,
depends on acoustic coupling of the two ears across the pneumatic cavities
of the skull bones. The principle would be the sensing of pressure
differences on either side of the tympanic membrane. If sound strikes both
surfaces of the membrane, a net cancelling effect would occur when
intensity and phase are closely matched. Such a system relies on null
detection, as in radio navigation, and is an extremely accurate method for
direction finding.

The necessary neuronal equipment for all this elaborate central analy.sw
appears to be present, since the nocturnal hunting owls (e.g. the Barn Owl)
which have asymmetrical ears, also possess an extraordinary number of
neurons in the auditory nuclei of the medulla oblongata, exceeding by three- or
four-fold the number in a passerine bird (e.g, the Common Crow) of about twice
the body weight. Midbrain auditory components are also very well developed
in owls. On the other hand the Little Owl, which hunts at dawn, shows MM
special development of the auditory areas of the medulla oblongata.

Although birds as a group do not hear ultrasonic vibrations, a few nocturnal
species (the Oilbird and cave swiftlets, which live in caverns) do use eel in
location. By this means they avoid obstacles in the dark, but cannot cu lch
moving targets as bats do. These nocturnal species produce short pulses at I
frequency of about 4-8 kHz, which are fully audible to man (i.e. not ultrasonic)!
the pulses emitted by bats have frequencies up to 100 kHz (inaudible to man).
For birds flying in the dark the silent period between each signal is very short
(about 2-3 ms), showing a similar time resolution to that of bats. However, I I n
lower frequency used by birds enables them only to avoid bars over 6 m i n i n
diameter, whereas bats using the highest frequencies avoid wires of O.(i MMM
diameter and can catch prey of this diameter. Apparently, penguins are able to
hunt in the water by echo location, although once again the signals arc m i l
ultrasonic.

Balance organ. The (membranous) semicircular ducts (Fig 16-16) occupy thd
(bony) semicircular canals; the (membranous) utricle and saccule lie w i t h i n
the (bony) vestibule. The three semicircular ducts (and of course the thrM
semicircular canals that enclose them) are in roughly orthogonal planes. I n n i l
birds, the horizontal semicircular duct has a constant orientation, bi'injj
parallel to the geophysical plane when the head is in the alert position. Thf
rostral and caudal ducts are vertical in position, approximately at right nn^Um
to each other and at 45° to the saggital plane; thus the rostral duct on one *id»
is parallel to the caudal duct on the other side. The semicircular canals of bird*
generally are long in comparison with those of other vertebrates (avera t f i in j
abmil. 10 mm in l i -ngl .h in I he domesl.ie fowl , nmipaml In Ki in MI in i n i m ) , I n I In
: i1n i i i j ' , e s1 f l i e r s N i i i ' h I I H the I ' l i l r n n i f o r M i speci t 'M I h e r a : i ; i l : ; a n - I O M J - ; i n < l t l m .

endolymphatic duct
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Fig 16-16 Lateral view of the left membranous labyrinth of a bird. The various
receptor areas are stippled, d. - duct; n. = nerve; r. = ramus. The macula neglecta nerve
is more correctly named the crista neglecta nerve. The lateral semicircular duct is
generally known as the horizontal duct. From Bubien-Waluszewska (1981), with kind

permission of the publisher.

and have pronounced osseous ampullae, whereas weaker fliers, including the
domestic fowl, have short wide canals. These and other avian elaborations of
the canals and their ducts probably reflect their relatively great functional
importance to life in three dimensions. The semicircular ducts arise from the
saclike utricle. At the origin from the utricle each duct has a dilation known as
the membranous ampulla (Fig 16-16). The utricle connects by a small opening
m its floor with the saccule. The saccule in turn connects to the cochlear duct
by the sacculocochlear duct (ductus reuniens). The endolymphatic duct arises
from the saccule and ends blindly in the cranial cavity under the dura rnater.

Zones of neuroepithelial mechanoreceptor cells are present in the ampulla of
each of the three semicircular ducts and in the utricle, saccule and lagena.
Those in the ampullae take the form of a ridge, the ampullary crista (Fig
I (i-16). The crista of (lie hori/.onl.al duct is a simple ridge, but the cristae of the
rosl.ral and cauda l a m p u l l a e have an addi t ional transverse ridge, the cruciate
septum, which hns no receptor eel In , im I divides Ihe sen.sory e p i t h e l i u m of the

i n t o I w u nr . in t in . The mer lmnnrerep lor / n m v i nl ' I he u l r ide, Hi i cn i l r n i u l
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lagena consists of patches of receptor cells, each patch being known as a
macula (Fig 16-16). The zone in the utricle, the macula of the utricule, is ,
strictly horizontal in its orientation; the macula of the saccule is orientated
obliquely, and the macula of the lagena is vertical in position. The utricle has
another smaller zone, the crista neglecta, which is a ridge rather than a
macula.

The cristae and the maculae have an essentially similar structure. Each
receptor cell carries a single kinocilium and a cluster of about 50 stereocilia.
The cilia of the cristae are inserted into a gelatinous cap, the cupula, which is
secreted by the supporting cells of the crista. The cupula almost fills the mem-
branous ampulla. The cilia of the maculae are inserted into the gelatinous
statoconial membrane which covers each macula. The statoconial membrane
resembles the cupula, except that it contains numerous crystals of calcium
carbonate, the statoconia. The cupulae and statoconial membranes are shifted
by appropriate movements of the head, thus applying shearing stresses to the
cilia. As in the crista basilaris of the cochlear duct, it is the bending of the cilia
which induces the receptor (generator) potential in the receptor cell. Bendini
the cilia towards the kinocilium excites the receptor cell, but bending them
away inhibits the receptor cell. The receptor cells make synaptic contacts with
axons of the vestibular part of the vestibulocochlear nerve.

The receptor cells of the maculae tend to be tonically active, responding to
the effects of gravity. Their patterns of activity vary, however, with the position
of the head, since the shearing stresses in the maculae on each side of the head
will vary when the head is tilted. Thus the maculae continuously inform the
brain about the position of the head in space. The cristae, on the other hand,
signal on and off discharges in response to changes in the rate of movement of
the head, that is to acceleration or deceleration, but are silent when the head in
still. Thus essentially, the cristae inform the brain about movement of the head
in space.

OLFACTORY ORGANS

The visual life-style of the great majority of birds, coupled with the likelihood
that odours would be quickly dispersed high above the surface of the land or
water, probably account for the popular assumption that birds have very li t t l i '
sense of smell. Indeed, in both of the two great groups of flying vertebrates, the 1
pterosaurs and birds, the visual region of the midbrain (the mesencephalic
tectum, commonly called the optic lobe) became greatly enlarged, and the
olfactory lobes were proportionately reduced. Nevertheless there is abundanl
evidence (anatomical, physiological and behavioural) that birds do perceive I
olfactory stimuli; what is not yet established, however, is the full role of
olfaction in avian life.

Anatomically the olfactory region of the nasal cavity lies in the region of I I n -
domelike caudal nasal concha. The outer (nasal) surface of the concha is l i m < d I
by an olfactory epi thel ium, which also extends over l.hc a d j o i n i n g w a l l s of H ie
nasal cavity ( K i t f 7 K ' and I D ) . The smal l n e p l a l concha, winch is u n i q u e I n

petrels, is also covered with olfactory epithelium. In most birds the caudal
concha is a simple dome, but in a few species its surface area is much increased
by scroll-formation as in vultures or several very extensive transverse folds as
in kiwis. In birds such as swifts in which the caudal concha is absent, the
olfactory epithelium covers the roof and lateral walls of the nasal cavity, as
well as the dorsal part of the nasal septum. In birds generally the anatomy of
the nasal cavity is adapted for effective airflow over the olfactory region.

As in other vertebrates the olfactory cell is a bipolar ciliated neuron
supported by sustentacular and basal cells. Its terminal cilia and microvilli
project from the epithelial surface. The unmyelinated axonal processes of the
receptor cells form the olfactory nerve and end in the olfactory bulb of the
brain. The size of the olfactory bulb relative to the cerebral hemispheres varies
greatly. The smallest size occurs in passerines, and also in parrots and
woodpeckers. Pigeons, galliforms, falconiforms, waders and gulls form an
intermediate group. Larger bulbs have been found in a group of water birds
including anseriforms, the Common Loon, American Coot, Horned Grebe and
especially in some oceanic procellariiforms (albatrosses, storm petrels); how-
ever, there are others with larger olfactory bulbs that are not aquatic, such as
the Yellow-billed Cuckoo which lives in trees and the whip-poor-wills which
catch insects on the wing. The olfactory bulb reaches its largest relative size in
the Brown Kiwi.

Electrical activity comparable to that of macrosmatic reptiles and mam-
mals has been observed in the olfactory pathways of numerous avian species,
in response to various odorous stimuli. It is known from behavioural studies
I hat pigeons possess excellent olfactory perception. The nocturnal Brown Kiwi,
which is a deplorably noisy sniffer, has no difficulty in finding buried
delicacies.

Vultures have been shown to congregate rapidly over odiferous up-drafts,
and are therefore presumed to use olfaction for locating the position of carrion.
Leach's Storm Petrel and other oceanic procellariiforms have been found to
navigate, at least partly, by olfaction, their own nesting material attracting
them to their own island in the dark and leading them correctly through a
maze to their burrows. However, if their nostrils were plugged or their
Olfactory nerves were cut the birds failed to return to their burrows within one
week. Furthermore, experiments also show that procellariiforrn species use
nl faction to find food at sea. Other examples of specific olfactory functions may
occur in African honey guides which appear to locate beehives by the smell of
I he beeswax on which they feed, and in pigeons which possibly utilize olfaction
in homing. Although the exact contribution of olfaction to the biology of birds
l ema ins uncertain it must be assumed that birds do perceive odours to a

or lesser degree.

TASTE

In I h r | i i isl . i t . has been w i d e l y b i - l i eved tha i t l ie sense ol* las le is poorly
developed in h i r d n . I l owrve r , n-cenl work has shown M i n t l i i : ; l < - h i u l s a rc much



312 BIRDS—THEIR STRUCTURE AND FUNCTION SPECIAL SENSE ORGANS 313

more numerous than had previously been supposed, at least in the chicken,
pigeon and duck. In most of the species which have been investigated,
including the domestic fowl, pigeon, swift, falconiforms and several songbirds,
the taste buds He on the base of the tongue. In the Mallard there are no tasty
buds on the tongue, but groups occur at five other sites as follows: the internal
aspect of the tip of the lower bill just caudal to the mandibular nail; thd
corresponding region at the tip of the upper bill just caudal to the maxillary
nail; two sites on the caudal part of the roof of the oropharynx on either side of
the midline; and the region of the roof immediately rostral to the choanal
opening. The total number of taste buds in the Mallard is less than 500,
whereas 10 000 have been reported in man and 17 000 in the rabbit. In the
flamingo and oystercatcher areas of taste buds have been found on the floor of
the caudal region of the oropharynx just cranial to the laryngeal mound. In
parrots they occur on the roof of the oropharynx on either side of the choannl
opening, and on the floor of the oropharynx at the rostral end of the laryngenl
mound. In general, taste buds are confined to regions where the epithelium ii
soft, non-cornified and glandular; typically, they have a strong topographical
affinity for the ducts of the salivary glands.

Histologically the taste buds of birds are often ovoid with a funnel-shaped
outer pore. No distinction can be made between receptor cells and supportiffl
cells. The so-called 'taste hairs' at the apical ends of the receptor cells ari
apparently artefacts. About 20 to 30 axons enter a typical taste bud. The axonn
from the taste buds on the tongue and palate travel in the glossopharyngeal
nerve; axons from the taste buds in the upper and lower bill of the Mallard
travel peripherally in the trigeminal nerve but probably belong to the facial
nerve.

Electrophysiological observations show that salts and acids are generally
effective stimuli, but sweet substances are not. Strong responses are obtained
to distilled water. Behavioural studies confirm that birds can distinguish
certain tastes, but in general the acuity of taste is less than that of mamma In,
There are indications that pigeons have relatively high acuity, and that th«
Mallard may be intermediate between the pigeon and the domestic fowlj
Bitter-tasting substances are rejected fairly uniformly. Salt is also common!
rejected. Sour substances are rejected by several species including the domcwl to
fowl, but quail prefer them. Sweet solutions produce the most unpredictable
responses; for example domestic fowl vary individually in their reaction t
sugars but consistently reject saccharine.

Although the total number of taste buds is probably much less in birds I Im
in mammals there can no longer be any doubt that many birds do have a sen1 -
of taste, but very little is known about the role of taste in the biology of l n n l n .
In the Mallard the position of the taste buds does agree, however, with ih|
pathway which the food is believed to take in its journey through ihf
oropharynx. The taste buds at the bill tip enable unpleasant food p a r t i r i c N
to be rejected immediately; the remaining taste buds are distributed su l l m l
the palatability of food can be monitored almost continuously u n l i l i l K
swallowed.
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APPENDIX

A list of the English common names of the birds cited in the text along with
their Latin scientific names. The birds are cited alphabetically according to
their common names.

Anhinga
Avocet

Bananaquit
Blackbird
Budgerigar
Bustard, Great

Chaffinch
Condor, Andean
Coot, American
Cormorant, Great
Crossbill, Red
Crow, Common
Cuckoo
Cuckoo, Yellow-billed

Dipper, American
Dove, Rock
Duck, Muscovy
Duck, Musk
Duck, Ruddy
Duck, Tufted

e, Steller's Sea
e, White-tailed Sea

K I M U

u, 1 J r r n l r r

Anhinga anhinga
Recuruirostra avosetta

Coereba flaveola
Turdus merula
Melopsittacus undulatus
Otis tar da

Fringilla coelebs
Vultur gryphus
Fulica americana
Phalacrocorax carbo
Loxia curvirostra
Corvus brachyrhynchos
Cuculus canorus
Coccyzus americanus

Cinclus mexicanus
Columba livia
Cairina moschata
Biziura lobata
Oxyura jamaicensis
Aythya, fuligula

Haliaeetus pelagicus
Haliaeetus albicilla
Dromaius novaehollandiae
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