
Chapter 7

RESPIRATORY SYSTEM

NASAL CAVITY

Nostrils

The nostrils and the adjacent regions inside the nasal cavity are particularly
variable among the different species of birds. The nostrils are often located at
the base of the beak (Fig 2-1), being placed dorsally, ventrally or laterally, and
uniquely are situated at the tip of the beak in kiwis. They may be screened by
leathers as in crows and grouse. They may even be entirely closed by secondary
Overgrowth of cornified cells as in the Gannet so that breathing is through the
mouth (a permanent gap is present at the corner of the mouth in the Gannet)
probably as an adaptation for diving head first into the sea from a great height.
A keratinized flap, the operculum, is situated dorsal to the nostrils in some
speck's including the domestic fowl and turkey (Fig 7-1A). In the Wryneck it
l ies ventral to the nostril. In tapaculos the operculum is movable. The
Operculum in procellariiforms (the tubinares or tubenoses, e.g. petrels) is
(•(inverted into a tube situated on the dorsal aspect of the bill.

Nasal septum

The nasal septum is usually partly bony and partly cartilaginous, and in many
species including the domestic fowl it separates the right and left nasal
cav i t i e s completely (Figs 7-1A and -IB). In some species, e.g. ducks and
grebes, it is perforated rostrally and thus connects the two nasal cavities.
W i l . b i n the nasal septum in a few species including shrikes there are bony
.spaces forming the septal sinus which are continuous with the nasal cavity and
arc l ined by mucociliary or non-ciliated epithelium. In wading and aquatic
species us well as in kiwis and land kingfishers a crescentic mucosiil fold, the
m/.s-fi/ valve, rises from the roof of the nasal cavity ' " I I.lie c i u u l i i l end of the
m i d d l e concha. When in the operative posi t ion (he vn lve c \ l e m l ; i v r n t r u l l y
I ron i I he rouf of I he nasal rav i l .y , and in at | m i l ic Im i T . I Km d > - l l e r h i v v j i t e r nway
( r u m I he o l f i i r f u r v <'
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Fig 7-1 Transverse sections of the nasal cavity of the domestic fowl in rostrocaudal
sequence, A being the most rostral, The olfactory mucosa is distributed in the region of
the broken line in C and D. v nerve - trigeminal nerve. Redrawn from McLelland,
Moorhouse and Pickering (1968), with kind permission from the editor of Acta

Anatomica.

Nasalconchae

The nasal conchae are generally cartilaginous but may be partly or entirely
bony. They increase the surface area over which the inhaled air must pass. In
most birds there are three conchae: rostral, middle and caudal,

Rostral nasal concha. The rostral concha is a simple or convoluted fold which
in transverse section may appear simple, branched, T-shaped or scroll-like (Fig
7-1A). It lies in the rostral uestibular region of the nasal cavity and is lined by
.stratified squamous epithelium. In some species (e.g. the Sulidae, apodiforms
and quail) this concha is absent. In others, including the domestic fowl, an
additional vertical lamella of cartilage (Fig 7-lA) arises from the ventral
border of the nostril and acts to deflect the air stream. The rostral concha is
highly vascular.

Middle nasal concha. This is the largest concha and fills the middle
n'Hpimlory region of the nasal cavity (Fig 7-1B). In transverse section it is
usua l ly sc ro l l - l ike w i t h one-hu l l ' t i t t w o t u r n s (one-and-a-half in the domestic
I ' o w l ) , its c n v i l y lie i n n run I i m i m i M w i l l i t h e i i n s t i l n i v i l y . I n the I ' l i n u i t i s much

• - I T l i < - . | H i 1 1 . I i . i I l i m i u ; 1:1 i i m n in J i m y . w i l h u l l r n i u l mr, I I N C H of
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ciliated cells and intraepithelial mucous glands. On its lumen side it is
moderately vascular. This concha appears to be present in birds generally.

Caudal nasal concha. The caudal concha is usually a hollow mound
projecting from the lateral wall of the caudally situated olfactory region of the
nasal cavity (Fig 7-1C and -ID). Unlike the other conchae, its cavity connects
with the infraorbital sinus, but not the nasal cavity (Fig 7-1D). The surface
area is much increased in a few species by scroll-formation, and in kiwis by
very extensive transverse folds, The epithelial lining of the nasal surface of the
concha is olfactory. This concha is a fairly constant structure in birds, but is
occasionally absent as in some falconiforms and swifts.

Septal concha. This small additional concha is unique to petrels. It arises
from the nasal septum and interdigitates with the caudal concha. Its epithelial
l in ing is olfactory.

[nfraorbital sinus

The infraorbital sinus is a spacious triangular cavity under the skin in the
lateral region of the upper jaw rostroventral to the eye (Fig 7-1B, -1C and

11) ) . Its walls consist almost entirely of soft tissues. The lumen of the sinus
has two exits, both situated in its dorsal wall. One leads into the cavity of the
caudal nasal concha (Fig 7-1D) and the other into the nasal cavity (Fig 7-1C).
The latter opening lies immediately ventral to the caudal concha; in birds
generally this opening is sited at the ventral border of the olfactory epi-
thelium, suggesting that the sinus may somehow be involved in the olfactory
mechanism. The sinus is lined by a mainly stratified squamous epithelium
rostrally and by a ciliated columnar epithelium with a few mucous glands
caudally. The sinus is absent in only a few species (e.g. some cormorants).
Infection and swelling of the sinus is a relatively common condition in the
domestic fowl and turkey.

The nasal gland

I n most birds the nasal gland (formerly known sometimes as the salt gland)
consists of a lateral lobe and a medial lobe, each with its own duct and ostium
in tin; vestibular region of the nasal cavity. The gland secretes a hypertonic 5
per' cent solution of sodium chloride in marine birds enabling these birds to
d r i n k sea water (a 3 per cent salt solution). It also has an osrnoregulatory
function in some desert species (e.g. the Ostrich as well as some falconiforms),
enab l ing these birds to remain in water balance despite either limited fresh
water and substantial water losses, or high levels of sodium chloride in the
diet. However, in the large majority of terrestrial as opposed to marine birds,
i n c l u d i n g n i l of (.he many pas.seriform species, the g land docs not . secrete salt,
even U i o i i K l i many of these species live in arid e n v i r o n m e n t s m u l some feed in
ri ' tf inns of coastal rocks and sand. In t h e l l e r n n i ; C u l l I h r p jan t l i s a
rn • : , < • < - i l l ; i lmped M! ruc lu re l y i n ^ i n a depression nn I h r n k n l l 1 1 i - i i n l n ^ i c a l l y the
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from a central canal. The gland is supplied with blood via branches of the
internal ophthalmic artery. These give rise to capillaries which extend
between and parallel to the secretory tubules in such a manner that the flow of
blood in the capillaries is in the opposite direction to the flow of secretion in the
tubules; i.e., a countercurrent exchange system exists between the blood and
the cells of the secretory tubules. Perfusion of the gland with blood and
secretion by the gland are increased by stimulation of cholinergic vasodilator
fibres in the palatine branch of the facial nerve. In the domestic fowl and
closely related species only the medial lobe is present, with its duct and ostium.
In such species the caudal part of the nasal gland then lies over the dorsal
aspect of the eyeball and continues rostrally in the lateral wall of the nasal
cavity (Fig 7-1B, -1C and -ID). Its single duct opens by a vertical slit in the
nasal septum, level with the rostral concha.

Functions of the nasal cavity

Olfaction. Olfaction is an important function of the nasal cavity in birds
generally and is dealt with in Chapter 16.

Filtration. As in mammals, the nasal cavity filters airborne particles by
means of the mucous carpet secreted by the epithelium of the middle concha.
The carpet is swept by cilia through the choanal opening and into the
oropharynx where it is swallowed.

Water and heat economy: thermoregulation. The nasal cavity plays an
important role in the economy of water. The inspired air becomes saturated
with water vapour as it traverses the upper respiratory tract, this water being
acquired by evaporation from the mucus covering the upper airways. Since the
amount of water vapour which can be held in saturated air increases greatly as
the temperature rises, the volume of water which is added to the inspired air as
it reaches body temperature is substantial. If this saturated air was to be ex-
haled at about body temperature (as in man) nearly all the water which had been
added would be lost. On the other hand, cooling of the exhaled air would reduce
this loss of water, since condensation would occur as the temperature of the air
falls. Such cooling does occur in birds, as in many mammals. During inhala-
tion the walls of the nasal cavity are cooled by the air passing over them and by
evaporation from their surfaces, the part nearest the nostrils being coolest and
the temperature gradient rising caudally. During exhalation the warm air
from the lungs, which is at body temperature, is cooled as it passes over the
cool nasal walls. This cooling of the exhaled air causes condensation and thus
reduces the loss of water. The amount of water which is recovered can be over
70 per cent if the ambient temperature is near room temperature and about 50
per cent if the ambient temperature is about 30° C, the better recovery rate at
lower ambient- temperatures being due to the greater cooling of the nasal
wal ls .

This Hn v i n t f of w a t e r li of critical i m p o r l a n r e i n ( l i e w ide r balance of birds in
dcHerl I t n l i l l i l l s w in - r e I here in no drinking v\ f i l e r , t h e I n u i l ol' I l i e r t e birds may
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contain only a small amount of free water and the rest has to be metabolic
water derived from oxidation of foodstuffs. Also critical is the saving of water
in migrating birds. The main factor which limits the duration of non-stop long
distance migrational flight is the supply of energy which can be taken on board
nl the beginning of the journey. This energy comes from stored fat reserves,
which may account for about half of the total body weight. Oxidation of fat
supplies both energy and oxidation water. Some water must always be lost at
each expiration, but because of cooling and condensation the migrating bird
recovers enough to remain in water balance throughout its journey.

The functional significance of the scrolls, laminae and projections of the
nasal conchae is now apparent. The nasal cavity is a heat exchanger. To
function efficiently it combines a narrow passageway with great surface area.

The nasal heat exchanger is also useful in heat economy. Energy has to be
expended to warm and humidify the inspired air at low ambient temperatures,
but most of this heat is recovered by condensation during expiration. This
economy would be particularly important for birds living in very cold habitats.
( )n the other hand the heat exchanger can be used to get rid of excess body
heat. Essentially, this is achieved by evaporative cooling. There is the
d i f f i c u l t y , however, that much of the excess heat which is shed during
inspiration is reacquired during expiration. Some is lost, however, and the
total amount that can be lost per unit time can be increased by panting. Most
birds can pant, and some reinforce this by fluttering movements of the wall of
1.lie oropharynx, called gular fluttering. However, it is impossible to avoid the
loss of increased quantities of water when excess heat is removed by panting.
Consequently, birds also employ air-cooling. Their feathers should severely
restrict this form of heat dissipation, and in cold environments they certainly
do. However, birds are able to get rid of excess heat by radiation, conduction
find convection, by exposing their legs and the undersurface of the wings where
fcii! hers are absent or reduced in quantity. The high body temperature of birds
also favours the direct transfer of heat to the air. Even in hot environments
many birds can escape to lower ambient temperatures by ascending to high
altitudes.

LARYNX

Tin- luryngeal skeleton consists of four cartilages (Fig 7-2) which become
partly ossified. The cricoid cartilage is a median structure shaped like a sugar
scoop. Caudally the left and right sides of the scoop (the cricoid wings) curve
dorsjilly; each wing articulates in the dorsal midline with the small median
com ma-shaped proericoid cartilage, and makes a gliding contact with the body
of I he arytenoid cartilage. In the Raven and some species of crow each wing of
I h i - cricoid forms an articulation with the body of its cartilage. The arytenoid
citrdld^t'N arc paired, each being shaped like a tuning lu rk w i l l i I he l.wo prongs
p o i n l i n g ( ' i n i t i a l ly . The v c n l r a l l i m b of the fork iw the hutly o l ' l l i e aryUmoid
nir l . i ln^e, w h i c h n r ( i r u l a l e : ; c ;mdul ly wi th the p n n T i c u i d mid n mud cnr l . i l ; i | ' , es .
The dorm 11 l i m b n , I he CM m i n i process. In the Common (VoW ihld protvHH formH
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a synovial articulation with the body of the cartilage. The thyroid and
epiglottic cartilages are absent. The glottis is the narrow slit between the two
arytenoid cartilages (Fig 6-2A). The arytenoid cartilages are abducted and
adducted by a dilator and constrictor muscle (dilator glottidis, constrictor
glottidis) which thus regulate the aperture of the glottis. The muscles and
cartilages form the prominent laryngeal mound (Fig 6-2A). The mucosal
lining consists of a pseudostratified epithelium with unicellular mucous
glands, intraepithelial mucous alveoli and projecting ridges carrying cilia.

As in mammals the main function of the larynx is to prevent the entrance of
extraneous material into the lower respiratory tract, by reflex constriction of

rostral process
of arytenoid

caudal process
of arytenoid

procricoid

wing of cricoid

body of cricoid

Kig. 7-2 Lateral view of the cricoid and procricoid cartilages and the left arytenoid
cartilage of the domestic fowl. From King (1979), with kind permission of the publisher.

I.he glottis. The avian larynx plays no part in generating the voice but may
modulate it. In crowing, the larynx of the domestic cock slides up and down the
neck almost to the thoracic inlet, possibly functioning like the slide of a
trombone. The raking action of the laryngeal mound in swallowing in the
domestic fowl is mentioned in Chapter 6.

TRACHEA

Tin- trachea is formed from a series of tracheal cartilages all of which in
passerines and some large species are ossified. The form of these rings is rather
constant in birds generally. Each is complete and not C-shaped as in mam-
miiLs . The shape is like a signet ring, the broad part forming the left and right
halves alternately of successive rings (Fig 7-3). Each broad part overlaps
externally the narrow parts of the two adjacent rings. In the domestic fowl
I here are about 120 cartilages which progressively decrease in diameter
r a u d a l l y .

In all passerines and in the domestic fowl the trachea starts in the midline,
passes to the right wide of the neck, and then returns to the midline to enter the
Ihorac ic i n l e t . iKigs 6-3 and 14-2). I n species from several orders the trachea in
p e c u l i a r l y e lmij - . i i l . rd i n l u co i l s wh ich l i e between the s k i n and pectoral inuHi ' l cH
M H I c u n i H H M W M and spoonbills, or w i l . h m 1111 excaval.ion in ( l i e t - i l r n n i m I IH in
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swans and cranes. In the Painted Snipe the trachea is long and convoluted in
the female but short and straight in the male. In penguins the trachea is
divided in the cranial end of the neck into left and right tubes by a median
cartilaginous septum which is continuous with the tracheal rings. A similar
septum occurs in some procellariiforms. An inflatable, saclike diverticulum,
the tracheal sac, opens from the trachea in the Ruddy Duck and the Emu. In
the male White-winged Scoter as well as in the males of some other anseri-
forms the caudal part of the trachea is expanded to form the tracheal bulb.
Histologically, the mucosal lining of the trachea resembles that of the larynx.

The tracheal muscles are closely applied to the trachea and have diverse
attachments on the sternum, clavicle, syrinx, trachea and hyobranchial
apparatus. Their arrangement has not been reliably established in birds

Fig 7-3 Dorsal view of the middle of the trachea of an adult domestic fowl to show the
shape of the tracheal cartilages and the way they overlap. From McLelland (1965), with

kind permission of the editor of the Journal of Anatomy.

generally. In most species there are two such muscles, the tracheolateralis
(Figs 7-5 and 7—6) and the sternotracheal (Figs 7-5 and 7-6). In many ducks,
however, a third tracheal muscle, the cleidotrachealis, extends from the
clavicle to the trachea (Fig 7-5). In the domestic fowl the sternohyoideus has
an attachment to the cranial end of the trachea as well as to the larynx. Since
all these muscles act on, and sometimes attach to, the syrinx they can also be
regarded as extrinsic syringeal muscles.

As was noted in Chapters 2 and 4, the specialization of the forelimbs for
Might compels the bird to use its bill for a relatively wide range of functions,
including not only the manipulation of foodstuffs but many other activities
such as grooming and nest building. These functions require a long neck
(about x 2.7 longer than a mammal of the same body weight). This increased
length increases the resistance to air flow in the trachea, but this is compen-
sated by an increased tracheal radius (about x 1.3) compared to mammals.
< 'onsequently, the resistance to tracheal airflow is much the same in a bird and
m a m m a l of similar body weight. However, the dead space of the long wide
a v i a n Irachea is about four times greater than in a m a m m a l of comparable
hndy si/e. This in t u r n is compensated by a much slower ru le of breathing
liihonl one th i rd of Ihal. of a comparahle mammah ami M h rr ra l i - r l.idal

i i ; l i a s i n a r o m p a r a h l t '

SYRINX

The syrinx occurs at the junction of the end of the trachea with the beginning
of the left and right primary bronchi. Its detailed structure is exceedingly
variable among the avian species. The classical subdivision into tracheobron-
chial, tracheal and bronchial types of syrinx in different groups of birds is
supposed to reflect the derivation of the cartilages of the syrinx from either the
trachea or the primary bronchi. However, this depends on correctly identifying
the tracheobronchial junction, and it is doubtful whether this is entirely
practicable for birds generally in the present state of knowledge of this region.
Nevertheless, in spite of these uncertainties the majority of birds are described
as having a tracheobronchial syrinx since it is based on both tracheal and
bronchial elements. A true tracheal syrinx does occur in the suboscine
superfamily Furnarioidea (the so-called 'tracheophonae') and in some Cico-
niidae, and is based solely on tracheal elements. A bronchial syrinx occurs in
some cuculiforms and owls and is based purely on bronchial elements.

In most birds the syrinx is composed of a number of variably ossified
cartilages, and vibrating soft structures. These hard and soft structures are
combined to form both the median part of the syrinx cranially, and the divided
part caudally. There are also the muscles of the syrinx.

The skeletal components of the syrinx

The syringeal cartilages (Figs 7-4A and -4B) are commonly ossified. The
tympanum is the main component of the median part of the syrinx and is a
direct continuation of the trachea. Its consists of a cylinder formed from the
close apposition or fusion of two or more complete tracheal syringeal cartil-
ages. A tympanum is usually present in the tracheobronchial type of syrinx
and sometimes in the tracheal type. It is generally absent in the bronchial type
of syrinx. Four such fused or firmly attached tracheal syringeal cartilages can
be recognized in the tympanum of the domestic fowl (Fig 7-4B). In this species
and many others the tympanum has a slightly increased diameter. The
pessulus is a wedge-shaped cartilage, its blade lying dorsoventrally so that it
divides the airway vertically. It is absent only rarely, for example, in larks and
certain ratites. In pigeons the pessulus is represented by connective tissue,
('audal to the tympanum there is generally a number of thin flattened
('-shaped tracheal syringeal cartilages (four in the domestic fowl, Fig 7-4B)
which are typically attached to the pessulus at one end (to the ventral end in
the domestic fowl) and free at the other end; in some species they are attached
to the pessulus at both ends. The basis of the divided part of the syrinx is
formed by the bronchial syringeal cartilages which are usually paired,
incomplete and C-shaped. Three bronchial syringeal cartilages occur in
songbirds (Fig 7-4A) and in the domestic fowl (Fig 7-4B), while five or six are
present in the Herr ing (k i l l . The first bronchial syringeal cartilage in the
dot t i e s t . i r fowl is al.tarhed al I m l . h ends to the pessulns, the second is at tached at
its v e n t r a l end lo I lie l i r n l . cur t i lage , n t i d I l ie th i rd is free al hoth ends; the
I n l l e r free cu r l ilnj.;e t l i f l ' e r n from I lie o r d i n a r y ( ' s l m p c d curl i ln^es of the
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Fig 7—4 A Dorsal view of the syrinx of a magpie. The four tracheal syringeal
cartilages are fused to form the tympanum. From Haecker (19001. B Lateral view of the

left side of the syringeal cartilages of Gailus. P - pessulus. Based on Myers (1917).

extrapulmonary primary bronchus in being enlarged ventrally. In the bron-
chial type of syrinx the first cartilages caudal to the trachea are often complete
rings, as many as ten such rings occurring in anis. The free ends of the
bronchial syringeal cartilages in birds generally support the medial tympani-
form membrane.
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I'itf 7-5 Ventral view of the syrinx of a male Tufted Duck. In this species the syringeal
liulla is extensively membranous. The membranous parts of the wall resemble thin
I ransparent windows stretched tightly between the slender bars of the bony framework

of the bulla. From King (1979), with kind permission of the publisher.

divided part of the syrinx, being held between the free ends of the bronchial
syringeal cartilages. It is the primary vibrating membrane. The paired lateral
tympaniform membrane (Fig 7-4A) is the membranous area which stretches
between the cartilages on the lateral aspect of the syrinx. Often it takes the
Ibrrn of indistinct straps between the bronchial syringeal cartilages as in
:;ungbirds; more rarely, as in the domestic fowl, it consists of a relatively exten-
wive sheet between the last tracheal syringeal cartilage and the first bronchial
nyringeal cartilage. In the domestic fowl the inward curve of this membrane
I'.ives the syrinx its characteristic constricted appearance (Fig 12-2). The tracheal
rtH'tnbrane is a modified lateral tympaniform membrane and stretches between
I he tracheal syringeal cartilages in suboscine passeriforms possessing a
t racheal type of syrinx. The lateral labium is a pad of elastic tissue, sometimes
wi th a cartilaginous basis, which projects into the lumen of the syrinx from the
cart i lage of the lateral wall. The medial labium projects into the lumen from
I he pc.ssulus and is probably less constantly present than the lateral labium.
T i n - labia occur var iably in passerines and some other species including
i i i i H e r i l n r n i H , but both l a l t i a are absent, in the domestic fowl. In many male
ducks of 1.he s u b f a m i l y A n a l i n a e ( i n c l u d i n g l . l i e domestic d u c k ) the s y r i n x i s
r x l e n s i v e l y m o d i f i e d In form an asymmet r i n i l d i l a l i o n nn the le f t , side, I h r
-,vt in/'.<'" I I mil'i < l ' ' i | ; Y • > > ' I ' I i i 1 h u l l a appn r e l i t I v a t i : . i - : i from a w i d e n i n g of I he
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bronchial syringeal cartilages, and is generally partly or entirely bony
although in some species it is extensively membranous as in Fig 7-5. In the
Shelduck the dilation occurs on the right side of the syrinx, while in the
Dendrocygnini the swelling is bilaterally symmetrical. A bulla is not present
in true swans and geese.

The muscles of the syrinx

The syringeal muscles are very variable. Most are extrinsic muscles which
have one attachment outside the syrinx. In songbirds there are five pairs of

tracheolateralis m.

clavicular sac remnant

ventral tracheobronchial m.

dorsal tracheobronchial m.
sternotracheal m.

ventral syringeal m. medial part

ventral syringeal m. lateral part

dorsal syringes! m.

Fig 7-6 Ventrolateral view of the syrinx of the Common Crow. Of the five pairs of
syringeal muscles (see text) only four are shown, the tracheobronchialis brevis being
absent. From Ames (1971), with kind permission of The Peabody Museum of Natural

History.

syringeal muscles (tracheobronchialis dorsalis, tracheobronchialis brevis and
tracheobronchialis ventralis; syringealis dorsalis and syringealis ventralis)
(Fig 7-6). Suboscine passerines have four pairs of syringeal muscles (vocalis
dorsalis and vocalis ventralis; obliquus ventralis and obliquus lateralis). In the
great majority of non-passeriform species there is usually only one syringeal
muscle, the tracheolateralis (Fig 7-5). However, there are n - r l a i n l y two pairs
of short syringeal muscles in sonic parrots. In a s m a l l n u m b e r nf species
f i n c l u d i n c , some r a l l i e s m i l j ' , a l l i l n r m s > t h r ee nre M a u l I n l i e mi sy r i i i | ; e ; i l
i i i u i . H r : , whatever, m > i even tracheolateralis,

Function of the syrinx

The function of the syrinx is to produce the voice. It has been generally
assumed that the primary source of the sound is vibration of the tympaniform
membranes. A recent alternative view is that when the membranes are in the
position for vocalizing they form two slots (where the left and right bronchial
elements join the median part of the syrinx) which result in two streams of
turbulent air, each producing sound much as a whistle can be produced by
human lips. A whistle mechanism would have the advantage of producing loud
sounds at the cost of only small volumes of air. Vocalization is apparently
produced in the expiratory phase only. It has been suggested that, unlike man
who sings by means of a continuous expiration, the songbird may be able to
I.rill or warble by a series of very rapid oscillatory 'mini-breaths', but another
hypothesis is that warbles and trills are produced by fast pulses of contraction
of the abdominal muscles causing a rapidly intermittent but prolonged
expiration. However, it may be necessary to postulate 'mini-breaths' in order
to explain how some warblers and especially the Skylark can maintain an
unbroken series of pulsed sounds for such prolonged periods. The coordination
of breathing and vocalization appears to reside in the intercollicular nucleus of
I he mesencephalon, and perhaps in parts of the lateral mesencephalic nucleus.

It seems likely that the vibration of the membranes is associated with
fluctuating pressure gradients between the clavicular air sac, which surrounds
the syrinx, and the lumen of the syrinx. At the onset of expiration the pressure
rises in the clavicular sac and momentarily closes the syrinx by forcing the
lympaniform membranes into the syringeal lumen. Tension is then applied to
the membranes by the intrinsic or extrinisc muscles of the syrinx, thus
drawing the membranes partly from the airway. Air then flows past the
lautened membranes, which are thus thrown into vibration and sound is
produced. The labia may well be of considerable importance in regulating the
voice.

THE LUNG

External appearance

The avian lungs are dorsal in position (Figs 5-1, 6-3 and 7-12). The liver, not
t h e lungs as in mammals, lies on each side of the heart (Figs 6-3 and 6-8).
Much lung is small, flattened, and in most birds quadrilateral in shape (Fig
V 7); in supposedly primitive birds like penguins, the lung is more triangular,
I,he blunt apex pointing ventrally. In no species of bird is the lung lobed as in
i i K i n y mammals. The vertebral ribs are deeply embedded in costal grooves on
(.ho dorsomedial part of the avian lung (Figs 7-7 and 7-12), about one-quarter
• • I I l ie volume of the lung of the- domestic fowl being thus enclosed between the
ri l iH. In most species the c r a n i a l end of I he l u n g reaches t h e movable rib which
IH curried hy t i n 1 h i s l c e rv i ca l ve r l eb ra ( K i g -1 i l l U s u a l l y t h e c a u d a l e n d

border nf t h e i l i u m , h u l m some species such as HtorltH,
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Fig 7-7 The septal (ventromedial) surface of the right lung of the domestic fowl. The
lung is drawn as though transparent, to show the bronchi. The primary bronchus is the
large tube running right through the lung. The first secondary bronchi to arise from it
are the four medioventral secondaries (MV1 to MV4). Eight mediodorsal secondary
bronchi (e.g. MD3 and MD8) arise from the dorsal aspect of the caudal half of the
primary bronchus, and eight lateroventral secondaries (e.g. LV2) arise from its ventral
aspect. Only a few examples of the many parabronchi are shown. The air sacs connect to
the lung at six sites, known as ostia. Four of these occur on the costoseptal border of the
lung and are indicated by rings. The fifth, for the cervical sac, is in the craniomedial
region of the lung. The sixth is somewhat cranial to the centre of the septal surface, and
consists of two large direct connections, one to the clavicular and one to the cranial

thoracic sac. From King (1966), with kind permission of the publisher.

geese and the Hoatzin, it extends almost to the level of the hip joint. In
transverse section (Fig 5-1) the lung is characteristically wedge-shaped and
consequently has three surfaces. Its dorsolateral surface is in contact with the
ribs and is therefore known as the costal surface. The dorsomedial surface is in
contact with the vertebrae and is named the vertebral surface. The ventro-
medial surface is in contact with the horizontal septum and is termed the
septal surface. Several of the larger air passages (i.e. the secondary bronchi)
are visible externally at the surface of the lung; in some species, such as
the domestic fowl, which have parabronchi of relatively lurtfe calibre, these
smaller airways are also visible on the lung surface The l u l u : , , where the
p r i m i i r y b ronchus and the p u l m o n a r y ar lery a m i vnu r u i n M M - l un^ , is
HI I n a led UM | I n - seplnl smTare ( K i n 1 1 7 > . W h i b i lh» wcyf/lJ of (.he uvian lung is

not less in relation to total body weight than in mammals, the volume per gram
body weight is about 25 per cent smaller,

Primary bronchus

The two extrapulmonary primary bronchi, left and right, are formed by the
bifurcation of the airway at the syrinx. Each perforates the septal surface of
the lung and then continues as the intrapulmonary primary bronchus to the
caudal extremity of the lung (Fig 7-7). The calibre of the primary bronchus is
variable. Usually it is widest at the point where it enters the lung, and from
there tapers progressively to its caudal end. A spindle-shaped dilation called
the vestibule has been described at various points between the entry into the
lung and the caudal exit of the primary bronchus, but there is no reliable
evidence for its presence in any species.

Histologically the mucosa of the primary bronchus consists of a pseudo-
si ratified epithelium with goblet cells, intraepithelial mucous alveoli and
projecting ridges carrying cilia. Beneath this is a well-developed layer of
smooth muscle. A series of C-shaped cartilages is present in the extrapulmon-
ary portion and in the cranial part of the bronchus within the lung.

Four groups of secondary bronchi arise from the primary bronchus.

The secondary bronchi

The secondary bronchi include all those bronchi of the second order, that is all
t hose which arise from the primary bronchus (Fig 7-7). There are four groups,
named according to the regions of the lung which they supply. The first two
groups are the medioventral and mediodorsal secondary bronchi; their bran-
ches, and the parabronchi which arise from them, form the thick medial part
and the whole of the cranial part of the lung (Fig 7-7). The other two groups
nrc the lateroventral and laterodorsal secondary bronchi, and these with their
parabronchi form the thin lateral region of the lung. All the larger secondary
bronchi tend to be constricted at their point of origin and then immediately
expanded.

The medioventral secondary bronchi. The number of medioventral secon-
dary bronchi is usually four but there are species with five (e.g. cassowaries
nnd storks) and even six (e.g. pelicans). In calibre these are the largest
secondary bronchi. They originate one after the other from the dorsomedial
trail of the cranial third of the primary bronchus (Fig 7-7), and run medially
mi the septal (ventromedial) surface of the lung where their main trunks are
externally visible. Their branches, and the parabronchi which arise from these
brunches, spread over about three-quarters of the septal surface of the lung,
except for the caudoventral region. In earlier terminologies the medioventrals
have been called ventrobronchi, or anterior dorsal or craniomedial secondary
bronchi.

All the nl.ber secondary bronrhi arise .ilun^ I he nnulitl tiro thirds of the

primary hninrhu:.
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The mediodorsal secondary bronchi. The seven to ten rnediodorsal secon-
dary bronchi (eight in the domestic fowl) arise in a linear sequence from the
dorsal wall of the primary bronchus (Fig 7-7). They become progressively
smaller in calibre towards the caudal end of the series. In some species they
tend to radiate like a fan from their origins along the primary bronchus, but in
the domestic fowl they tend to run vertically and parallel with each other as in
Fig 7-7. Their terminal branches form parabronchi which extend over the
costovertebral border (between the costal and vertebral surfaces) onto the
vertebral surface of the lung. When the laterally situated neopulmonic portion
of the lung (p. 126) is absent as in penguins and the Emu or poorly developed as
in cranes, cormorants and auks, the main trunks of the mediodorsal secondary
bronchi lie on the costal surface of the lung and are therefore visible
externally. With increasing development of the neopulmo, however, greater
stretches of the mediodorsal bronchi become buried within the lung so that in
most species (including the domestic fowl) only their terminal branches can be
seen on the costal surface. The mediodorsals were previously known as the
dorsobronchi, or the posterior dorsal or caudodorsal secondary bronchi,

The lateroventral secondary bronchi. The lateroventral bronchi also arise
in a line from the primary bronchus at the same craniocaudal level as the
mediodorsal bronchi, but from its ventral wall, that is directly opposite to the
openings of the mediodorsal secondary bronchi (Fig 7-7). In birds generally
there are two or three large lateroventrals at the cranial end of the series, the
rest dwindling away caudally into small irregular openings with a calibre
resembling parabronchi. In the domestic fowl there are about eight lateroven-
tral secondary bronchi, the first five or so being quite large (Fig 7-7). The
second lateroventral bronchus (LV2 in Fig 7-7) is particularly large in
diameter, and in the domestic fowl and many other species it forms the direct
connexion to the caudal thoracic air sac. In a few species (e.g. penguins) the
openings of the lateroventral bronchi are joined to the openings of the
mediodorsal bronchi by crescentic ridges of mucosa. The parabronchi of the
lateroventral bronchi form the thin ventrolateral region of the lung. In the
Emu, cormorants and penguins the lateroventral secondary bronchi lie on the
costal surface of the lung and therefore can be seen externally, but in other
birds they are covered to a varying extent by the parabronchi of the neopulmo
(p. 126). In older nomenclatures the lateroventrals were called laterobronchi or
posterior ventral or caudoventral secondary bronchi.

The laterodorsal secondary bronchi. These arise from the same cranio-
caudal level of the primary bronchus as the mediodorsal and lateroventral
bronchi but from the lateral wall of the primary bronchus. Unlike the other
groups of secondary bronchi they have a scattered origin instead of arising in a
line. The laterodorsals are the most variable group of secondary bronchi. They
are entirely absent in penguins and are very reduced in r m r n h r r m nn-n iomntH
and storks. They are most numerous in the domes!.ir f o w l , K u l l n , pigeons and
smi|',birds. The f i r s t I.wo, and sntnel inies I he ( i i ' n l l i v r m lift ;n in I.he M u l e
Swim, i n i i y l» ' ( j i i i l e hir^e, I m l Ihe otht*fH art* ol ' . m , i l l 1 1 i l > i 'h in 1 ) diameter

and erratic in position. In the domestic fowl (but not shown in Fig 7-7) there
are three to five large ones at the cranial end of the series, and caudal to these
there are about twenty to twenty-five small ones, many of the latter being of
parabronchial dimensions. The laterodorsal secondary bronchi extend mainly
laterally towards the costal surface of the lung. They were previously named
dorsolateral secondary bronchi or caudolateral secondary bronchi, but some
iiuthors excluded them from the secondary bronchi because of their small
calibre.

The constricted necks of the secondary bronchi, for a length of 1-2 mm, have
the same histological structure as the primary bronchus. Subsequently, the
I runks of the mediodorsal, lateroventral and laterodorsal secondary bronchi
become lined with a simple squamous epithelium and their walls have atria
leading to infundibula and air capillaries; thus they resemble parabronchi in
their structure.

The parabronchi

After a course of only a few millimetres, the secondary bronchi of all four
Kcoups give off a large number of tubes of small but uniform calibre, the
parabronchi (Fig 7-7). The course of the parabronchi varies in detail in the
limr different groups of secondary bronchi. However, all have certain features
in common: they are not blind-ending but anastomose freely with other
|i;irabronchi, they carry atria and exchange tissue in their walls (Fig 7-8), and
I hey tend to have a fairly constant mean internal diameter within each species
i ranging from 0.5 mm in hummingbirds and the Goldcrest to 2 mm in the King
1'enguin and the domestic fowl]. The parabronchi in some previous nomencla-
luros were referred to as tertiary bronchi.

The cranial and dorsomedial parts of the lung, constituting about two-thirds
nl' the lung, are made up of layer upon layer of long hooplike parabronchi

atrial muscle
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interparabronchial
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l''l|{ 7- H A ( fnuv i r i f ; ul'n hi;,I j ' i r i i l •.ri'lliilt showing Jl

III IniMMVriMf 'ii'rl inn

linmrlii u f ' t he duim-slic fowl



126 BIRDS—THEIR STRUCTURE AND FUNCTION RESPIRATORY SYSTEM 127

running between the medioventral and mediodorsal secondary bronchi (Fig
7-7). Together these secondary bronchi and their parabronchi form an inte-
grated functional unit, the medioventral—mediodorsal system of bronchi. An
anastomotic line along the vertebral surface of the lung shows where the
parabronchi of the medioventral secondary bronchi met and joined the
parabronchi of mediodorsal secondaries during development (Fig 7-7). In this
medioventral-mediodorsal system the gas flows constantly in the same direc-
tion, that is from the mediodorsal to the medioventral secondary bronchi
(p. 139).

The remainder of the lung, that is the thin ventrolateral region of the caudal
part of the lung, is made up of anastomosing networks of short parabronchi
joining the lateroventral and laterodorsal secondary bronchi both to each other
and to the other two groups of secondary bronchi. In fact each of the four
groups is connected to all of the other three.

The paleopulmo and neopulmo. The medioventral-mediodorsal system of
bronchi and its parabronchial connections to the first two or three lateroven-
tral secondary bronchi constitute the paleopulmo. This name has been given
because all birds possess this bronchial complex, and it is therefore presumed
to be phylogenetically primitive.

On the other hand the anastomosing bronchial network in the ventrolateral
part of the lung, together with the connections of this network to the caudal air
sacs, forms the neopulmo. This component of the lung is absent, or virtually
absent, in the Emu and penguins, which have been regarded as relatively
primitive birds. It is minimally developed in storks, and poorly developed in
ducks, gulls, owls, buzzards, cormorants, auks and cranes. However, in most
birds, including the galliforrn species (e.g. the domestic fowl) and the very
numerous passeriform species, it is well developed. Consequently, this part of
the lung has been regarded as phylogenetically recent, and hence received the
name neopulmo. Actually, the phylogenetic implications of the terms paleo-
and neo- are questionable at this stage of our knowledge of avian pulmonary
anatomy and avian phylogeny, but the recognition of these two components
of the lung is functionally convenient because they appear to differ physio-
logically.

In birds in which the neopulmo is fully developed it forms about 20 to 25
per cent of the lung. As already mentioned above under mediodorsal secondary
bronchi, when the neopulmo is well developed it covers over the main trunks of
the mediodorsal secondary bronchi. Because the neopulmo is reduced in ducks
some of the mediodorsal trunks are visible on the costal surface of the lung.
The accessibility of the mediodorsal secondary bronchi via the lateral body
wall in the duck for collecting data on flow and partial pressures of pulmonary
gas makes the duck the species of choice, rather than the domestic fowl, for
much of the research on pulmonary function.

Atrial muscles. The lumen of the parabroncbuH IN l ined hy i t H i m p l e si|iiamous
epithelium, l lenenlh this in ;i i iH work of spiral I w i n In nl Hi i i i ml I) muscle ( Kig
7 H i , hornologoui in Hie helical bronchial numi'le nl n m m m i i l H , These n t r i n l

muscles are innervated, and appear to be capable of regulating the diameter of
I he parabronchi and their atria.

Atria. The atria are numerous pocketlike polygonal cavities, between 100 and
^OOyLtm in diameter, which open into the lumen of the parabronchus between
the atrial muscles (Fig 7-8). Their walls are lined by a flat or cuhoidal
epithelium, containing many osmiophilic bodies which are believed to be the
source of surfactant. At the bottom of each atrium are several funnel-shaped
openings, the infundibula, which lead into the air capillaries. The interatrial
.srpta, which separate the atria, contain numerous elastic fibres. The floor of
each atrium also carries elastic fibres, but these fibres cease abruptly at the
I u action between the atrial floor and the exchange tissue. The atria and the
utrial muscles tend to be largest in birds which fly poorly or not at all (e.g. coots
mid the domestic fowl). In other species, especially small songbirds, they tend
In be relatively reduced in size.

Interparabronchial septa. In histological sections of the lung of some
species, including the domestic fowl, the parabronchi and their exchange
tissue are enclosed within roughly hexagonal areas by interparabronchial
septa of connective tissue (Fig 7-8). These septa carry the interparabronchial
I 1 rt cries and veins of the pulmonary circulation. In many other species, notably
small songbirds, the septa are much reduced or absent.

Air capillaries

The air capillaries (Fig 7-9) are tortuous narrow tubes arising from the
mfundibula and atria. They branch and anastomose freely with each other,
limning an extensive network of air-carrying tubules. Their diameter is
greatest in penguins, swans and coots, where it reaches about 10/zm. Smaller
n i r capillaries about 3/am in diameter occur in songbirds. (The diameter of
I he alveoli in the smallest mammal is about 35jutn). The diameter of the air
nipi l lary probably changes little during the respiratory cycle. The very small
ihameter of the terminal airway in birds means that the pressure gradient for
i l i l l u s ion of oxygen is much greater in birds than in mammals. Surfactant
probably arises from the osmiophilic bodies of cells, the granular cells, which
l i n e the atria; a thin layer also appears to be present in the air capillaries,
win- re it presumably restricts diffusion of fluid from the blood plasma rather
i l i n n promotes dilation of the air capillaries, the forces of surface tension being
'.n prohibitively high in tubules of such small radius that anything more than
m i n i m a l dilation seems improbable,

The air capillaries are intimately entwined with a profuse network of blood
• . i [n lhi r ies (Fig 7-9), and it is here that the gaseous exchanges occur. The
Volume of pulmonary capillary blood per gram body weight is about 20 per cent
' • i ra te ! 1 in birds than in mammals . As in mammals the blood-gas barrier

s is ts iif Ihree cHHcnl.inl elemenls, Mini, is Ihe endothclial cell, ;i rnmmim

IIIIHM] lamina ami Ihe .',<|uamnus epilhelial t'i'll (Kij; 7 !li. Tin- harrier is much
Ihmner M > MI In MI M M , , , , Imwi'ver, hav iM) ; an aril Innel ie menu ihickni'HH of
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about 1.06/on in birds generally compared to 1.50/xm in mammals generally.
The harmonic mean thickness, which is a better indicator of the resistance of
the barrier to oxygen diffusion, is also much thinner (33 per cent) in birds than
in mammals, the mean values being 0.13/mi in birds and 0.53/Ltm in
mammals. The reduction in thickness of the barrier in birds is due to the
thinness of the epithelial cell lining the air capillary.
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Fig 7-9 A drawing of an electron micrograph of the exchange tissue of the lung of the
domestic fowl.

The pulmonary circulation

The pulmonary arteries give rise to numerous interparabronchial arteries
(Figs 7—8 and 7—10) which travel alongside and obliquely around the parabron-
chi (in the interparabronchial septa when these are present, as in the domestic
fowl). Each of these arteries forms a series of intraparabronchial arterioles
which penetrate the exchange tissue and terminate in the blood capillary
networks associated with the air capillaries (Figs 7-9 and 7-10). The blood
capillaries drain mainly via intraparabronchial venules into large atrial veins
lying beneath the interatrial septa (Fig 7-10), Sonic c a p i l l a r i e s d r u i n into the
atrial veins via small aeptal. vcnulcx lying below Ilic nl .r inl itiunc|en (Fig 7-10).
'I1!ic ; i l r i ; i I ve ins j i l so receive blood i l i rec l . ly from I I n 1 < ; i | n l l . n n- 1 I M J ; V KM. The
I d ' , - . . ! How Hi I 1 1 . i . i | i i I l . i i i . - . i : , I lien-Ion1 e;i:;enl ml lv 1 1 HIM I I n - | » - i ip l ierv of I lie

l ( ' ig 7-10 A stereogram of the blood supply of the parabronchial wall. The blood in the
Interparabronchial arteries (A) flows into blood capillaries of the exchange tissue via
intraparabronchial arterioles (B) which penetrate the exchange tissue for varying
distances. Most of the blood in the capillaries of the exchange tissue is collected by
inl.raparabronchial venules (C) which empty into atrial veins (D) lying below the
interatrial septa. The atrial veins also receive blood directly from the capillaries (E).
Some capillaries form septal venules which climb the interatrial septa as at F, the
direction of blood flow in the vessels being indicated by two arrows pointing upwards.
The septal venules form a network (the broken lines at F') below the atrial muscles.
Tin1 network drains into the atrial veins by septal venules which descend the
mlcratrial septa as at F", the direction of blood flow being indicated by two downward-
puinting arrows. Blood in the atria! veins flows into an intraparabronchial vein (G)
which passes through the exchange tissue to drain into an interparabronchial vein (H).
i ' i i its course through the exchange tissue an intraparabronchial vein sometimes
receives an intraparabronchial venule (C' ) . I = exchange tissue; J = interatrial septum;
I . infundibulum. From Abdalla and King (1975), with kind permission of the editor of

Respiration Physiology.

parabronchus towards the parabronchial lumen. Each blood capillary there-
luce makes contact with air capillaries of only a short fraction of the total
|i; irahronchial length. The atrial veins drain via intraparabronchial veins
which travel outwards through the exchange tissue and empty into interpara-
hroiichial wins l y ing in the interparabronchial septa (Figs 7-8 and 7-10). The
Intrapar&bronchlft] veins also drain some intraparabronchial venules (Fig
'i i n . T in - • I M U . . I u , i smooth muscle m I h e w n l l s o f l.he small inlrrpnmbron-
• l n . i l nr l i ' i ' ioM I n i M i i i i o r ad t e inT | ' , i c j i u i e r v i i l i o n , i t n d may thri'i'fore he n ip i ib lo of
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regulating blood flow through the exchange tissue. This may be a factor in the
matching of blood perfusion against parabronchial ventilation (p. 141).

The arrangement of the pulmonary circulation provides a cross-current
system in the sense that the blood flow approaches the parabronchus more or
less at right angles to the air which is flowing along the parabronchial lumen
(Fig 7-11), Deoxygenated blood of uniform composition is transmitted by each
heart beat simultaneously to all parts of the parabronchus. In contrast the
composition of the air is not uniform; on the contrary, the concentration of
carbon dioxide and oxygen in the air changes progressively during its passage
along the parabronchus, due to continuous gaseous exchanges with the blood.

secondary bronchus secondary bronchus

blood capillary

barrier
air capillary

Fig 7-11 Schematic drawing of the exchange tissue of the avian lung. A cross-current
arrangement exists between bulk parabronchial gas flow and the flow of blood in the
blood capillaries. The blood capillaries are arranged essentially parallel to the air
capillaries to form an auxiliary counter-current arrangement. The intensity of shading
indicates the relative partial pressures of (X in the gas and blood. Thus the partial
pressure is relatively high in gas entering the parabronchus I PI) and low in gas leaving
the parabronchus (PE); the partial pressure is relatively low in the mixed venous blood
entering the exchange tissue (Pv) and high in arterial blood leaving the exchange tissue
(Pa). Gas and blood come into equilibrium across the barrier between each air capillary
and blood capillary. Arrows indicate the direction of flow. From Scheid (1979), with
kind permission of the editor of Review of Physiology, Biochemistry and Pharmacology.

Therefore, the blood in the pulmonary capillaries becomes arterialized to
different degrees depending on how far along the parabronchus the blood
capillary is located. Arterial blood is a mixture of the blood leaving all of these
blood capillaries. The pulmonary circulation also provides an auxiliary counter-
current system within the exchange tissue, the centripetal direction of flow of
the deoxygenated blood arriving in the intraparabronchial arterioles and blood
capillaries being opposite to the centrifugal direction of diffusion of gas from
the parabronchial lumen into the air capillaries ( K i t f 7 1 1 ) . SI rid Iy , this is not
a true counter-current system, since there is n m v e < I i v r l l u w l i . c . 11 b u l k How
nf f l u i d ) i n t h e blood c i i p i l l n r y bi l l n o t i n t he im . - i - i l l , , t w h e r r Ih r iv i s
i l i l f u M i i m n i i l y ) ; i i i ' v e r l l i c l e M M N U N rolatiorwhip r n l i . n i > . ^UN i - \ c h ; i M i ; r

The air sacs

In the embryo there are six pairs of air sacs (Fig 7-13). In the great majority of
hirds two pairs have fused at or soon after hatching to form a single median sac
(the clavicular sac). In the domestic fowl and a number of other species another
pair fuses at about this time to form a further single median sac (the cervical
H i i c ) , the other three pairs (cranial thoracic, caudal thoracic and abdominal
f , ; i t - s ) remaining paired; in the adult there are therefore eight air sacs
altogether in such species, i.e. one cervical and one clavicular sac, and two

Kitf 7-12 Diagrammatic view of the left lung and air sacs of an adult domestic fowl.
Tin- lateral part of the clavicular sac is not shown, c = canal (cut) connecting the median
|inr( .of the clavicular sac and the left lateral part; ce.s., m.c. = main chamber of cervical
Etc; cl.s., m.c. =main chamber of clavicular sac; f = vertebral diverticulum of cervical
• n i t - inside transverse foramen; i = vertebra! diverticulum of cervical sac inside neural
M i n a l ; l.ab.s. = left abdominal sac; l.ca, th.s. = left caudal thoracic sac; l.cr.th.s. = left
i M i n i a l thoracic sac; 1 = left lung; r.d. = perirenal diverticulum of the left abdominal
nt ic ; I. = transverse intervertebral connection between the diverticula of the cervical sac;

w = body wall. From King (1966), with kind permission of the publisher.

mmial thoracic, two caudal thoracic and two abdominal sacs. The following
account applies to the domestic fowl.

< Vrvical sac. The cervical sac (Fig 7-12) consists of a median chamber, lying
l.- ' lween the lungs and dorsal to the oesophagus, which leads to a pair of
l u l n i l a r vertebral diverticula on each side of the vertebral column, one inside
I he neura l canu l mil l one outside. The h i t l e r ( l i v e r t i c u l n m ^oes through the
tnmsverse Corn mi MM of I he c r rv i cn l ver tebrae im fu r c r n n i a l l y MM Mir I I X J H . The
i h v e r l i c i i I n nf I he c e rv i ca l :-uic nh iu nmide I h r ver lehnic .
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Clavicular sac. The clavicular sac originates from four primordial sacs, a
medial pair and a lateral pair, which fuse to form one sac on each side and then
fuse along the midline to form a single unpaired sac (Figs 7-12 and 7-13). In
the adult this is a large and complicated sac occupying the thoracic inlet. It
consists of intrathoracic diverticula which extend around the heart and along
the sternum, and extrathoracic diverticula which spread between the bones and
muscles of the thoracic girdle and shoulder joint, and invade certain of the
bones. Numerous blood vessels and nerves, and the oesophagus, trachea,
syrinx and associated muscles, are suspended within folds of the clavicular air
sac or between the clavicular and cervical sacs.
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cervical
air sac

medial part of
clavicular air sac

caudal thoracic
air sac

Fig 7-13 Diagram of the right lung of the domestic fowl, showing the developmental
origins of the air sacs. There are six primordial pairs of air sacs. The first pair, the
cervical sacs, are fused across the midline. The second and third pairs are fused to each
other and across the midline, forming a single median sac, the clavicular sac. A and E
are the fusions across the midline, transected. From King and Atherton (1970), with;

kind permission of the editor of Acta Anatomica.

Cranial thoracic sac. This sac is paired in birds generally. Each consists of a
more or less symmetrical cushionlike cavity, lying between the horizontal and
oblique septa, and is therefore essentially dorsolateral in position within the
thoracic cage (Fig 5-1). It has no diverticula.

Caudal thoracic sac. This sac again is paired in birds generally. It lies in a
dorsolateral position, caudal to the cranial thoracic sac (Fig 7-12). In many
species it occupies the caudal part of the space between the horizontal and
oblique septa. In the domestic fowl it is very small and is covered medially by
the cranial thoracic sac and abdominal sac which press it against the body
wall. It possesses no diverticula.

Abdominal sac. The abdominal sac i.s paired in all birds Al I I n - p o i n t where it
iiriscs from the Uin^each abdominal sac pierces I In- hun/nnhil Mi-plum. It thun
spreads nuidnlly like a Iliin wal led liallnnii hi-lurm Ihc loops < i l ' inlesline,

except where it is attached to the dorsal abdominal wall (Figs 5-1, 5-2 and
7-12). Three paired perirenal diverticula (Fig 7-12) spread dorsally between
the kidney and the pelvis and synsacrum and invade the adjacent vertebrae
and pelvic girdle. In many species extensive femoral diverticula invade the
hones and muscles of the pelvic limb; in the domestic fowl three small
diverticula escape from the pelvic cavity but do not invade bones. When
artificially inflated the abdominal sac has an enormous capacity in the
domestic fowl, but in life most of it is compressed to a series of irregular
potential spaces. Eversion of the abdominal air sac through the primary
bronchus as far as the syrinx, thus obstructing the pathways to both lungs, has
been described in the domestic fowl.

Air sacculitis. Air sacculitis is a general term covering several diseases of the
air sacs in domestic fowl, turkeys and ducks; the identity of these individual
diseases cannot be distinguished with certainty at postmortem examination in
l.he processing plant. When trimming a carcase affected with air sacculitis
serious consideration must be given to the extensive diverticula of the cervical
sac (vertebral diverticula), clavicular sac (extrathoracic diverticula) and
abdominal sacs (perirenal and femoral diverticula), since infection of these
sacs may require rejection of the parts of the carcase invaded by the
diverticula.

The cranial and caudal air sacs. Anatomically and physiologically it is
convenient to divide the air sacs into two groups. The cranial sacs include the
cervical, clavicular and cranial thoracic sacs. All of these arise from the
medioventral secondary bronchi (see below) and receive vitiated air from the
lung (see section on Air pathways). The caudal sacs consist of the caudal
thoracic and abdominal sacs. These arise from lateroventral secondary bronchi
or the primary bronchus, and receive relatively fresh air from the trachea.

Species variations in the air sacs. In nearly all birds the air sacs arise in the
rrnbryo from the six primordial pairs of air sacs. This suggests that the
maximum possible number of air sacs in a bird should be 12. However, the
actual number is apparently always less than this, usually because of the
fusion of the four primordial clavicular sacs into a single sac. This composite
midline sac, together with the other four pairs, makes nine sacs, and this
appears to be the most usual total. Among the few birds with a larger number
are storks, in which each caudal thoracic sac is apparently divided into two,
making 11 sacs. Also in some species (e.g. loons) the four primordial clavicular
sacs may remain separate; however, in loons the cervical sacs seem to be
absent, reducing the total to ten sacs. In the domestic fowl there are eight sacs,
due to the fusion of the cervical sacs, in addition to the usual fusion of the four
primordial clavicular sacs (Fig 7-13). In songbirds as a group the cranial
I l iorac ic sacs are apparent ly fused to the single median clavicular sac, making
seven sacs in all ( ( . l i e sma l l paired cervical sacs, a s ingle clavicular-thoracic sac
:mil paired c ; n n l ; i l I h i tn i i ' ic and abdomina l sacs). One of I he most cur ious ly
mod i l ied < i ( n i l I n n In is 1 he doiUMl n1 t u r k e y . I n 1 his species, 1 he cauda l I ho t ; inr
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sacs are entirely absent, never appearing even in the embryo; two of the four
primordial clavicular sacs fuse across the midline and then blend with the
fused cervical sacs, forming a single cervicoclavicular sac; the other pair of
clavicular sacs remains small but separate, and the cranial thoracic and
abdominal sacs are also paired. These modifications give the turkey seven
definitive sacs. The abdominal sac is potentially the most capacious in birds
generally, but the main chambers of all the other sacs are held open by their
attachments to the structures which surround them and in the living bird are
often more roomy than the abdominal sac. Usually, the caudal thoracic sac is
larger than the cranial thoracic sac, although the opposite occurs in the pigeon
and domestic fowl. In a few species such as hummingbirds the caudal thoracic
sac is the largest of all the sacs.

The connections between the lungs and the air sacs

Most of these connections lie on the ventrolateral, that is costoseptal, border of
the lung (see the lower border of Fig 7-7), but there are some on the septal
surface near the entrance of the primary bronchus into the lung (Figs 7-7,
7-12 and 7-13). All of them have to pierce the horizontal septum (see section
on Pleural cavity). The connections are of two types.

The direct connections. With the exception of the abdominal sac (see below)
each air sac is connected directly to a secondary bronchus. The cranial air sacs
are connected to the medioventral secondary bronchi (the cervical sac to the
first, the cranial thoracic sac to the third and the clavicular sac to the third and
to the distal end of the first medioventral bronchi). The caudal thoracic sac is
connected to one of the lateroventral secondary bronchi (the second, in the
domestic fowl and most other species). The abdominal sac opens directly from
the end of the primary bronchus itself. The end of the primary bronchus
usually becomes very reduced in calibre (less than 1mm in diameter) before
opening into the sac.

The indirect connections. These are possessed by all sacs except the cervical.
About three to five of these lesser connections join each sac to the lung. On
penetrating into the lung they branch and extensively anastomose with
ordinary parabronchi. The indirect connections of the abdominal sac are
particularly extensive and are exceptionally large. The parabronchi forming
the indirect connections of the abdominal air sac in most birds open into the
sac by means of a single large funnel-like bronchus called a saccobronchus. In
many species including the domestic fowl a saccobronchus also collects the
parabronchi connecting the caudal thoracic sac. The individual indirect
connections of each sac are smaller in diameter than its direct connection
(except for the abdominal sac). However, since there are several indirect
connections to each sac, their total cross-sectional area substantially exceeds
that of the direct connection. Consequently, the ind i r ec t oonnectlons oll'cr an
important , a i r w a y between t h e l i m t f and n i r sue, In sunir o lder terminologies
I lie i n d i v i d u a l indirect pnndirnm'li i id connect inim \ v i > i •• referred In a» recurrent

hronchi. (The term saccobronchus has been used by some authors, both in the
distant past and more recently, as a synonym for recurrent bronchus, and this
is a source of confusion which should now be avoided).

These connections seem to be remarkably constant in birds generally. The
uiily known major exception occurs in the domestic duck, and possibly in some
Ml.her Anatidae and penguins. In the duck there is no direct connection of the
clavicular sac to the third medioventral secondary bronchus; this connection is
replaced by a direct connection to the first medioventral secondary bronchus,
close to its origin from the primary bronchus; the other direct connection of
I his sac is in its typical position at the distal end of the first medioventral
Hccondary bronchus. The general area of attachment of an air sac to the lung is
known as an ostium (Fig 7-7). Within this zone are the orifices of the direct
and indirect connections of the sac. It is visible at dissection as a cluster of
.•.mail holes.

Penetration of the air sacs into the skeleton and subcutaneous tissues

The medullary cavities of some bones in the avian skeleton are occupied by
diverticula of the air sacs. The number of these aerated bones varies greatly in
different species. It has been claimed that in a few varieties all bones are
aerated including the phalanges of fore- and hindlimbs, while in others none
is aerated; attempts have been made to relate these variations to power of
l l i t fh t , but there seems to be little or no correlation. Probably in the majority of
li irds, the sternum, scapula, humerus, femur, pelvis, and the cervical and
t Imracic vertebrae are aerated. In the domestic fowl the scapula and femur are
not aerated, but the other bones in this list are pneumatized, and so also are
I he coracoid, various ribs and the synsacrum.

In some birds (e.g. the Gannet) extensive diverticula from the air sacs invade
I he f'ascial planes under the skin and between the skeletal muscles. No clear
relationship has been demonstrated between the occurrence of these diverti-
r u l a and the mode of life of the species possessing them. In the domestic fowl
( l i e extrathoracic diverticula of the clavicular sac are of this subcutaneous
and intermuscular type, but compared to species such as the Gannet they are
t i n t very extensive.

Histology of the walls of the air sacs

The walls of the air sacs consist mainly of a thin layer of simple squamous
••pi t .he l ium supported by a small amount of connective tissue, but around
I l ie connections to the air sacs the epithelium becomes ciliated columnar.
MaCTOBCOpically the walls are thin, glistening and transparent. The blood
• i i i p p l y " f ' t , he w a l l s is s m a l l HO that they play no part in the gaseous exchanges.
This can he d e m o n s t r a t e d by i n t . r o d u c i n g carhon monoxide in to an air sac
u h i c h h a s h a d a l l M M c o n n e c t i o n s I . t h e I u n j 4 h lncked ; n o t enough carhon

l inx ide is jibsurbed I n k i l l I he
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Pleural cavity

As in mammals, the parietal pleura is reflected over the lung as the visceral
pleura. Unlike that of mammals, however, the parietal pleura of birds is joined
to the visceral pleura by fibrous strands (Fig 5-1), and it seems likely that in
all species of bird some degree of obliteration of the cavity, sometimes total,
takes place in embryonic development. Nevertheless, extensive areas of the
pleural cavity persist in the adult of a number of species including the
domestic fowl. In the latter the cavity is best preserved on the dorsolateral
aspect of the lung (Fig 5-1). In these areas the strands uniting the two pleurae
are sparse and delicate, and fail to prevent the lung from collapsing inwards if
the pleural cavity is opened; in other regions the strands are so numerous that
the pleural cavity is almost obliterated.

The horizontal and oblique septa

The diaphragm as seen in mammals is absent. The term 'diaphragm' is often
applied to the horizontal and oblique septa but neither of these membranous
septa is physiologically similar or embryologically homologous to the mamma--
lian diaphragm, and the term should not be used in birds.

During embryonic development in both mammals and birds the pleural I
cavity becomes separated from the peritoneal cavity by the pulmonary fold, aj
horizontal double-layered sheet lying ventral to the lung; the dorsal layer of
this sheet is presumptive parietal pleura and the ventral layer is presump-
tive parietal peritoneum. The developing lung is thus located dorsally, and ml
birds (though not in mammals) it remains permanently confined in that
position.

Dilations of the developing bronchi soon extend from the lung and penetrate
into this double-layered sheet, thus forming the cranial and caudal thoracic air
sacs. As these sacs expand, they split the dorsal layer from the ventral layer.
The dorsal layer becomes parietal pleura immediately over the ventral surface
of the lung, and as such constitutes the horizontal septum (Fig 5-1). This area!
of parietal pleura becomes tough and tendinous and acquires fascicles of
skeletal muscle, the costoseptal muscle, along its lateral edge where it attaches
to the ribs (Fig 5-1). Furthermore, it also becomes fused to the adjacent wall of]
the thoracic air sac and is thus reinforced by air sac wall. This septum is
pierced by the connections of the lung to the air sacs. The horizontal septum
has also been called the saccopleural membrane and the pulmonary aponeuro-
sis.

The ventral layer of the embryonic pulmonary fold becomes parietal peri-
toneum and forms the oblique septum (Figs 5-1 and 6-10). It is also reinforced
by fusion with the wall of the adjoining thoracic air sac. This septum remains
thin and looks like a typical air sac wall. Another name for it is the
saccoperitoneal membrane.

The COBtOSepta] muscle contrat'ls during i ' . \ f n n t / n > n . I'mlmhly H prevents
compression of Ihr hnif; and ruirrmvinj; o l ' l he ir,h;i Imih n! which would

IIHTI'IIHI' I lie tVSJHlaiH'e III 111]' IlllW.

EXTERNAL RESPIRATION

Respiratory mechanics

The ribs move craniolaterally during inspiration, with a pump-handle action
i t s in mammals, pushing the sternum ventrally and cranially (Fig 7-14b). The
r ibs also move somewhat laterally (Fig 7-14a). These movements of the
thoracic cage simultaneously draw the abdominal wall ventrally and laterally
also. Thus the dorse-ventral, transverse and craniocaudal diameters of the body
cavity are all increased in inspiration (as they are in a mammal, except that

W (b)

H 7-14 The movements of the thoracic cage during breathing, a, cranial view; b,
Icral view. Solid lines = position at the end of expiration. Dotted lines = position at
r end of inspiration. The inspiratory muscles move the ribs craniolaterally during
Kpiration, pushing the sternum ventrally and cranially. These inspiratory move-
rnls increase the dorsoventral, transverse and craniocaudal diameters of the thoracic
i ; < > . v = vertebral column; v.r. = vertebral ribs; st.r. = sternal ribs; st = sternum;

coracoid. From Baer (1896) Zeitschrift fur Wiasenschaftliche Zootogie, 61, 420; and
Zimmer (1935) Zoohgica, 33, 1.

I h c craniocaudal increase in mammals is achieved by straightening the
i l inphragm). This enlargement causes a fall in pressure in the body cavity and
I n -uro within the air sacs also, and so air moves through the lungs and into the
n i r sacs. In expiration the return of the thoracic cage to the resting position
compresses the sacs thus expelling the air. The air sacs in birds, therefore,
have essentially a bellows-like action in moving the air between the lungs and
n i r sacs.

II all muscular forces are eliminated, the thoracic cage (at least in the

ilmnesl.ic fowl) comes l.o resl. about midway between full inspiration and full
r\piraliun. Then-fore passive e las t i c forces may contribute substantially to

Ihe unse! o f ' ho lh Hie inspirnlnry and the exp i ra tory movement,. However,

liv M!IOWM lluil the iiiHpiralorv IMUHC|I>H (external intorcOltall
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and triangularis sterni) and expiratory muscles (internal intercostals and
abdominal muscles) contribute actively throughout inspiration and expiration,
respectively.

Lung design: surface area of exchange tissue

The air sacs act essentially like bellows, pulling the air in through the lung
during inspiration and pushing it out through the lung during expiration.
Theoretically, gaseous exchanges could occur in inspiration or expiration, or
both. The lung itself has no need to expand and contract, and it now seems
likely that the lung as a whole undergoes only small changes in volume during
the respiratory cycle, One line of reasoning leading to this conclusion is that
the surface tension in the narrow air capillaries would be so great that general
expansion during inspiration is highly improbable. Thus the exchange area of
the lung is now seen as being more or less immobile. Once a lung is no longer
obliged to expand and contract substantially with each breath it can enor-
mously increase its surface area for gaseous exchanges. This becomes possible
because a relatively non-expanding lung can reduce its smallest airway to the
minimum diameter without incurring insuperable problems of surface tension.
Thus in the avian lung a very large number of small air capillaries can be
packed into the volume which would be occupied by a single mammalian
alveolus. Clearly, this large number of small tubules per unit volume ofl
exchange tissue will have a far greater exchange surface area than the single
alveolus. In fact the total surface area of the blood-gas barrier available for
diffusion of oxygen per gram body weight is about 20 per cent greater in birds
than in mammals. Furthermore, the air capillaries of birds are only 3-10 fjiia .
in diameter whereas the smallest mammalian alveoli (as in the shrew) are
about 35 ̂ tm in diameter. This gives birds a greater driving force for diffusion
of oxygen than mammals.

Control of airway calibre

Although the air capillaries are believed to remain more or less unchanged in
diameter during breathing, the primary bronchus, secondary bronchi and
parabronchi may undergo some regulation of their shape and calibre. Certain-
ly they possess the necessary neuromuscular apparatus, i.e. smooth muscle
and motor nerves. For example, the parabronchial wall is equipped with its
network of innervated spiral atrial smooth muscles. Moreover, the atrial walls
are extremely elastic and well endowed with surfactant. Contraction or
relaxation of this whole array of bronchial smooth muscle may alter the
resistance to air flow and/or the aerodynamic configuration of the bronchial
orifices. Such changes may enable the regulation of pnnihronchial ventilation
and may thus contribute to the matching of pcrf i iHmn mid v m l i l n t . i o n (p. 141).
Very l i t M e is k n o w n , however, n h o i i l how M u c h n m u n l h i i n i H c l r i i r l i v i l . y in
controlled,
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Air pathways in the lungs and air sacs
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The air pathways in the lower respiratory tract of birds have been intensively
investigated during the last 15 years using a variety of physiological tech-
niques. These studies have conclusively established that air flow in the paleo-
I a 11 mo is in the same direction in both inspiration and expiration passing from

Inspiration

paleopulmo ol lung

'""""̂ Cl
Xcranial \
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\
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t
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Expirat ion

Kijr 7_15 Diagram of the air flow in the avian lung and air sacs. In inspiration air in
I I n - primary bronchus is drawn into the caudal group of air sacs (the caudal thoracic and
dliduminal sacs) while air in the paleopulmonic parabronchi is pulled in a cranial
llrection through the lung and into the cranial group of air sacs (the cervical, clavicular
mil l cranial thoracic sacs); no air passes directly into the cranial sacs from the primary
bronchus, because of aerodynamic factors acting at the asterisk. In expiration air in the
nmdal sacs is expelled cranially into the paleopulmonic parabronchi while air in the
iTimial sacs is expelled via the primary bronchus and trachea; a small volume of air,
indicated by a broken line, passes along the primary bronchus from the caudal sacs and
ftrapes through the trachea. A unidirectional flow of air therefore occurs through the
ptrabronchi of the paleopulmo in both inspiration and expiration. Based on Schmidt-
Nielsen (1975), with kind permission of the publisher, and data from Powell (1983).

I l i r mcdiodorsal secondary bronchi, through the parabronchi, to the medioven-
I r . ' i l secondary bronchi. In contrast, the flow of air in the neopulmo changes
direction with the phase of breathing, travelling towards the caudal group of
. i n MUCH in inspiration and away from the sacs in expiration.

Tin- mule liikrn by inluilcd nir entering the lungs i,s now agreed to be as
InllowH (Kig 7 ITi) . During in^nrii/ion ;i purl, of I.hi1 inhaled ;iir, along wilh 11
|iorl.inn ol'lhi' dt'iii I :,|iiM'c i;d!, 111 t in- Inii'hrn niui pninnry linmrliUH, ml res Ihr



140 BIRDS—THEIR STRUCTURE AND FUNCTION RESPIRATORY SYSTEM 141

mediodorsal secondary bronchi and their parabronchi and starts to undergo
gaseous exchange. Another part of the inspired air passes via the neopulmonic
parabronchi and, by the direct connections (the second lateroventral and the
primary bronchus), into the caudal group of air sacs (caudal thoracic and
abdominal sacs). The gas in the caudal air sacs therefore is relatively rich in
oxygen and relatively poor in carbon dioxide. In the ensuing expiration nearly
all (probably at least 88 per cent) of the gas in the caudal sacs passes via the
neopulmo into the mediodorsal secondary bronchi and their (paleopulmonic)
parabronchi; a small amount of gas, probably not more than 12 per cent of the
flow from the caudal sacs, may enter the primary bronchus and escape through
the trachea. Since the last air which enters the caudal sacs during inspiration
leaves in expiration before complete mixing occurs, the gas entering the
mediodorsal secondary bronchi has a higher partial pressure of oxygen and a
lower partial pressure of carbon dioxide than mixed gas in the sacs. During
inspiration some of the air passing cranially through the paleopulmonic
parabronchi is pulled via the medioventral secondary bronchi into the cranial
group of air sacs (cervical, clavicular and cranial thoracic sacsl. The gas in the
cranial sacs has undergone gaseous exchange and therefore is relatively rich
in carbon dioxide and poor in oxygen. During expiration air in the cranial sacs
is expelled via the openings of the medioventral secondary bronchi into the
primary bronchus and trachea. Thus most of the inspired air completes a full
circuit of the lungs and air sacs in two breaths.

The mechanism underlying this pattern of air flow almost certainly involves
passive aerodynamic factors such as the geometry of the airways and the
relatively high velocity of the air flow. While active valving has not been
clearly demonstrated the tone of the smooth muscle of the airways and their
openings appears to be dependent on the partial pressure of the carbon dioxide
in the airways.

The advantage to respiratory efficiency of having a continuous unidirec-
tional flow of gas through the parabronchi of the paleopulmo during both
inspiration and expiration, as opposed to the in-and-out tidal flow through the
blind-ending bronchial tree of mammals, appears to be two-fold. Firstly, itj
minimizes the effect of the anatomical dead space by limiting it to the tracheal
dead space, and secondly, it makes possible the cross-current relationship to
the blood flow. The significance of this is discussed below.

GASEOUS EXCHANGE

As noted already (p. 130) a cross-current arrangement exists in the palaeo-
pulmonic part of the avian lung between bulk parabronchial gas flow and blood
flow in the parabronchial blood capillaries (Fig 7-11). The air in its uni-
directional course along the parabronchus is continuously changing in com-
position as it undergoes gaseous exchange with capi l la ry blood, w i t h the result
that blood is arterialized less and less a l m i u t h e pa rahnmi ' lms . The blood
leav ing Ihe l u n g h;is n composit ion w h i c h I N n m i x t u r e nl I h e blood from
different parti Of thl pa ra lm inch i . T in* pur l n i l pi I - , . ' .me i l l m r l i f n i d ioxide in L i n 1

end-parabronchial gas is higher than that in arterial blood, whereas the
partial pressure of oxygen may be lower than that in arterial blood. The
^as-exchange efficiency of the cross-current arrangement, therefore, is super-
n i r to that of the ventilated pool system of mammalian lungs in which such
relationships of Pco2 and Po2 are impossible; the best that can be achieved by
I lie mammalian ventilated pool is equilibrium between the Pco2 and Po2 of end
expired air and the Pco2 and Po2 of arterial blood. In other words, birds need
less ventilation than mammals to achieve a certain level of arterialization, and
wi th the same ventilation they can achieve greater arterialization than
mammals.

In respiration at rest, inspired air and venous blood reach equilibrium a
relatively short distance along the parabronchus, and therefore equal perfu-
Hion by blood of all levels of the parabronchus would result in an intense
nrleriovenous shunt in the distal part of the parabronchus. In other words, the
pulmonary arterial blood (i.e. mixed venous blood) which is distributed to the
l>n>ximal part of the parabronchus will be fully arterialized and will then pass
i n t o the pulmonary vein as arterial blood; in contrast, the pulmonary arterial
l i lnod which goes to the distal end of the parabronchus will not be arterialized
M < all but will continue (or be 'shunted', in physiological terms) into the
pulmonary vein as mixed venous blood. This situation can also be described as
'uneven matching' of blood (perfusion) and gas (ventilation). Such uneven
patching would lead to retention of C02 and systemic arterial hypoxaemia.

During exercise the ventilation of the parabronchus will be increased. The
KM* in the distal part of the parabronchus will then have a relatively high Po2

and a relatively low Pco2 compared with the values at rest. This increase must
I n - matched by a corresponding increase in vascular perfusion in the distal part
nl' I he parabronchus in order to arterialize the blood.

Presumably, the matching of parabronchial perfusion and ventilation must
he achieved by regulation of the smooth muscle in the blood vessels, or in the
airways, or both. The most extreme mechanism to attain matching would be by
ui'leriovenous anastomoses (an 'absolute shunt') but these are known not to
i i tv i i r in the avian lung. Regulation of perfusion is more likely to be a function
n l 1 1 l i e small interparabronchial arteries, which have a relatively thick layer of
innervated smooth muscle (p. 129). Regulation of ventilation by relaxation and
rim traction of bronchial and parabronchial smooth muscle (p. 138) is also a
pussibility. So far, nothing is known about how these intrapulmonary smooth
muscles are controlled.

Oxygen and carbon dioxide, respectively, move into and out of the air
capi l lar ies from the lumen of the parabronchus by diffusion. The anatomical
i I ' l a l ionship of the air capillaries to the blood capillaries in the exchange tissue
I N I ins a counter-current-like (auxiliary counter-current) arrangement (Fig
/ I I ) . This arrangement is another factor which promotes high gas-exchange
•flficiency.

The lotal a n a t o m i c a l ( t i l l 'us ing capacity of the lung for oxygen is the
m a x i m u m a m o u n t of oxygen w h i c h t h e Imi t f can d i f f u s e i n u n i t I l i n e , a s s u m i n g
| ii 'Heel ventilation hv |',as a m i j infer! p e r l ' u s i i n i hy hi i m i l . Thus i l assumes I ha I
I h r e n t i r e e \ehai i | ' . r , 1 1 1 1 . n e r , r ) i | ' . . i | ' , i ' i l i n i l i l l i i ' . m u , w h i c h in n u t i n I'ael
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something that happens under physiological conditions. The anatomical
diffusing capacity is proportional to the surface area of the blood-gas barrier
and to the volume of the pulmonary capillary blood, and is inversely pro-
portional to the thickness of the blood-gas barrier. As already noted, the total
surface area of the blood-gas barrier per gram body weight is about 20 per cent
greater in birds than in mammals, the volume of pulmonary capillary blood
per gram body weight is about 20 per cent greater in birds than in mammals,
and the mean thickness of the blood-gas barrier is generally only about a third
that of mammals. The thinness of the barrier, its increased surface area and
the greater volume of pulmonary capillary blood give the bird's lung a total
anatomical diffusing capacity for oxygen which is about 20 per cent greater
than that of mammals.

The bellows action of the air sacs, the continuous unidirectional air flow
through the lung, the cross-current relationship between parabronchial gas
and blood, the auxiliary counter-current relationship between blood and air
capillaries, the small diameter of the terminal airways, and the total anatomic-
al diffusing capacity of the lung for oxygen, combine to make the avian lung
the most efficient gas exchange system among all the air-breathing verte-
brates. These pulmonary adaptations are a major factor in the remarkable
energetic capacity of birds, especially at high altitude (p. 6).
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Chapter 8

FEMALE REPRODUCTIVE
SYSTEM

Two bilaterally symmetrical gonads and oviducts develop in the avian embryo.
In birds generally, however, and in all the domestic species, the left ovary and
nviduct soon exceed the right in their development. In the great majority of
upecies in adult life only the female organs on the left side are functional,
i i 11.hough rudiments of the right gonad and oviduct sometimes persist. Among
I l i t 1 species in which two fully developed ovaries are frequently seen are many
li i rds of prey and the Brown Kiwi, although right and left ovaries have also
lieen observed in birds belonging to at least 16 orders which are usually
MHsumed to have only one ovary. Two oviducts occur much less frequently, but
appear to predominate in birds of prey. In the Brown Kiwi which has two
lunotional ovaries, the single left oviduct is reported to be specially positioned
l u receive oocytes from both the right and left ovaries.

The general form and function of the left ovary and oviduct seem to be
M'tnarkably constant in the majority of birds.

THE LEFT OVARY

Growth and form

A t an early stage of embryonic growth in the genetic female of the domestic
Inwl and of several other species, the gonadal region is colonized unequally by
Mir incoming germ cells, more of which arrive at the left gonad than at the
ntfht. This initial asymmetry is further augmented by migration of many
i;rmi cells from the right to the left gonad. The left gonad therefore becomes
Ini'ger than the right gonad, even before hatching. The primordial germ cells
hi'come incorporated in the so-called germinal epithelium, the other cells of
I Ins epithelium being of mesenchymal (peritoneal) origin. During the 6th and
V l l i days of incubation in the domestic fowl, the germinal epithelium buds off
i l i e /irimary sex cords into the depth of the gonad; these give rise to the ovarian
m r d u l l j i in the, genetic female, and to the .seminiferous tubules in the genetic
t n . i l c . In I h r f r ene t i c f e n i n l e I.he g e r m i i u i l e p i t h e l i u m mul t ip l ies into a
I I n rkened p e r i p l i e n i l /ot ic n f c i - l l n , w h i r l ) i s s r p ; i r ; i l r < l from the p r imary Hex
' » u l : . l i y 11 l nye r ul cornier! ive I i n H i i e cu l led I he finnifirv liinn-n it(htti'.tiif<t


