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SUMMARY

3 topics of avian postnatal skeleton development where marked

differences are found in the mammalian counterpart have been studied

in the domestic fowl. These are:

i. centres of ossification
1i. fusions

ifi. pneumatisation

In reviewlng the titerature on each topic the apparent controver-

sies encountered were examinaed to determine whether these involved real

factual differences or cnly differences in terminology. As no official

avian anatomical term!inology has yet been agrecd the terms emptoyed in

this study have besn clearly defined.

The investigations were carried out on related birds from the same

hatches and the period of investigation extended from the time of hatch-

ing to 182 days (26 weeks) postnatal. On some topics adult surveys

were performed on a group of related birds,

Centres of ossification present at hatching and thosc developing
postnatally have been identified and shown, Included were the
ossification centres of the hyoid and the centres of mineral isation
in the larynx, trachea, syrinx and 1imb tendons. The timing of
appearance of the postnatally developing centres was studied and
the range and mean time of appearance of each was calculated and
shown, In the skull a centre which was termed the orbitosphenoid
was found to develop postnatally. The extensive controversy re-
garding the bones in this region has been teviewed. The Intervals

between the initial mineralisation of the larynx and trachea as



it,

indicated by alizarin staining and their eventual ossification
identified by histological examination has been investlgated.

The occurrence of some variable centres in the digits of the manus,
sesamoids and mineralised tendons has been surveyed in a flock of
adult birds. The proximal tibial centre of the bird has been
compared with the centres in this region in the mammal and their

tdentities discussed.

The sites of fusion which occur in the postnatal skeleton in the
neurocranium, mandible, vertebral column, sternum, os coxae, carpus
and metacarpus and tarsus have been localised and shown. The
timing of each fusion has been investigated and the range of fusion
time and mean fusion time for each has been calculated and shown,
Where possible, comparisons have been made of the results obtained
by alizérin staining with those from radiography, of male birds

with female and between 2 breeds, Some aspects of the anhatomy

of the intercentral articulations of the &4th thoracic vertebra which

may have some clinical or pathological significance have been described.

The gross and histological structure of pneumatised bone has been
shown, The occurrence of pneumatisation in the skull has been
studied in detail in 8 birds by gross and histological examination

of the individual constituent skull bones, An adult survey was
performed on 51 birds to investigate the extent of pheumatisation

in their skeletons and the variation present within a similar group.
Comparison of male and Temale birds was made as far as the data
permitted, Correlations were sought between the extents in different
skeletal regions in individual birds, The timing of the development

of the process in the postnatal skeleton has been studied and



comparisons of the rate of development in male and female birds

and in 2 breeds have been made where possible. Several methods

of investigation have been employed, gross examination with and
without prior injection, histq]ogical examination, transillumination
of the macerated skuil and radiography of the humerus, and their

relative merits have been discussed,



PREFACE TO STUDY

The great importance which poultry have assumed as a source of pro-
tein in the past 25 years or so with the accompanying intensification
of production has resuited in a new range of disease and nutritional
probiems, This has stimulated considerable research activity and not-
able advances have been made in nutrition, immunology and pathology,
Anatomical interest has also undergone a resurgence oh a rather smaller
scale but has not involved the skaleton to a great extent, where several
basic features continue to be poorly documented.

The avian skeleton was a source of considerable interest in the late
19th century, particularly after the discovery of the fossil Archaeco~

pteryx which provided a link with the reptilian ancestry of birds, The

anatomical differences between the classes aves and mammalia resulting
from their divergent courses of evolution from common reptilian precurs-
ers are In some respects very great and nowhére more than in the skeleton.
This study was undertaken to investigate further 3 aspects of development
in the postnhatal skeleton where there are marked differences from the
mammal ian counterpart,

These are:-
i. Centres of ossification.

if, Fusion between skeletal elements,

iii. Pneumatisation,

tn searching the litereture on these topics R.M, Strong's Biblio-
graphy of Birds was of particular value for the older literature, being
a fairly.comprehensive cross referenced list up to 1939, For mere
recent work Biological Abstracts and the Zoological Record - Aves were

searched,  The Index Veterinarius revealed a few items of applied



interest,

The design of the study was to follow the development of these
skeletal features in a flock of closely related birds, derived from the
same hatches and reared under the same conditions of management to
minimise the effécts of genetic, physiological and pathological factors,
It was intended to study the extent of variation occurring within the
agroups which it was felt would be indlicative of purely individual
variation, Most of the investigations were performed on Golden Comet
brown egg laying pullets but in a few instances it was possible to make
comparison with a flock of White Leghorns which included male and female
birds, The period selected for study was from hatching to 182 days (6
months) posthatching, which seemed a reasonable 1imit to take as the end
of the ''growth period! as by fhis age point of lay has been passed and
birds are normally fully grown in terms of long bone length, On several
topics surveys were performed on adult birds, These were Golden Comet
birds which were the parent stock of the birds used in the growth study.
They were aged 2% years and while they were not aged birds it seemed
reasonable to consider them as represenhtative of adults under moﬁern
conditions of management,

There is as yet no recognised standard avian anatomical nomenclature
and this is a factor which has caused much confusion and difficulty in
interpretation of the literature, In reporting the findings of this
study it was considered essential to define clearly the terms being used.
I+ was also the intention to illustrate the findings as clearly as possible,
lack of satisfactory 11lustration being a conspicuous feature of some

previous ireports,



PART ONE

CENTRES OF OSSIFICATION IN THE POSTNATAL SKELETON
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GENERAL INTRODUCTION

The chick embryo is a frequent subject for study and considerable
work has becn done on the embryonic aspects of skeletal development,
Hamilton (1952) and Romanoff (1960) give extensive accounts of the mesen-
chymal, chondral and ossecus stages of prenatal development and there are
several reports bf investigation on prenatal ossification as will be dis-
cussed subsequently, Studies on cellular aspects were initiated by
Brachet (1893), extensively developed by Fell (1925), and followed into
the postnatal period by Wolbach and Hegsted (1952),

Studies on the centres of ossification in the postnatal fowl skeleton
are few and usually cover only limited regions, They will be discussed
under appropriate headings,

There is general agreement that one major difference between the
avian and mammalian skeleton is the lack of segondary ossification centres
in the avian long bones (Portmann 1950, Young 1950, Bellairs and Jenkin
1960, Bradley 13960, King and McLelland 1975), though exceptions respect-
ing the tibia and metatarsus are usually mentioned, Yet even in the
face of this general unison there are 2 retatively recent texts both in
fairly widespread use expressing the opposite view, namely that in birds
long bones establish secondary centres,''epiphyses'' {Chamberlain 1943} and
that typically long bones have 3 centres but a peculiarity in birds Is
that the epiphyses do not appear until a day or two after hatching
{Mcleod et al, 1964), 1t is particularly difflcult to give any credibii-
ity to this latter account, which goes on to say that avian long bones
also have apophyses which are secondary centres in the larger projections
of bones. Indeed this is not even the generally accepted definition

of an apophysis but rather of a traction epiphysis (Parsons 1904-5},



This is one of many examples of confusion existing In avian anatomical
literature,

In contrast to the relative lack of centres of ossification in the
long bones is the peculiarity that ossification or at least calcification
commonly occurs in other tissues of the body in birds, It is well known
that bone plaques are found in the sclera, and other locations where the
phenomenon is regularly describad in the fowl, though with few details,
are thé cranial larynx (Bradley 1960, White 1975), tracheal rings (Bradley
1960, Bellairs 1964, King and Mclelland 1975) and 1imb tendons (Kaupp
1916, George and Berger 1966, Evans 1969, Van den Berge 1975),

Other occasional sites have been reported and include semilunar
valves (Kaupp 1918), pericardium (Ceresole 1900), and testis {Buchanan
1926),

The aims of this part of the study were to confirm the centres of
ossification present al hatchihg and those appearing postnatally, to
determine the approximate time of appearance of this Tatter group and to
survey the incidence of variablf occurring'centres in sesamoids and

ossified tendons in the adult,

i) SKULL

INTRODUCTION

There are several diverse sources of information on the fowl skull,

An early interest was the evolutionhary aspect, an interest which
has continued till the present day,  The reptiliar ancestry of birds
was established by Gegenbaur, Huxliey and others, and as the skuill has
part}cular!y strong reptilian characteristics this has given rise to a

number of important works on phylogeny and comparative anatomy such as



those of Huxley (1864, 1871), more recently Goodrich (1930) and the
monumental work of De Beer (1937). These texts do contaln many import-
ant anhatomical details but they are of limited value in studying skuil
development in birds,

The first major anatomical account of the skull of the fowl was by
Parker (1869) and is a fengthy treatise which, in addition to giving
anatomical description of the skull, covers its development through a
number of prenatal and postnatal stages, The detail and accuracy of
this early work is considerable and ampiy justifies its continued use
as a source of reference on the subject, It has served as the basis for
several subsequent texts,

Textbooks on avian and veterinary anatomy provide very variable
.detail on the fow! skull, A particular difficulty lies in the tenrdency
for the cranlal sutures and synchondroses to fuse to the extent that
their identity in the adult is totally obscured. Indeed this is a
particular characteristic of birds espectally carinates (Goodrich 1930,
Pe Beer 1937).  Illustrations of the skull in textbooks are often
[imited to the adult and either indicate approximate areas of bone with
no attempt at precise delineation (Bradley 1960, King and McLelland 1975)
or do not attempt to identify the bonres separately at all (Chamberlain
1943, Feduccla 1975). They are, therefore,.bf no value whatsoever, in
studying the separate bone elements present in the postnatal skull,

The chick has received much attention from embryclogists, being a
particuiarly sultable subject., The skull is not an exception and has
been studied extensively., Thus comprehensive accounts are avaitable up
to t.he time of hatching {Hamilton 1952, Romanoff 1960), and Romanoff also

provides some postnatal information derived from various sources,
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The most significant method for studying the development of
ossification in recent times has been the alizarin red S method of Dawson
(1926), This has been used in several studies on the fowl skull and has
provided most of the Information available on ossification centres in the
postpatal skeleton, The account by Schinz and Zangerl (1937) is frequent-
ly quoted but on close examination it proved disappointing in that the
skull was dealt with rather more superficially than some other regions
of the skeleton and the account did not include postnatal daté: Furthep-
more, several major omissions were found notably on centres occurring
around the orbit and in the mandible and hyoid, Erdmann (1940) deals
only with the skull, is more comprehensive and Is alsoc one of the few
sources of information on the comparative rate of ossification in the fowl,
comparing Rhode Islend Red with White Leghorn birds, The perled of in-
vestigation is purely prenatal but centres yet to appear at hatching are
Tisted, Fujioka’s (1955} is similarly a purely prenatal account and
covers the entire skeleton. On the skull the terminclogy is particulariy
aberrant., The centres present at hatching are indicated and those vyet
to appear are listed, Jollie (1957) gives the most comprehensive
account and deals purely with the skull,  The Illustrations of the bones
around the time of hatching are very useful in assessing the centres
present at this time. The study was continued into the postnatal period
but tittle is revealed of postnatally appearing centres, Phylogenetic
significance of many aspects is discussed and there is useful reference
to other avian species.  The paper is much quoted in subsequent work
and the illustrations reproduced with varying degrees of amendment in
several texts.,

The work of Sandoval (1963} is a growth study of the skull and
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Includes a description of its ossification closely based on Jollie
(1957},

Considerable terminological variation was encountered in these
various accounts of the fowl skull, However, a close study of the
literature revealed a disagreement regarding the existence of skeletall
elements around the orbit, This was not just a matter of terminology,
though difference in terms obscured the situation even further, 3 bones
were frequently described, and will for convenience be termed A, B and C.
Bone A was paired and formed portions of the posterior wall of the orbit
and lateral wall of the cranium, Bone B was pairgq and described as
being near the midline and dorsal to the optic foramen, while bone C
formed the bony interorbital septum, The views of various authors

regarding the occurrence and identity of these bones is shown in table 1.
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Author

Bone A

Bone B

Bone C

Parker (1869)

Newton and Gadow
(1896)

Heilmann {(1926)

Goodrich {1930)
De Beer (1937)

Erdmann (1940)
Ful]loka (1955)
Joltie (1957)

Bellairs and Jenkin

(1960)
Sandoval (1963)
Bellairs (1964}

King and McLelland
(1975)

Allsphenoid

Alisphenoid

Atisphenoid

Lateral or
pleurosphenoid

Pleurosphenoid

Pleurosphenoid
Pleurosphenoid
Orbitosphenoid

Lateral or
pleurosphenoid

Orbitosphenoid
Orbitosphenoid

Orbitosphenoid

Orbitosphenoid
(anterior and

posterior pairs)

Orbitosphenoid

Orbitosphenoid

Orbitosphencid

Orbltosphenoid

Orbitosphenoid
(some species)

Ethmoid

Ethmoid

Ethmoid
Mesethmoid
Presphenoid
or mésethmoid
Presphenoid
Orbitosphenoid
Mesethmoid

Mesethmoid

Mesethmoid
Mesethmoid

Mesethmoid

Table |

The views of various authors concerning the existence and

identity of 3 cranial bones in the domestic fowl.
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Bone A was termed alisphenoid by the earlier authors but since,
according to Goodrich (1930) it is not homologous with the greater wing
of the.mammalian sphenoid but rather represents the posterior part of
the sphenethmoid of lower forms he proposed that it be termed lateral or
pleurosphenoid a convention followed by de Beer (1937), Erdmann (1940),
and Fujioka (1955}, ane B was ldentified by most of the earlier authors
and termed the orbitosphenoid, Goodrich (1930) claimed this to represent
the anterior part of the sphenethmold and described it as fusing to a
median ethmeid to form an extensive bony interorbital septum,

Jollie's Qiew was rather different, He terms bone A the orbito-
sphenoid and describes its development from 2 centres of ossification
representing the mammal ian orbitosphenoid and presphenoid, He does not
describe bone B at all and believes Goodrich has assumed the existence
of 2 elements where only | is present. Sandoval (1963) follows this
view though he refers to the differing opinion of Goodrich (1930), The
reviews by Bellairs (1964) and King and McLelland (1975) similarly echo
Joilie's interpretation, Bellairs (1964) reproduces Jollie's diagrams
as do Bellairs and Jenkin (1960) but noteworthy in the latter case is
the substitution of the term lateral or pleurosphenoid for Jollie's
orbitosphenoid, and the mention of an additional orbitosphencid in some
birds. The orbitosphenoid was described as ossifying at 2 months of
age (Parker 1869) and as appearing at an unspecified postnatal age by
Erdmann (1940),

Bone C was generally termed the ethmold by earlier authors and
mesethmoid by more recent, though 1t was alternatively termed presphencid
by de Beer {(1937) and Erdmann (1940} and even orbitosphenoid by Fujioka

(1955).
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The existence of an additional ''presphenoid" is hinted at by several
authors, Parker (1869) describes it as being the anterior of the 2
~ pairs of orbitosphenoids lying near the midline. Fujioka {1955) claims
that it does not appear until hatching while Jollie (1957), as described
above, claims that the mammalian presphenoid is incorporated intb what he
terms the avian orbitosphenoid and cannot, therefore, exist separately.

The epiotic and opisthotic were said by Jollie (1957) to oss!fy
pfenatally and rapldly fuse to adjacent centres, Erdmann (1940) describes
them as being yet to ossify at time of hatching.

The columella or stapes was c¢laimed to be cartilaginous at hatching
by Fujioka (1955) but to be ossified at hatching by Erdmann (1940), Joilie
(1957) and Romanoff (1960},

The adult turbinates were described as osseous {Sisson and Grossman
1953) and as cartilaglnous (Bradley 1960), According to Fujioka (1955)
their ossification has yet to occur at the time of hatching while Erdmann
(1940) ‘includes the septum internasale as a future site of ossification,

‘General agreement exists that the scleral ossicles have osgified
by hatching (Schinz and Zangeri 1937, Nelson 1942, Fujioka 1955, Jollie
1957).

The os optlcus is sald to be ossified In some gallinaceous birds
(Tiemeier 1950) but not to vssify in the fow{ (Jollie 1957). Jollie
also 1ists other skull centres present inh some species but absent in
the domestic fowl,

Thé mandible is described by earlier authors as being formed from
5 bones,  Erdmann (1940) lists 7 by subdividing the dentary into os
dentéle and os mentomandibulare and additionally including the os goniale,

called prearticular by Jollie (1957} and others. Jollie (1957) lists
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6, dentary, splenial, angular, supraangular, articular and prearticular,
though the latter 2 are considered to be fused together from their be-
ginning. Fujioka (1955) generally agrees with this other than in
terminology though he censiders that in the articular only the processus
angularis internus ossifies prenatally, Whether additional centres are
thought to appear posthatally Is not made clear, Feduccia (1975) ob~
scures the situation by saying that generally there are 5 bones in the
mandibie and proceeds to list 6, He also describes a mandibular sym-

_ physis, Jollie (1957) discusses the possible occurrence of a coronoid
but only quotes evidence for its existence in the golden eagle,

In general, then, there is agreement that no further mandibular
centres remain to appear at itime of hatching.

The situation is much less clear regarding the hyoid bones. Con~
Ffusion In terminology here reaches a peak seldom equalled in vertebrate
anatomy, several terms belng varifousiy applied to each element and
nuneious permutations of these being found among the elements, Vhen
accompanying diagrams are given, the situation can be construed but in
- the absence of such, a statement like that of Fujioka {1955) th;at only
the epibranchial ossifies prenatally is totally useless, There is
little point in extensively reviewing the terminology used by various
authors and it seems expedient to use the nomenclature proposed by
McLelland (1968) who calls the constituent elements of the paired cornua
the epibranchial (proximal) and ceratobranchial (distal) and the median
elementé from rostral to caudal the paraglossal or entoglossal, rostral
basibranchial and caudal! basibranchial,

" juformation on ossification in the hyoid is extremely sparse,

Romanoff (1960) and Erdmann (1940) both describe 1 element only ossifying
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prenatally, the ceratobranchial. Joltie {1957} appears to indlcate
prenatal ossification only in the basal part of the epibranchial. While
there is general agreement that the majority of the hyoid is ossified In

the adult no precise data could be found,

MATERIALS AND METHODS

90 Golden Comet pullets were used, The first were killed within
1 hour of hatching and further birds from the same hatch were sampled at
7 day intervals to 112 days postnatal and then at 14 day intervals to
182 days postnéta!. Specimens were prepared by alizarln red S staining
and by radiography after prior silver nitrate impregnation, With the
alizarin specimens it was found advantageous to section some skulls mid-
sagittally for Tateral examination and to prepare others by removing the
roof of the cranium and disarticulating the mandible and hyoid to examine
them dorsoventrally, Similarly with the radiographic specimens some
were sectioned midsagittally and x-rayed laterally while the remainder
were X-rayed dorsoventrally after removal of the roof of the cranium and
disarticulation of mandible and hyoid,

1t was Tound that scooping out the cranial contents in all specimens
and removing the eyes in the larger alizarin specimens facilitated the
penetration of alizarin and silver nitrate to the deeply located regions,
- The numbers of birds subjected to these methods Is summarised in

table 2.
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age intervals,

METHODS
Age No. at
Alizarin reds Siiver nitrate each
(Days postnatal) radiography Interval
Lat, view D,V, view]| Lat. view D,V, view
0 1 2 1 2 6
then at 7 day
intervals till 1 1 [ 1 )
112 days
then at 14 day
intervals till 1 1 i 1 L
182 days
Table 2

Numbers of specimens prepared by various methods at given
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The alizarin specimens were all examined under a Zeiss operating micro~
scope with strong transillumination and the radiographs transilluminated

and examined with the aid of a hand lens.

RESULTS

A, Centres present at hatching

i. Neurocranium

Single centres were found in the single elements basioccipital,
supraoccipita}, mesethmoid and in the parasphenoid and basisphenoid
complex Tn which no indication could be found of previously existing
multiple centres, This element is therefore referred to subsequently
as parasphenoid/basisphenoid, Single centres were also found in the
paired elements exoccipital, prootic, squamosal, parietal, frontal,
prefrontal and pleurosphenoid, this being the centre previously termed
bone A and the application of this term will be discussed lTater, These

centres are shown in Tigs, 1-5,

ii. Splanchnocranium

a) Facial and palatine skeleton

Single centres were identified for the premaxilta and vomer
and for the paired maxilla, palatine, nasal, Jugal, quad-
ratojugal, pterygoid and quadrate (figs, 1-6).

b) Mandible
The various elements could not be readily identified in the
radiographs due to superimposition and lack of magnification,
so only the alizarin specimens were employed, Separate single

centres were identified for the paired angular, supraangular,
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and spleniai, The articular and prearticular appeared to
be fused and represented by 1 paired centre. ! single centre
was found for the dentary, with no symphysis in the midline

(figs. 7, 8, 9).

c) Hyoid
Single centres were found for the paired ceratobranchial
(fig. 9).

iit, Miscellancous

Single centres were found in the columellae in gll alizarin skulls
examined,  The columella could not be reliably identified in the radio~-
. graphic specimens.

14 scleral ossicles were found bilaterally in all skulls examined.

B, Centres abpearing postnatally

i, Neurocranium

A paired centre was identified at 70 days postnatal in 1 bird
examined radiographically and in both examined by atizarin, It was found
to occur variably in the birds aged 77 and 8% days and was present in ail
birds examined thereafter. It was termed the orbitosphenoid (figs. 10-

12),

il. Splanchnocranium

a) Facial and palatine skeleton

None
b) Mandible
Mone

c) Hyoid

Single centres for the paired epibranchial and unpaired rostral
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and caudal basibranchials appeared during the course of the
investigation (figs. 13-18), The entoglossal though having
the appearance of a single element was found in several speci-
mens to have a bilateraily symmetrical pair of small centres
in some of the earller specimens in which ossification wasl
detected {fig, 16). It was presumed that these quickly
coalesced Into |1 single centre as fTound in the majority of
specimens, Considerable variation was found in time of

appearance of these centres as shown in tables 3 and &,
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The centre for the rostral basibranchial was the first to appear

-and was found in all birds 56 days postnatal and over. The caudal basi-

branchial was Tirst seen in the alizarin birds at 70 days and in the

radiographic birds at 77 days and was found in all birds over these ages.
The entoglossal was rather more variable in its time of ossifica£ion

and this was Tirst detected at 77 days in 1 alizarin specimen as a paired

centre. 1t was of variable occurrence until 105 days but was invariably

present thereafter. A single centre was first seen at 91 days (radio-

graphy) though a paired centre was subsequently found at 105 days (also

by radiograph?), A single centre was invariably the case thereafter,

| The epibranchial centre was first detected at 91 days (alizarin

and radiography) and then occurred variably until! 112 days after which

It was always present, In all cases it was bilaterally present or

absent,

iti. Miscellaneous

Only a few sutural bones asscciated with the frontgls and parietals
were noted (fig, 19).

The range of times of appearance of these postnatally appearing
centres is shown in fig. 20a, The range is shown as extending from the
last age where the centre is invariably absent to the first age at which
it is invariably present.

fhe median of this range was termed the mean time of appearance,

These are shown in fig, 20b,

DISCUSSION

The skull is well formed at the time of hatching being like a

miniature of the adult, The nultiple centres which occur initially in
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many of the bones have already fused without trace giving the situation

of each separate bone having ! single centre of ossification, Thls

would suggest that the one postnatally appearing centre in the neuro=-
cranium represents an independent element rather than an addlitional centre
of ossification for an adjacent element,

This centre, termed orbitosphenoid, closely Tits the description
given by Goodrich (1930), The laterally placed centre is therefore
termed pleurosphenoid, The orbitosphenoid appears very much later than
all the other skull centres (except hyoid) which have all appeared by
the time of ha.tching. This point has not been clearly emphasised by
previous authors, Only Parker (1869) mentions its development at 2
months of age. Its much later time of appearance may account for Jollie
‘ (1957) failing to detect it, Although postnatal stages were included
in his study the numbers and frequency of sampling were not specified,
The centre is not readily recognised after its fusion to surrounding
elements, Furthermore, in this work it was found that only when the
eyes were %Trst removed from the larger specimens did the alizarin dye
penetrate the deeply located region where the orbitosphencids are found,
No further centres that could be called '"presphenoids!’ waere found,

The epiotic and opisthotic were not found to ossify postnatally.
jhis is thought to confirm the view of Jollie (1957) that these fuse to
other centres soon after their prenatal ossification,

Other points made by Jollie (1957) which are confirmed by this study
are tha£ the prearticular and articular are fused at hatching, that the
0s opticus does not ossify in the fowl and that the other centres which
are iisted by him as occurring in other species are absent in the towl,

The turbinates and internhasal septum did not show evidence of
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ossification during the petiod of investigation, although this does not
rule out the possibility of further ossification In this or other regions
in later 1ife,

The identity of the entoglossal or paragliossal bone has been the
subject of longstanding controversy. The majority of workers have
considered it to be a hyoid derivative but Kallius (1905) who was the
first to apply the name paraglossal, and Crompton (1953} both consider
it to be a newly evolved structure in birds not being part of the hyoid
arch, De Beer and Barrington (1934) mention its origin from paired
elements but the occurrence of a paired centre of ossification does not
seem to have been previousiy reported,

Radiographic studies do not appear to have been previously employed

-in studying skull ossification, The silver nitrate impregnation gave
sufficient contrast to identify the various centres with the exception
of those of the mandible and the columellia,  Study of alizarin specimens
with the operating microscope was useful in these cases and alsoc particular-
ly valuable in searching for the possible existence of other postnatally
appearing centres like epiotic and opisthotic, The times of appearance
of the postnatally appearing centres agreed fairly closcly between the

2 techniques,

it. VERTEBRAL COLUMN

INTRODUCTION

T et

Several studies have been made on developmant of the vertebrati
column of the fowl, the most useful as regards ossification being the
alizarin red S studies of Schinz and Zangerl (1937) Fujioka (195%5)

and Rumpler (1962) the latiter belng a little known work but providing
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detailed prenatal information, Hamilton (1952) and Romanoff (1960)

give useful reviews on the subjJect, Romanoff's being largely based eon

the work of Schinz and Zangerl (1937) but also contalning useful com-
parative information from other sources, In general it can be said that
certain basic principles are well known but many details remalin to be‘
elucidated,

The centra commence ossification before the neural arches, (Schinz
and Zangerl 1937, Fujioka 1955, Romanoff 1960, Rumpler 1962), and the
initial stages of ossifiéation are described and shown by Schinz and
Zanger] (193?)..

The general direction of ossification in the vertebral column fs
from cranial to caudal (Hamilton 1952, Fujioka 1955, Romanoff 1960,
Rumpler 1962), though Fujioka (1855} describes several exceptions in that
the neural arches of atlas and axis ossify about the same time as those
of cervical 11 and 13 respectively, and cervical 14 ossifies relatively
late about the same time as tumbosacral 5 and that the 7th of the 10
caudal vertebrae ossifies last of all,

The typical number of centres is 3, 1 for the ceontrum and 2 for the
arch. The atlas has 3 centres, 2 for the arch and 1 for the atlas
intercentrum which is retained in place of the centrum {Romanoff 1960),
while the axis Tn additton to its 3 basic centres has a centre for the
sdontofd process which is derived from the centrum of the atlas and also
retains the intercentrum of the axis which becomes attached to the cranio-
ventral face of the centrum (Schinz and Zangerl! 1937, Romanoff 1960),

Costal clcments are shown as separate ossification centres in the
cervical vertebrae (Schinz and Zangeil 1537), and are often termed

cervical ribs, Costal processes are described in the synsacral vertebrae
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but are said to be absent in the lumbar region (Romanoff 1960) and
prominent in the true sacrals (Schinz and Zanger! 1937}, It Is not
made clear, however, which, if any, of these processes are represented
by separate ossification centres,

Infarmation on the timing of appearance of the centres of ossifica=
tion in the centra is given by Fujioka (1955). The timing of development
of the arch centres and additional centres for transverse processes and
costal elements is not well known, However there is general agreement
that all vertebral centres have appeared by the time of hatching,

The description of the vertebral column of birds presents considerable
difficulties as the regions are not so clearly demarcated as in mammals,
It is now generally accepted that the thoracic vertebrae are those which

'carry complete vibs T,e. with vertebral and sternal segments, the cervical
vertebrae mostly having reduced costal elements, It was formerly claimed
that the os notarium of the fow! was a fusion of thoracic vertebrae but
by the criteria described above it must be regarded as being usually a
fusion of the last cervical with the first few thoracics., The difficult~
ies with the lumbar, sacral and coccygeal vertebrae are greater; The
massive fused structure which also fuses to the paired os coxae is termed
the synsacrum and the vertebrae constituting it are frequently termed
synsacral, and this term is often used interéhangeably with lumbosacral,
However, as at least the most cranial element carries a complete rib this
must be regarded as a thoracic vertebra and it is also vsually claimed
that one or more coccygeal vertebirae ére‘incorporated into the mass.,

The identity of the remaining elements is not well understocd, Bellairs
and Jenkin (1960) following the account of Stresemann (1927-34) aliempt

to classify them on the basis of the type of transverse bars which they
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carry. They conslder that caudal to the true thoracic elements are
several which have deep transverse projections more or less divided into
dorsal and ventral bars, These they regard as thoracolumbar, Next is
a sudden transition to several vertebrae having only dorsal bars which
arise from their arches and fuse together. They regard these as trde
lumbars,  These are succeeded by 2 sacral vertebrae characterised by
dorsal and ventral bars joined at their tips, and finally there is a
vartable number of caudal elements with only single or partially divided
bars.

Schinz and Zangerl (1937) give a rather different interpretation
and divide the synsacrum into 3 on the basis of the site at which fusion
occurs with the 11ium, They describe cranial and caudal regions
with fusion achieved by the transverse processes and a central acetabular
region where fusion is to the rib rudiments, They assume this to corres-
pond to the sacral region of many reptiles which lacks transverse pro-
cesses, However examination of macerated specimens showed that the
acetabular region was adjacent to the area considered truly lumbar by
Bellairs and Jenkin (1960), The 2 Y'sacral' vertebras caudal to this do
however seem to fuse via their costal processes. ¥ this is in fact the
acetabular' reglon referred to by Schinz and Zangerl (1937) then they
do not group the "truly lumbar'' elements separately from the most cranial
members of the series. Yet the tack of costal processes on these verte-
brae is a striking feature of adult macerated specimens,

A Turther problem is variation in numbers of vertebrae between
individual birds, Although this is usually quoted as being of common
cccurrence there are few actual reports to provide details,

In recording the ossification centres present in the vertebral column
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it was intended to examine the structure of the transverse bars of the
lumbosacral vertebrae to attempt to group these into regional types

and also to record numbers of vertebrae present in individuals.

MATERIALS AND METHODS

3 Golden Comet puillets were kilied within |1 hour of hatching and
subjected to alizarin red S treatment., From the same hatch birds were
sampled in groups of 3 at 7, 14 and 21 days postnatal and similarly
treated, The centres of ossification in the vertebral column were
examined directly and with the aid of a Zeiss operating microscope and
recorded,

The intervals between the future synsacral vertebral centra appeared
to be noticeably narrower than between the future Tree coccygeal verte-
brae (figs. 21, 22), The most anterior of these wider spaces was,
therefore, taken as being the joint between last future synsacral and
st free coccygeal vertebrae. The vertebrae intervening between the
last thoracic as judged by the presence of a complete rib and this Ist

coccygeal were at this stage termed lumbosacral,

RESULTS

A, Centres present at hatching

i. Cervical All birds had 16 vertebrae, The centres present in

each are shown In table 5,
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Vertebrae Centrum and Arch Costal Other
: Elements
(W] Arch (2) 0 Intercentrum (1)
Centrum (1) Intercentrum (1)
c2 0
Arch (2) Odontoid process (1)
Centrum n
€3 2 0
Arch ()
Centrum and arch
Ch~5 2 0
variably fused
Centrum and arch
c6~12 2 0
fused
Centrum and arch
C13-14 2 0
variably fused
Centrum (1)
€15-16 2 0
Arch (1)
Table 5 Centres of ossification present in cervical vertebrae at

time of hatching,
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The centres found in the atlas are shown in fig. 23, the axis in
figs. 24 and 25, cervical 13 in fig, 26a and the costal elements

in fig. 26b,

Thoracic All birds had 5 vertebraes, All had 1 centre for the
arch and 1 for centrum, The costal elements are considered unde}
the heading of ribs and sternum (figs, 27a and 27b),

Lumbosacral All birds had 15 vertebrae, The centres present in

ecach are shown in table 6.
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at time of hatching.

Vertebrae Centrum and Arch Transverse Costal
Processes Elements

Centrum (1)

LS 1 -3 ] - -
Arch (1)
Centrum {n

Ls 4 -5 - -
Arch (2)
Centrum (1) 2

" LS 6 (variably -

Arch (2) present)
Centrum (1)

s 7 2 -
Arch (2)
Centrum (M

LS 8 2 2
Arch (2) (variably present)
Centrum (1) 2 2

LS 9 (variably “fused together)
Arch (1 or 2)

LS 10-15 1 single centre

Table 6 Centres of ossification present in lumbosacral vertebrae
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The centres identified In the Tumbosacral vertebrae are shown in
figs, 21, 22, 28, 29, 30,
iv. Coccygeal All birds had 8 vertebrae, All conslsted of 1 centre

of ossification as shown in fig., 31,

B. Centres appearing postnatally
All 9 birds had 16 cervical, 5 thoracic and 15 Tumbosacral., 7
had 8 coccygeals and the remaining 2 had 9.

No additional ossification centres were identified,

DISCUSSION

The only variation in numbers of vertebrae in this small sample
(12 birds) was that 2 had 9 coceygeals and the remainder 8,

Separate centres for transverse processes were found only in the
region lumbosacral 6-9, No bird had more than 3 pairs. The vertebrae
possessing these varied slightly despite no overall varfation in number.
Negliecting the thoracics, separate centres for costal elements occurred
at hatching in cervicals 3~16, variably in lumbosacral 8 and constantly
in lumbosacral 9, Transverse and costal proﬁesses were recognisable
in the more caudal members of the series. No sepatrate ossification
centres were found, Further investigation is, however, necessary to
find whether mesenchymal, chondral or even osseous centres might occur
here prior to hatching before the members of the series can be reliadSty
classiflied on this basis. For the remainder of this study the future
synsacéal vartebrae other than the first will be referred to as iumbo-
sacral and the vertebrae caudal to these as coccygeal,

The fusion of centres which was found at hatching did not entirely

reflect the pattern of appearance of ossification centres described by
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Hamilton {1952), Fujioka (1955) and Romanoff (1960). Cervicals 6=12
all had the centrum and arch fused whereas the lower members of the
series had either variable or no fusion, However cervicals 3-5 were
also found variably fused or not fused, VWhen fusion was starting it
was found to occur at the cranial extremities of centrum and arch. in
lTumbosacrals 4=8 2 ununited centres were found in the arch, Numbers
1=3 showed the more advanced state where these had coalesced to form 1
arch centre but below the 9th lumbosacral all vertebrae were represented
by 1 single centre only, Again further investigation is necessary in
the prenatal aﬁd neonatal periods to detail the timing and pattern of

fusions occurring within vertebrae.

iii. RIBS AND STERNUM

I NTRODUCTION

A characteristic of birds is the occurrence of ribs with vertebra?l
and sternal segments both ossified, This may be a modification to
assist in weight bearing during flight though it is also found in flight=~
less birds (Bellairs and Jenkin 1960), Uncinate processes on the
vertebral segments are also characteristic of most birds and may serve
to strengthen the thoracic cage, Anasiewiczowna (1928) believed these
to be rudiments of the superior ribs found in lower forms,

The last 2 cervical vertebrae carry relatively long costal elements
termed ribs | and 2 by earlier authors, The true ribs are now consider=

ed to be the complcte ribs i.e. having vertebral and sternal segments.
The géneral view is that there are 5 pairs of these of which the sternal
segment of number 5 does not directly reach the sternum but articulates

witii the rib anterior to It, & uncinate processes are described belonging
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to the costal element of the last cervical vertebra and first 3 true
ribs,

Ossification of the ribs was described by Knopfli (1919), Anasiewic-
zowna (1928}, Schinz and Zanger! (1937), Hamilton (1952), Fujioka (1955)
and Rumpler (1862). Romanoff (1960) gave a useful review of the earlier
work., All agree that the ossification centres for all vertebral and
sternal segments have appeared by hatching though quoted times vary
somewhat., There is disagreement, however, on theé time of ossification
of the uncinate processes which is claimed by scme to be prenatal and
sald to occur on the 17th day (Fujioka 1955, Rumpler 1962}, 18th day
(Schinz and Zanger! 1937) and 19th-20th day (Romanoff 1960}, Others
consider the ossification to be postnatal, Anasiewiczowna (1926)
described the processes as still cartilaginous at hatching while Hamilton
(1952) said they ossify postnatally but intramembranously,

The avian sternum was of early interest from the aspect of cltassifica-
tion dividing birds into carinate, with a keel, or ratite, without,
Ossification reports date from early authors like L'Herminier (1836a
and b) who questioned the general view of the time that there weré either
5 centres of ossification as in gallinaceous birds or 2 as in ducks,

He considered there may be up to 9, L'Herminier (1836a) also provided
one of the few reports on variation in assification times in birds
quoting times of sternal ossification of ducks in Guadeloupe as several
weeks later than in France,

SeQeral authors have described the development of the Towl sternum
from paired mesenchymal and cartilaginous anlagen, and paired ossifica-
tion.centres for the body werc described by various authois, Recent

reports agree that the main ossification centre of the body is single
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(Schinz and Zanger! 1937, Hamilton 1852, Fujioka 1955) confirming the
view of Parker {1868). There is similar agreement that 2 pairs of
centres are found for the sternal processes and that all centres appear
prenatally,

Considerable variation in terminology, particularily regarding thé
processes, is encountered and is not resolved even in recent texts.
Feduccia (1975) using a diagram based on Chamberlain {1943) marks one
process but fails to identify it in the accompanying key, and gives a
descriptive text for the processes which is quite unintelligible.

King and McLelland {1975} use directionally descriptive terms for the
processes and as these are at least clearly understandable they will be
enployed here. The terms applied are craniolateral and caudolatersl

processes the latter dividing into medial and lateral parts,

MATERIALS AND METHODS

& Golden Comet pullets were killed within an hour of hatching.
3 were subjected to alizarin red § treatment and 3 were radiographed
after impregnation with silver nitrate, From the same hatch 6 birds
were killed at 7, 14 and 21 days postnatal and from each group 3 were
similarly prepared with alizarin and 3 were radiographed after silver

ni trate treatment.

RESULTS

A. Centres nresent at hatching

All 6 birds examined had 5 pairs of complete ribs, each with separate

ossification centres for the vertebiral! and sternal segments {figs, 32~34)

although the sternal scgment of the 5th was very small in the bird shown



37.

in fig, 32,
The uncinate processes of the costal element C16 and the vertebral
segments of the first 3 true ribs had ossification centres variably

present as shown in table 7.

LEFT RIGHT
R{B + - RiB + -
clé 3 3 Ci6 3 3
Ti 4 2 T1 L 2
T2 5 ] T2 b 2
T3 4 2 3 3 3
Table 7 Numbers of birds showing cssification centres in

uncinate processes at hatching,

In seemed that In the birds in this study the uncinate proce#ses
were ossifying just about the time of hatching and some variation was
apparent. fn 1 bird none had ossified and in 3 birds all had ossified.
In the remaining 2 cases one bird showed cengres in the processes of
ribs T2 and T3 on the left enly, while in the other centres had developed
in the processes of ribs Tl and T2 on both sides, indicating that scme
variatién in sequence can cccur,

The centres for the uncinate processes are shown In figs, 32-34,

IThe sternal centres were all present showing 1 for the body and
single centres in the paired craniolateral and caudolateral processes

(figs. 32, 33).
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8. Centres appearing postnatally

In the 18 birds examined all had 5 pairs of complete ribs except
1 in which the 5th pair lacked a sternal segment. There were centres
In the 4 pairs of uncinate processes in all specimens, and all were un-
united with the corresponding vertebral segment, No additional centres

in ribs of sterna developed.

DI SCUSSION

One variation in rib complement was encountered, namely a deficiency
of the 5th pair of sternal segments, Herrick and Herrick (1956) found
rib abnormalities in 10.4% of a large number of White Leghorn birds.

The two basic abnormalities encountered were varying deficiencies of the
S5th rib and the presence of an additlonal 6th rib, Complete absence of
the sternal segment of the 5th is indicated as 1 variant of the first
type., Marked reduction in the size of this segment is another quoted
abnormal ity which would probablty include the bird shown 'n fig., 32.

The varlability of appearance of the uncinate process centres around
the time of hatching is no doubt reflected in the divergence of opinion
as to whether they are pre or postnatal in ossification, The variations
quoted are rather wider than might have been expected although very iittle
Is known about vartation in time of ossification in relation to breed
sex or individuality, There is an indication that ossification of the
uncinate process of the last cervical costal element may be slightiy

later than the others which has been claimed by Fujioka {1955).

iv. DPECTORAL GIRDLE AND LIMB

INTRODUCT I ON/
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INTRODUCTION

As described previously there is a clear general agreement that
single centres of ossification are the rule in avian long bones, this
betng a characteristic of the class, There are also several reports
detalling the prenatal times of appearance of the centres In the pectoral
girdle and the Qing skeleton in the fowl (Schinz and Zangerl 1937, Fujioka
1955, Romanoff 1960, Rumpler 1962), Single centres in the scapula,
coracoid, humerus, radius and ulna are, therefore, known to be present by
the time of hatching and the clavicles are known to be ossified as a
single structure by that time.

The very reduced skeleton of the avlian manus has given rise to a
‘Tong standing controversy in comparative anatomy., The 3 rudimentary
digits present in most species were generally believed to represent
digits 1=]11 of the primitive pentadactyl Timb by the majority of authors
until relatively recent times. Various contrary opinions were expressed
but avian anatomical texts held fairly consistently to this doctrine,
Montagna (1945) extensively reviewed the controversy and proceeded to
réfnvestigate the development of the carpus and manus in the domestic
Towl, He described for the first time a mesenchymal condeﬁsation on
the dorsoradial side of the wrist between centiale 1 and distal carpal
Ll identifiable from the 6th - 9th day of incubatlion, This he considered
to be distal carpal 1 representing the missing Ist digit, This pri-
mordium never chondrified but subsequently disappeared. Metacarpal |
never appeated at all, The digits of the bird he therefore concluded
to bq numbers [l - IV, A further investigation of the problem (Holmgreﬁ
1955) disagreed with some details of Montagna's findings but concurred

with the general principlte that the remaining digits are Il ~ 1V, This
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Is somewhat surprising as in an earlier paper (Holmgren 1933) the
opposite view had been expressed., Like Holmgren the majority of authors
subsequent to Montagha have adopted his interpretation the maln exception
being George and Berger (1966) who consider that the evidence is still
inadequate, Montagna's view will be adopted in this study,
In the adult fowl 2 free carpal bones persist, traditionally termed

radial and ulnar carpals. It is generally agreed that a distal row of
2 carpal bones eventually fuses to the proximal ends of the metacarpals
" forming the carpometacarpus, although some authors have erroneousiy
- descrlibed these as secondary centres of ossification in the metacarpus,
The identity of the carpal elements was also reinvestigated by Montagna
(1945), and Holmgren (1955) and the question reviewed by Remanoff (1960},
.largely adopting Montagna's findings. These were that the anlagen of
the & definitive centres form about the 10th day of Incubation by fusion
of a number of prochondral primordia. These initially are grouped in

3 rows, proximal, central and distal, The proximal row comsists of
radiale, intermedium, ulnare and pisiform elements, the central row of
centrale ! = |V and the distal row of distale 1 ~ V making 13 elements

in all, The ''radial carpal™ anlage is formed principally from centiale
I ptus the vestigial radiale and intermedium, The "ulnar carpal'' is
formed mainly from pisiform and vestigial ulnare, The '"radial' and
“ulnar!' carpals are joined by a meniscus derived from centrale 111, Of
the 2 distal elements the one which fuses with the proximal end of meta-
carpal ill is formed from centrale I! and distal carpals il and {11 while
the other, which similarly fuses to metacarpal IV is formed from centrale
v aﬁd distal carpals IV and V¥, The transient distal carpal | has been

dealt with already,
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The terminclogy of these definitive carpal elements presents a
difficulty due to their complex origin, While recognising Montagna's
findings 1t was decided to retain the time-honoured terms of radial and
ulnar carpals for the proximal row and to term the distal row distal
carpals 111 and IV on the basis that they fuse to the corresponding
metacarpals,

The carpal centres of ossiflcation appear postnatally (Schinz and
Zangeri 1937, Fujioka 1955), Schinz and Zanger)l quote times of appear-
ance for 4 centres, a single centre for each definitive carpal element,
Expressed in déys postnatal these were:- radial 25-35, ulnar 0-12,
distal carpal 111 25-35, and distal [V 12-25,

The remaining metacarpals are !l - |V, As described above meta-
“carpal | is believed by Montagna {1945) never to appear at all, Metacarpal
V he described as most rudimentary, fusing to the base of metacarpal 1V
aﬁd not found at all in the adult wing. Metacarpais |1l and IV were
shown to ossify prenatally by Schinz and Zangerl (1937) and Fujioka {1955),
Metacarpal |1 was said to be unossified at hatching (Fujioka 1955) and to
ossify postnatally by 12 days (Schinz and Zangerl 1937) and by 2 weeks
postnatal (Romanoff 1960), Metacarpal V was described by Schinz and
Zangerl (1937) subsequently quoted by Romanoff (1950) as ossifying at
1 -~ 2 months postnatal but it is not clear whether this refers to a
éeparate ossification centre,

In examining the literature concérning the phalanges of the domestic
fowl and indzed birds in general yet another controversy was revealed re-
garding the numbers of phalanges present in the digits, The views of
varicus authors are summarised in table 8. The digits are numbered
according to Montagna (1945) regardless of the views of the original

authors,
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Author Species Dig Il Dig 1!l Dig IV Comments
Described
. Digit 1V canhe
Ne?}gg6§nd Gadow Aves 2 2 ] 2 in embryo
Kaupp (1918) Gallus gallus 2 2 1
Schinz and Zangerl Gallus gallus 2 2 1
(1937)
Chamberltain (1943) Gallus gallus 2 3 2
Montagna (1945) Gallus gallus 2 2 1
Portmann (1950) Aves 1 2 1
In embryo
Hamilton (1952) Gallus gallus 2 3 2 distals of
digits |11,
Stsson and Grossman [ Gallus gallus 2 2 i IV fuse to
(1953) more proximal
on 8th day
Fujioka (1955) Gallus gallus 2 2 1
Bradley {1960) Gallus gallus 2 2 1
. . Can be 2:3:2
Be}:gég§ and Jenkin Aves 1 2 1 in some spe-
cies and in
Rumpler (1962) Gallus gallus 2 2 ! embryo
McLeod et al (1964) |[Gallus gallus 2 3 2
Lucas and Stettenheim Gallus gallus 2 2 1
(1965) .
George and Berger Aves 1(2) 2(3) 1
(1966) (always)
Evans (1969) Melopsittacus I 2 i
undulatus
Other spe=-
King and McLelland Gallus gallus 2 2 ] cies have
(1975) 2:3:2
. . . Additional
Feduccia (1975) 2022?2;0 ;é;? 2 ] distal phatan-~
P birds) ges rudimentar

in embryo, sub-
sequently fuse
to more proxi-
mal

Table 8

the digits of the manus,

Views of various authors concerning the numbeis of phalanges in
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Although it s clear from table 8 that the more popular view is
that digits Il -~ |V have 2:2:]1 phalanges respectively, the formula of
2:3:2 crops up surprisingly frequently, The explanation is probably
twofold, Several authors suggest that this may occur in species other
tHan domestic fowl (Bellairs and Jenkin 1960, King and McLeltand 1975).
Secondly there are reports of additional distal phalanges occurring in
embryo and fusing early to the more proximal phalanges {Newton and Gadow
1896, Hamilton 1952, Bellairs and Jenkin 1960),

However, neither of these explanations can account for the fact that
Chamberlain {1943) shows a drawing of the skeieton of the manus In a
fowl clearly indicating a formula of 2:3:2, The fusion of the carpo-
metacarpus clearly shows this to represent an adult, The morphology
of these additional distal phalanges is descirlbed in the text yet no
comment is made as to whether they are an unusual occurrence., McLeod
et al (1964) is so0 inaccurate in many respects that no great credibility
can be asecribed to this work, Feduccia (1975) repeats the view that
distal rudimentary phalanges may be present in embryo, subsequently
fusing to the more proximal phalanges except in digit 1l where fhey re-
main free in the domestic fowl. Yet he very misleadingly reproduces
the same illustration from Chamberlain (1943} without further comment.
Furthermore, some of Chambertain's legends are altered, again very mis-
leadingly by naming proximal phalanges as digits, No mention is made
of the inciusion of carpal elements in the carpometacarpus which is
described as representing 3 fused elements, metacarpals I, |1l and IV,

The view that digit Il may carry only 1 phalanx is found in several
accounts but thesc appear to be mainiy referring to other avian species,

except Bellairs and Jenkin {1960} who show a diagram with just 1 phalanx
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in the domestic fowl,

Ossification has been described as occurring prenatally in all
phalanges and the timing given (Schinz and Zanger! 1937, Fujioka 1955,
Rumpler 1962),

In this part of the study i{ was decided firstly to perform a survey
on adult birds to investigate the normal phalangeal formula and then to

confirm the centres present at hatching and those appearing postnatally,

MATERIALS AND METHODS

The adult survey was performed on 52 Golden Comet birds, 49 hens
and 3 cockerels, aged 2% vears, After killing by intravenous injection
of pentobarbitone sodium the Teft wing of each bird was radiographed
laterally.,

6 Golden Comet pullets were killed within 1 hour of hatching and 3
were prepared as alizarin red S specimens and the remaining 3 were radio-
graphed after prior impregnation with silver nitrate.

Groups of 6 further birds from the same hatch were then killed at
7, 14 and 21 days postnatal and similarly treated, Thereafter 3 birds
were sampled at 7 day Intervals up to 112 days postnatal and then at 14
day intervals until 182 days postnatal, In these birds the left wing
was radiographed Taterally, 1t was found thalt after 21 days skeletal
elements had adeguate radiographic density to be identified without

prior impregnation with silver nitrate,

RESUL.TS
A, Adult birds

The radiographs of the adult birds showed that a second phalanx in
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digit 1} was present in 50 cases out of 52 (96,2%), Only 2
phalanges were found In digit 11t and one in digit IV in every case.
The usual formula was, therefore, 2:2:1 but in 3,8% cases was 1:2:1.

Centres present at hatching

Single centres were present for the paired scapula,coracoid, humerus,
radius and ulna and a single centre was found for the clavicle
(figs. 35-37).

No carpal centres were present (figs. 38=39).

All birds showed single centres for metacarpals !l and IV but in
none had metacarpal 1] commenced ossification (figs. 38-39).

The 6 birds showed single centres in both phalanges of digits 11 and
It (figs. 38-39).

1 of the 3 alizarin specimens (fig., 39) and 2 of the 3 radiogiraphic
specimens showed an ossification centre in the single phalanx of
digit 1V, The remainder did not (fig. 38).

Centires appearing postnatally

Single centres were found to appear postnatally in the 4 carpal
elements and in metacarpal 11 {(figs. 40-b4),  The occurrence of

these centres is shown in tables 9 and 10,



Days Postnatal 0 7 14 21

L R L R L L

- - - - + +
Radial - - - - - -

ad - + + + +
Ulhar - - + 4 + -

- - + + + +

— = = = - -!.
Distal carpal 11| -~ - - - - -

- - - - + +
Distal carpal IV | ~ - - - + +

- - - - + -+

- - + + +
Metacarpal |1 - - + 82 + +

- - + + +
Table 9 Occurrence of postnatally developing centres of

ossification ~ alizarin specimens,

45,



Method Silver nitrate radiography | Radiography
Days Postnatal 0 7 14 21 28 35 42 L9
Side £t R LR L R L R{L L L L
I . T R S T T S
Radial - = = - e =+ F e+
- = = - e e A %+ o+ F
T . R T R TR N S S
Ulnar R B . A T R S

Distal carpal
i

Distal carpal
v

- - = = 4+ 4 4
- - - - - - + +
- - - - - = & +
T T S
R T S S

Metacarpal ! T S R S T R N 4 + o+
LT T R T T S N N AR S S
Occurrence of postnatally developlng centres of

Table 10

ossification - radiographic specimens,

46,
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The centre for metacarpal Il was seen in all birds examined at
7 days and over, The ulnar carpal was ossified in some 7 day old birds
and in all thereafter, and distal carpal IV in all aged 14 days and over,
The radial carpal centre was first seen at T4 days and in all aged 28
days or more while distal carpal !l was first apparent at 21 days and
in all thereafter.

th all birds aged 7 days or over the single phalanx of digit 1V
was ossified.

The ranges of time of appearance of these centres were calculated
as before and are shown in fig. 20a and thelr mean times of appearance

are shown in fig, 20b,

DISCUSSION

puthua L i A

The adult suivey may explain the controversy over the number of
phalanges in digit 11 which would appear to be truly variable., Whether
the océasional reduction is a result of fusion of pre-existing elements
and at what stage this might occur is impossible to say, There was no
indication of additional distal phalanges for digits 1! and IV,

The centres present at hatching agreed with the findings of Schinz
and Zangerl (1937) and Fujioka {1955) except.for the phalanx of digit
IV which was found ossified In 3 of the 6 birds examined at hatching
though 1t was present in all thereafter. Although these authors
considered 1t prenatal in appearance the times quoted are very close to
hatching, 20 days (?ujioka 1955) and 21 days (Schinz and Zangerl 1937).

A single centre found to appear in each of the & carpal elements
was of no value in elucidating the identities of these, the fusion of

the multiple primordia having occurred at a very much earlier stage,
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Compared to the range of time of appearance of the carpal centres

quoted by Schinz and Zangerl (1937) the ranges in this study were rather
earlier fqr the radial, very similar for the ulnar and slightly ecariier
for the distal carpals, Metacarpal 1! was found ossified in all cases
by the 7th day, slightly earlier than quoted by Schinz and Zangerl (1937)

and Romanoff (1960),

v, PELVIC GIRDLE AND LIMB

INTRODUCT | ON

The pelvic girdle has been shown to ossify from single centres for
the paired ilium, ischium and pubis and the pelvic 1lmb to have single
centres for the diaphyses of the long bones, femur, tibia, fibula,
metatarsals and all phalanges by hatching {Schinz and Zangerl 1937,
Hamilton 1952, Fujioka 1955, Romanhoff 1960, Rumpler 1962), Whether the
fusion of the centres for metatarsals 11, 11l and 1V has been accomplished
by this time is not totally clear either from the descriptions or the
illustrations provided,

The characteristic lack of secondary ossification centres in avian
tong bones has been alluded to already, It is in the pelvic limb that
most claimed exceptions to this are found.

Much debate has ensued over reports by various authors regarding the
presence or absence of epiphyses! in various avian Tong bones, However,
a considerable part of this alleged conflict of opinion centres around
the use of the term ‘'epiphysis'' rather than real difference in opinion
on the occurrence of secondary centres. The term "'epiphysis! is applied

by some to the growing cartilaginous end of a long bone which may or may
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not contain a centre of ossification, while others define it as the
secondary centre of ossification occurring in the extremity of a long
bone, The tatter definition is in accordance with B,N,A, and being so
familiar to many workers has led them to misunderstand the term as used
by other authors. The B,N,A, definition is somewhat misleading as 1t
refers to a structure which is not in fact a typical long bone feature
in tetrapods, as these secondary centres are of regular occurrence only
in the mammal and of occasional occurrence only in some reptiles and
birds as will be discussed later, There can, therefore, be 1ittle
justification for this use of the term in comparatlve anatomical studies,
When Parsons (1904) referred to a ''true epiphysis' at the upper end
of the tibia in gallinaceous birds he was referring to a secondary centre
of ossification and his classification of epiphyses into pressure, traction
and atavistic types refers to types of these ossification centres,
Fell (1925) has been wrongly accused by Church and Johnson (1964)
of being equivocal in her discussion on the occurrence of avian epiphyses,
by saying that long bones have epiphyses which are unossified, She was
merely redefining the term to exclude the necessary presence of a second-
ary ossification centre,

Latimer (1927) talked of epiphyseal lines, presumably meaning giowth

cartilage plates but only described a separate ossification centre at the
distal end of the tibia. He was subsequently misquoted by Haines (1942)

as having claimed to find epiphyseal centres in all the long bones, In

fact Haines himself had made the distinction between epiphyses as grow-
ing regions and as secondary ossification centres in an earlier paper
{(Haines 1938) and made the point thai epiphyseal structures as a whole

are phylogenetically much older than secondary centres,
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In the investigation of the occurrence of secondary centres of
ossification in this study they will be referred to as such rather than
as epiphyses.

When the literature is searched purely for evidence oF.secondary
centres in the long bones of birds the position is considerably élearer,
though there is still some disagreement and the patently inaccurate
statements of Chamberlain (1943) and Mcleod et al (1964} have been
mentioned already.

It is well known that there are 2 rows of ossification centres at
the hock joint, the proximal becoming fused to the tibia and the distal
to the great metatarsal. The earliest investigators claimed these to
represent the tarsal elements (Owen 1866, Morse 1872) and the view is
still maintained, though the actual identities of these tarsal centres
are far from clear (Holmgren 1955). The final fusion of these elements
to the adjacent long bones produces the bones usually termed tibiotarsus
and tarsometatarsus indicating the compound origin of these elements.
When these terms are employed there can be no justification for‘regarding
the tarsal elements as secondary ossification centres of the tibia and
great metatarsal as has been done by Church and Johnson (1964) and
Franceschini (1967}. " Indeed the latter author, although his is one of
the most recent }nvestigations on the subjecg, makes no reference to the
tarsal identity of the ''distal epiphyseal centre' of tﬁe tibia and even
says that the tibia is the only bone in the fowl skeleton to possess
secondaéy centrés. It is hard to see how he manages to exclude the
metatarsus from this.

'The numbers of these tarsal elements has been disputed particularly

in recent reports, There are usuvally described 2 in the proximal row
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(Bruce et al. 1946, Fujioka 1955, Nielson 1963. Church and Johnson 196k,
Varicak 1968, Navagiri 1975) though Schinz and Zangerl {1937} have
qualified this by describing the 2 centres as being formed by the fusion
of 4 and 2 elements respectively shortly after their appearance. A
single centre has been claimed (Rumpler 1962} and 3 centres claimed by
Franceschini (1967). This lTatter report describes an additional 3rd
centre in the cartilaginous cone projecting upward between the regularly
described medial and lateral centres into the distal end of the tibia.
The method used was serial sectlion and histological examination unlike
most investigations which have been by alizarin or x~ray. The illustra-
tions are far from convincing, indeed one legend refers to a ""hint of a
3rd centre n the cartilaginous cone''. There are also some surprising
gaps in the cited literature even the widely quoted report of Sching
‘and Zanger! (1937} which deais with these centres in some detail.

The time of ossification of these proximal tarsal centres has also
been the subject of some dispute, being described as prenatal (Fujioka
1955, Navagiri 1975) around hatching (Schinz and Zangerl 1937, Nielson
1963) and postnatal, soon after hatching (Church and Johnson 1964) and
at about T week {Franceschini 1967) this being the quoted time for their
3rd centre also, N |

The distal tarsal has been described as a single centre by most
authors but as 2 centres rapidly fusing to 1 by Schinz and Zangert (1937).
Its time of ossification has been given as prenatatl (Fujioka 1955) around
hatching.(Schinz and Zanger! 1937) and soon after hatching (Church and
Johnson 1964),

The centre at the proximal end of the tibia has been described by

Parsons (190k}, Haines (1942}, Varicak (1950), Frank (1962}, Church and
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Johnhson (1964), Franceschini (1967) and Varicak (1968), Its exclusion
from the various accounts of ossification is probably explained by its
relativety tater time of appearance as these studies have concehtrated
on the embryonic period.

In the fowl this centre has usually been described as single except
by Rumpler (1962) who is claimed by Franceschini {1967) to have described
it as palred, In fact Rumpler's meaning is doubtful but seems to refer
to 2 superior centres of the metatarsus.

The quoted times of appearance are 5 wéem postnatal (Church and
Johnson 1964, Franceschini 1967), and from 6 weeks upwards {(Frank 1962).

Typically in the mammal there are 2 centres of ossification at the
proximal end of the tibia of which one belongs to Parson's group of
Mpressure epiphyses' and the other, which forms the tibial tuberosity
and is closely associated with the attachment of the patellar ligament,
is a "traction epiphysis''. The single centre in the avian tibia has
usually been referred to simply as the proximal tibial centre and little
attention paid to its Identity beyond this,

The aim of this part of the study was to confirm centres péeéent at
hatching and appearing subsequently and to enquire into the identity of
the proximal tibial centre,

Sesamoids are not included here, being dealt with under a separate

heading.

- MATERIALS AND METHODS

6 Golden Comet pullets were killed within 1 hour of hatching.
3 were prepared as alizarin red S specimens and 3 were radiographed after

prior treatment with silver nitrate. Thereafter groups of 6 birds from
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the same hatch were killed at 7, 14 and 21 days postnatal and similarly
treated, After this groups of 3 were killed at 7 day intervals till
112 days and then at 14 day intervals till 182 days and the left pelvic
1imbs radiographed laterally and craniocaudally without previous silver
nitrate impregnation,

The left pelvic 1imb of a 70 day old pullet and a 5 month pup of
simlilar size were removed immediately after death and the stifle joints
radiographed laterally., The long bones were then sectioned longitudin-
ally through the stifle joint after prior freezing. The sectioned

surfaces were then examined and photographed.

RESULTS

A. Centres present at hatching

These were single centres for the paired ilium, ischium, ﬁubis,
diaphyseal centres of paired femur, tibla, fibula, metataféal 1,
metatarsals I, 111 and IV which were fused together and single
centres for phalanges of digits | - IV which numbered 2, 3, &4 and
5 respectively, 3 tarsal centyres were present, 2 proximal and 1
distal (figs, 35-37, 45-49),

B. Centres appearing posthatally

The proximal tibial centre was fitst found cssified in 1 bird at
56 days and in all birds examined thereafter, The range of time
of .appearance is shown in fig. 20a and the mean time of appearance
in fig, 20b,
.No further centres were found to appear.

C. ldentity of proximal tibial centre
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The sectioned surfaces of the 70 day old fow! and pup tibias were
compared (figs. 50a, 50b). The single centre at the proximal end
of the fowl tibia was contrasted with the 2 separate centres in the
pup. Balow the centre for the tibial tuberosity of the pup was an
outgrowth from\the diaphysis for the tibial crest which can be |
termed an apophysis, in the fowl the anterior Timit of the proximal
centre was situated anterioriy almost as far as the ''traction epi«
physis!' of the pup, However it extended further posteriorly, in
the fowl the centre projected markedly upwards to a point into
which thé patellar 1igament attached, In the pup the '"traction
epiphysis'' sat rather more Inferiorly being accomnodated in a notch
on the anterior aspect of thc diaphysis, The patellar ligament
attached to the ''traction epiphysis! (figs. 50a, 50h), On the
figs 50c-d
radiographsythe anterior Tocation of the fowl's proximal tibial
cenhtre was even more obvious., in the pup the faint shadow of the
patellar ligament is seen indicating very strikingly its direction
of action from patella to "traction epiphysis' to tibiagl diaphysis.

The patella had not yet ossified in the fowl,

DISCUSSION

The study largely confirmed the findings of Schinz and Zangeri
(1937) and Fujioka {1955) concerning the centres present at hatching, 5
single tarsal centres were found at that time,

Th; only centre found to appear postnatally was the proximal tibial
centre aﬁd was found rather later than in previous reports, This proximal
tibfa] centre was the only secondary centre found in the fowl skeleton,

The tarsal centres probably appeared just prior to hatching and the carpal
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centres appear In the first month or so after hatching (vid. sup.),
Thereafter there is a gap until the proximal tibial centre ossifies
(fig, 20b) this having -the later time of appearance characteristic of
secondary centres,

Haines (1938) claimed that secondary centres are found oniy in
mammals, lacertilia (Tizards) and in the avian tibia, and that the cartil-
age canals found in mammals are usually associated with the subseaquent
development of a secondary centre. ~This is similar in lizards,
Cartilage canals are present in the epiphyses of birds and this is taken
by Haines to indicate that at one time they possessed more secondary
centres which may have disappeared with the invasion of air sacs causing
pneumatisation, This speculation is unlikety to be well founded, as
widespread pneumatisation of the lTong bones is unusual,

The patellar‘ligament was attached to the proximal tibial centre

as it was to the "traction epiphysis' of the canine tibia. The latersl
(fig. 50c) '
radiograph of the tibia of the 70 day old fowl,indicated that the

relative position of the centre shortly after its initial appearance
» -

resembled the ‘'traction epiphysis' rather more than the pressure epiphysis
of the mammal. For these reasons it is believed that this represents

a "traction epiphysis'' assoctated with the insertion of the patellar
tigament. The centre did appear to extend rather more posteriorly

.than the corresponding centre in the pup but this may be accounted for

by the.]ack of another centre to inhibit its progressive ossification
through the cartilage.

Parsons {1904) suggested that traction epiphyses may represasnt pre~

existing sesamoids, Haines (1940, 1942) disagreed and termed thain
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intratendinous centres developed as direct ossifications of tendons

where they insert into cartilaginous epiphyses and bel ieved them separate
in their origin from sesamoids, Barnett and Lewis (1958) supported
Parson's theory since in some birds the patella may be absent having fused
Into a very large tibial crest, while in cormerants according to Portmann
(1950) the tibial crest is detached, behaving, therefore, much like a
sesamoid,

The question may well be posed, why should the avian skeleton contain
this solltary ”?raction epiphysisi'?

In birds the patella is often a well developed, thick structure and
there is freguently present at the hock joint a tarsal sesamoid, These
facts, and the frequent occurrence of calcification or ossification of
the pelvic limb tendons would suggest that these tendons may be subject
to considerable stress forces, particularly when landing from flight, in
the bipedal posture of birds., ~The proximal tfbial centre may represent
a fuston of a pre-existing sesamoid as a further strengthening device for
the insertion of the quadriceps femoris muscle,  Such a sesamoid would
have been particularly closely related to the tibia, especially due to
the avian bipedal posture where the lohg axis of the femur is much nearer
the horizontal than is the case in man, tt s not difficult thercfore
to imagine it readily becoming fused on to the tibia, The markedly up-
ward projection of the centre may be a further refinement resulting from
this particular.bipedal posture in that it may permit a more direct

course Tfor the tendon, avoiding an acute terminal reflection,

vi, LIMB TENDONS AND SESAMOIDS/
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vi, LIMB TENDONS AND SESAMQOIDS

INTROBUCTT ON

The tendency for the limb tendons to undergo ossification is a
characteristic of the class aves (Evans 1969). More specifically it
has been claimed that many of the long tendons of the shank and foot and
of the antebrachium»and epaxial musculature develop extenslve centres of
minetralisation with subsequent ossification (George and Berger 1966,
Vanden Berge 1975). This phenomenon is safd to be most common in galli~
form birds {(Hudson et al, 1959) but lTittle is known of i%ts occurrence in
individual muscles or of its function, and very little regarding the timing
of development,

Regarding sesamoids information is also very sparée. The patella
is known to occur in many species and may become fused to the tibial
crest or may be double as discussed previously, The time of ossificatian
has been quoted as 11 weeks after hatching (Niven 1933).

A tarsal sesamoid is described by many authors and well shown by
Chamberlain {(1943), Curiousiy 1t is not mentioned in several recent
accounts (Sisson and Grossman 1953, King and MclLelland 1975, Feduccia
1975}, There 1s sometimes confusion between this and the hypotarsus,
which term is properly applied to the process at the superoposterior
part of the tarsometatarsus which is grooved or even converted into a
canal for the passage of flexor tendons, Fujioka (1955) shows a diagram
with what resembles the tarsal scsamoid marked as the hypotarsus which he
says is ossified postnatally, Chamberlain (1943) marks the sesamoid as

the hvpotarsal sesamoid in a Tigure but terms it the medial tarsal sesa=

meid in the text which by an apparent error is also cross referenced %o
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the hypotarsal ridge in another figure.

Other references to sesamoids are very occasional, Bellairs and
Jenkin (1960) mention an os humeroscapuiare as sometimes present between
head of humerus and scapuia with some deltoid fibres attaching to it and
say that sesamoids may occur at the elbow, George and Berger (T966)I
describe a sesamoid in the tendon of scapulotriceps which they term the
patella ulnaris, None of these reports refers specifically to the
domestic fowl.

Hudson et al. (1959) describe sesamoids in the pelvic limb of many

species including Gallus gallus in which they describe I in the shank

and 8 in the tarsus, It is not clear, however, whether these are actually
ossified ot just cartilaginous nodules,

This part of the study aimed to survey the occurrence of centres for
tendons and sesamoids in the adult bird and to investigate the timing of

their development.

MATERIALS AND METHODS

For investigatton of the adult situation 52 aault Golden Comet birds
aged 2% years, 49 hens and 3 cockerels were used, They were killed and
lateral view radiographs of left wing and pelvic limb taken.

The investigation of timing of the development of centres of mineral~
isation was performed on 2 groups of birds which were kilied in groups as
followsi- |

1. White Leghorns

1 male and 1 female at hatching then similarly at 7 day
Intervals ti111 119 days postnatal and the last male bird

at 126 days.
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ii. Golden Comets

3 females at hatching, then at 7 day intervals until 112
days then at 14 day intervals until 182 days,

Lateral radiographs of the left (imb of all birds were
“taken, Those up to and including 21 days of age were
first impregnated with silver nitrate to increase thelr

skeletal density,

RESULTS

Centres present in the adult

Tendons

In the wing these were recognised singly on thea dorsal aspect of
the metacarpus and on the palmar aspect of the antebrachium (fig,
51), In the pelvic Timb they were seen singly on the plantar
aspect of tibiotarsus, on the dorsum of the tarsometatarsus and
occasionally on the dorsum of the tibiotarsus, On the plantar
side of tarsometatarsus several were found probably up to 5 though
the exact number was difficult to determine on account of super-
imposition, These are shown in fig, 52,

The frequency of occurrence of these tendons is shown in table !I,

-



Tendons Freguency % Age Notes

Dorsal Tarsometatarsal K2 100 3 cases showed
division into 2
at distal 1/3 of
tarsometatarsus

Plantar Tarsomctatarsal 2 100 In 22 cases &
and in 30 cases
5 were estimated
to be present

Dorsal Tibiotarsal 2 3.8 Both weres cock=
erels

Plantar Tibiotarsal 33 63.5 1 bird showed 2
tendons

Dorsal Metacarpal 39 75.0

Palmar Antebrachial 8 15.4°

Table 11 Incidence of mineralised tendons in 52 adult birds.

60,
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ii. Sesampids
Patellar and tarsal sesamoids were present in all cases,
The tarsal sesamoid is shown in fig. 52, A small sesamoid
was recognised on the dorsal aspect of the carpus close to
the radial carpal bone in 33 cases (63.5%). This was termed
the dorsal carpal sesamoid and it is shown in fig. 51,

No other sesamoids were ident{fied,

Centres present at hatching

None,

fentres appearing postnatally

i.  Tendons

The occurrence of thase is shown in table 12,



. Up to )
Tendons Birds 84 days g1 8 105 112 119 126 140 154 168 182

WLM 0 c 0 0 o0 1 1 X X X X
Dorsal

WLF 0 0 0 1 1 0 x X X X X

GCl 0 0 0 0 1} X 1 1 1 1 1
Tarsometa~- ' ’

tarsal GC2 0 0 0 0 0 x i 1 1 1 ]

GC3 0 0 0 0 1 e 1 1 [ i i

WLM 0 303 3 & 5 x x x X
Plantar WLF 0 304 4 4 9 x x X x x

GCl 0 L 0o 0 & x & 5 5 5§ §
Tarsometa~| GC2 0 2 2 2 4L x 5 5 5 § g

tarsal

GC3 0 2 3 2 B x 5 5 5 & 5

WLM 0 0O 0 1t 1 X 1 x X pd %
Dorsal WLF 0 0 0 1 1 X X X X X X

GC1 0 1 0 0 0 x ] ¢ ¢ 0 0

GC2 0 1 0 D 0 x 1 0 0 0 0
Metacarpal

GC3 0 0 0 0 0 ¥ 1 ¢ ¢ 0 ©

WEM White Leghorn maies
WLF White Leghorn females
GCI~3  Golden Comet females
X not examined
Table 12 Numbers of mineralised tendons identified in growing

birds of knhown ages,
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The first were identified at 91 days postnatal these being the
plantar tarsometatarsals in all birds and that on the dorsum
of the metacarpus in 2 Golden Comets, Thereafter, the plantar
tarsometatarsals were regularly present other than in 3 in-
stances, the number being vartable hut increasing up to 126
days when 5 centres appeared to be present although again it
was difficult to be certain of the exact number, if this ex~
ceeded 3 due to superimposition,

A mineralised tendon on the dorsum of the tarsometatarsus was
fifst seen in a White Leghorn female bird at 105 days and at
112 days in 2 Golden Comets, Thereafter it was of regular
occurrence in the Golden Comets, The dorsal metacarpal ten-
don after its initial identification showed a variable
occurrence in line with Tts occurrence in the adult survey.
The remaining tendons found to be mineralised in the adult
survey did not develop centres of mineralisation during the
pericd of the investigation,

Sesamoids,

The centres for the patella and the tarsal sesamoid were

flrst seen at 63 days postnatal in a White Leghorn female
bird, They were identified at 70 days in both White Leghorns
and in all thereafter. in the Golden Comets these centres
were found in 1 bird at 77 days in none of the 84 day olds

and in all birds aged 91 days and over.

The dorsal carpal sesamoid was not i{dentified throughout this
investigation,

The ranges of the time of appearance of the centres for the
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sesamoids and tendons are shown in fig. 20a and their mean
times of appearance in fig. 20b, The tendon on the dorsum

of the metacarpus is excluded, being too varitable in eccurrence
to enable its range of time of appearance to be accurately

determined from the data available,

DISCUSSION

This part of the study was performed to complete the picture of
ossification centres rather than to provide exhaustive investigation of
the occurrence of sesamoids and mineralised tendons, It does, howéver,
provide useful information on a number of points,

The tarsal sesamoid was of regular occurrence and there would seem
to be no good reason for its exclusion in texts,

In addition to these the dorsal carpal sesamoid was the only one
identified, This does not seem to have been described previously, A
radiographic study provides no information, of course, on incidence of
cartilaginous sesamoids which might yet ossify later, the birds in the
adult survey being only 2% years old,

The times of appearance of the patella and tarsal sesamoid were
remarkably uniform even betwsen the 2 groups of birds, although this is
well into the postnatal period, This is very different fiyom the find-
ings of a study on postnatally ossifying sesamoids in calves by Lindsay
et al, (1969, 1973). The times of appearance of the tendinous centres
also showed surprisingly Tittle variation,

_Vanden Berge (1975) described mineralisation and subsequent ossifi~
cation of limb tendons, In this study care has been taken te refer to

centres of mineralisation rather than ossification, Examination of
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aged macerated tarsometatarsal specimens often indicates ossified tendons
fused to the bone, No evidence of fusion was seen in the birds in this
study, It remains to be decided when actual ossification of the tendons
occurs, Other points arising from this study which need further atten=-
tion are the times of mineralisation of the dorsal carpal sesamoid and
tendons which had not developed their centres by the end of this study,
Further work Is also needed to discover the individual identity of the

various mineral ised tendons.

vii. LARYNX AND TRACHEA

1NTRODUCT | ON

The cartilages of the larynx and trachea are frequently descrlibed
as eventually undergoing ossification (Kaupp 1918, Bradley 1960, King
and Mclelland 1975 and others), A

Details of the distribution of ossification in the laryngeal
cartilages were given by White (1975), who described the cricoid as ex-
tensively ossified, except for the rostral shovel shaped portion of the
median body and the most caudal part of its wings and their junction
with the body, The procricoid she described as almost complietely
ossified and the arytenoid in its body only, The pattern of development
of ossification of these cartilages was studied by the alizarin red $
method (White 1970),

The tracheal rings tend to ossify in large species {King and
MeLelland 1975) and this is sald to occur in the ventral parts of the
rings (Bradley 1960), Garside (1968) described ossification of the
tracheal rings in 200 birds examined histologically and claimed it occurred
only from 15 weeks upwards, It commenced in the lower rings and spread

craniad.
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The syrinx as defined by Myers (1917) included the last 4 tracheal
rings these being the cranial syringeal cartilages or tympanum, the 4
incomplete intermediate cartilages, the caudal syringeal cartilages
which are the first 3 bronchial half rings and the pessulus in its
skéletal structure, The attachments of the 1st bronchial cartilage
were said to become ossified in old age but the other bronchial cartil-
ages to remain unossified, King (1975) described &4 cranial syringeal
cartilages in the male and 3 in the female of which the first 2 were
ossified as is the pessulus and the ventral end of the first caudal
syringeal cartilage, but the intermediates were not,

It was decided to investigate the extent of ossification in the

adult Tarynx, trachea and syrinx and follow its pattern of development,

MATERTALS AND METHODS

The Tarynx, trachea and primary bronchi as far as the hilus of the
Tung were removed from Golden Comet pultets in pairs at hatching and at
7 day intervals to 112 days, then at 14 day intervals till 182 days
postnatal, 2 adult birds aged 2% years were also sampled, The specimens
were treated with alizarin red $§ and inspected under the operating micro-
scope, The distribution of the alizarin reaction was recorded in the
laryngeal cartilages, in the tracheal cartilééinous rings which were
counted and recorded individually and in the syringeal skeleton,

After it was established that the alizarin reaction was strengly
developéd in the older birds in the series, portions of cricoid cartilage,
and a caudal tracheal ring were removed Trom birds aged 154, 168 and 182

days and from an adult, These were sectioned and stained with haema~

toxylin and eosin for histological examination,
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RESULTS

Larynx

The occurvence of mineralisation in the ltaryngeal cartilages was
recorded in the same manner as by White (1970) and is showh in

fig., 53,

Mineralisation was first seen at 105 days when it was found bilater~
ally in the arytenoids of 1 specimen, 1t was next seen at 126 days
in 1 bird as a paired centre in the cricold body {fig, 54) and in
the other was widespread in the cricoid body, Both birds also
showed it‘in the cricoid wings, one completely and the other as
paired centres (Ffig, 55). The procricoid was completely involved
in both as was the body of the arytencids (fig, 55).

Thereafter mingralisation was observed in all specimens in all
cartilages, and was complete in all cricoid wings, procricoids

and arytenoids, cexcept their processes., ~ In the cricoid body the
extent was variable and never extended into the rostral process or
the most caudal part.

The adult pattern was very similar in both birds, This extent was
first reached in a bird aged 140 days, The distribution in all
specimens tended to be fairly bilaterally symmetrical. = Fig, 56
shows the fully developed pattern in a bird of 154 days,
Histologlcally up to 182 days the cricoid consisted of cartilage in
which the cells showed marked degenerative changes and were very
c]éar]y grouped into bands, The ground substance was markedly

basophilic, very in some regions, No vascularity was detected,

however, and no actual bone tlssue was observed (fig, 57). 1 the

adult traces of bone tissue were found but large amounts of mineralised
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cartilage still remained,
The range of time of appearance of the centres of mineralisation
in the Taryngeal cartilages is shown in fig., 20a and their mean

times of appearance in fig. 20b,

Trachea

'n 18 birds examined during the period when mineral isation occurred
the total number of rings to the terminal bifurcatlon varied from
107 - 121, The pattern of mineralisation is shown diagrammatically
in fig, 58, The following points are noteworthy,

Mineralisation was first observed in 1 bird at 98 days then in | at
105 days, 1 at 112 days and in all examined thereafter.

't commenced at the caudal end of the trachea and spread cranially,
the caudal rings rapidly becoming fully invoived with the exception
of the Tast which was not mineralised except partially in the adults
and the penultimate which frequently was only partially lnvolved
(figs., 5%a, b), The first ring was not involved until 126 days.
There was no case in which every ring was involved even in the

adul ts, |

Some single iscolated rings were unmineraltised and all unmineralised
rings were adjacent to rings with no more than 25% mineralisation
almost without exception other than the Tast ringsand in general the
extent of mineralisation was similar throughout a group of adjacent
riﬁgs. nearly
The cranial half of the tracheaAplways contained rings not more

than 50% mineralised and often less, The most cranial ring found

'to be 75% affected was no, Blatl26 days and the most cranial iring

fully mineralised was no, 83 . in an adult,

1
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Rings often contained 2 or 3 individual centres (fig., 60),

Up to 154 days the histological appearance was of cartilage showing
marked basophilia of the matrix and marked transverse banding of
the cells which showed various degrees of degeneration. Foci of
marrow=1ike cells were seen but no actual bone deposition (fig, |
61). At 182 days and in the adult cancellous bone tissue was

observed with numerous foci of marrow (fig, 62).

{ii. Syrinx
The cranial syringeal cartilages forming the tympanum have been
dealt with under the heading of trachea,
The alizarin reaction occurred 1n the pessulus and the most ventral
part of the first caudal syringeal cartilage and was always found
simulfaneously, but not in the intermediates or other bronchial
cartilages (figs. 59a, b), It was found first in 1 bird of 98
days and in all examined subsequently. The whole of the pessulus
was always found to be involved,
The range of time of appearance of the centres for the pessulus
and st caudal syringeal cartilage are shown in fig., 20a and their

mean times of appearance in fig. 20b,

DISCUSSION

The extent of mineralisation in the adult larynx was very similar
to that.shown by White (1970) as ossification, The developmental
pattern was basically similar, Points of difference were that in this
study the onset of mineralisation was first seen in the arytencids at
105 days as agalnst 84 days in the cricoid body, The procricoid was

found rather earlier than by White (1970) along with the other centres.
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The tracheal rings inctuding those forming the tympanum numbered
107-121 in 18 birds, If 3 is deducted being the number of cranial
syringeal rings present .in the female (King 1975) a range of 104~118 is
obtatned having a slightly lower 1imit than the range quoted for 10 birds
by McLelland (1965), who counted the tracheal rings in this way.

The onset of mineralisation at 98 days agreed very closely with
Garside (1968) as did the initial site in the caudal rings and the cranial
direction of spread of the process,

Although the alizarin reaction occurred from 98 days ohwards and was
very intense and diffuse in the caudal tracheal rings this was apparently
due purely to the presence of mineralised cartilage and true bone was
found only in the trachea of the oldest birds in the growing series and
in larynx and trachea of adults. Garside (1968) described vasculaiisa~
tion and deposition of bone tissue as occurring "later! than the mineralisa-
tion of cartilage but the time interval is not specified.

It would scem therefere that there is a considerable interval between
the initial onset of mineralisation as detected by the alizarin reaction
and the development of ossification. The presence of marrow foci In
advance of true ossification would appear to be similar to the situation
in man noted by Summerfield King (1963),

The oldest birds in Garside's series weré 2 years old, and in them
he described the process as still progressing and says it is not known
at what age ossification of all rings is completed, In this study the
adult bI}ds exanined were 2% years old and all rings were by no means
fully mincralised, Indeed the extent of mineralisation found in adults
had béen attained by birds of 140 days of age, and it may be that this

is In Tact the maximum extent achieved,
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It was suggested by Myers (1917) that the cranial syringeal rings,
being relatively thick and closely bound together, may form a function-
alty important rigid zone of the syrinx. Their early and complete
mineral isation would tend to confirm their rigid nature except in the
case of the last which remains unmineralised other than in the aduilt
and resembles the intermediate cartilages in this respect. This may

provide additional flexibility for the external tympaniform membranes.

CONCLUSIONS FROM PART 1 OF STUDY

Many of the results of this study confirm some of the earliest in-
vestigations con the subject some of which such as those of W.K, Parker
are remarkable for their accuracy, Several of the many existing con-
trovérsies have in fact been introduced in the relatively recent litera-
ture,

The centres of ossification present at hatching and those appearing
postnatally have been identified, named and illustrated. Many agree
with previous reports but the following points are of significance:-

1. At hatching there was no evidence of the multiple centres of
ossification from which many of the skull bones develop, The
separate identities of the parasphenoid -and basisphenoid were not
identifiable nor were the epiotic and opisthotic which were pre-~
sumed to have fused in the prenatal! period to adjacent elements,

ii. A paired orbitosphenold was identified, No presphencid was found,

iti. [n the mandible the dentaries were found to be fused into 1 single

“unit at hatching.

iv. The entoglossal had initially a small paired centre of ossification,

All hyold elements except the ceratobranchial ossified postnatally.
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The atlas had 3 and the axis 5 centres. The remaining vertebrae
had 3 basic centres, 1 for centrum and 2 for arch though by hatch-
ing varying stages of fusion of these had already occurred.
Additionally there were separate centres at hatching for costal
elements (excluding vertebral ribs) in cervicals 3-16, lumbosacréi
8 (variably) and in lumbosacral 9 where there was sometimes fusion
to the transverse process, Transverse processes with separate
centres were found in the region Iumbosgcral 6~9, no bird having
more than 3 pairs.

The phaléngeal formula in the manus was normally 2:2:1 but in a
few cases was 1:2:1,

4 carpal ceqtres were found, all ossifying postnatally,
Metacarpals 11, Ill, and [V each had a single centre but metacarpal
V did not and was not even recognisable as a prolongation of meta~
carpal 1V,

3 tarsal centres were recognisable at hatching, 2 proximal and 1
distal,

The proximal tibial centre was the only true secondary centre in
tong bones and represented the mammalian tibial tuberosity centre
being of the "traction epiphysis'" type,

The patella and tarsal sesamoid were constant centres in adults,
and a darsal carpal sesamoid was variable. No other ossified sesa~
moids were found,

Mineralised tendons were found in adults in the regions, dorsal

tarsometatarsus, plantar tarsometatarsus (4-5 or more), dorsal

tibiotarsus (cockerels only), plantar tibiotarsus, dorsal meta-

carpus and palmar antebrachium (low incidence),
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xiii. Mineralisation was found to develop in all largyngeal cartilages
and to become widespread in the tracheal cartilages. The involve-
ment was always greatest in the caudal region except the last ring
which was only involved in the adults, All cartilages were never
completely involved even In adults, The pessulus and base of the
first bronchial cartilage were also involved, True ossification
only commenced at the end of the growing series.

The timing of the appear;nce of the postnatally developing centres
has bheen shown. The variation found was not great even with the centres
appearing relatively late such as sesanoids, No difference was observed
between the methods of alizarin staining and radiography and little when
comparison was possible with the White Leghorn male and female birds,

The centres for the uncinate processes and the single phalanx of
digit |V appeared around hatching., The carpal centres and that of meta~
carpal || ware found to develop in the neonatal period. Thereafter
there was a substantial interval until the next group of centres appeared
which included the one true secondary centre, (the proximal tibial), the
hyoid centres other than the ceratobranchial, orbitosphenoid, ﬁate]la
and tarsal sesamoid, The final group were the centres of mineralisation
for some tendons, and the laryngeal, tracheal and syringeal cartilages.
Other tendons and the dorsal carpal sesamoid which wsre mineralised in

the adult did not develop centres during the growth pariod,
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GENERAL 1NTRODUCT]ON

"In the bird class we meet this remarkable phenomenon, namely that
the swiftest creatures.by far that inhabit the earth have had for the
purposes of their most consummate mechanism the greatest loss of freedom
of the individual parts of the skeletal framework'l.

In these words W.K. Parker (1887) drew attention to one of the most
remarkable evolutionary modifications in the animal kingdom. Young
(1950) has expanded this theme by remarking how superimposition of ex-
tensive fusion on the basic skeletal plan of the bipedal archosaurian
reptile has resulted in the group of animals probably best suited to
tocomotion by 2 distinct means i.e. flight and walking, in addition to
which many can swim. '

During flight the body weight is suspended from the wings and is
transmitted through a retatively rigid fused vertebral column, completely
ossified ribs and a large fused sternum. In walking the situation is
reveréed in that the body weight Is transmitted to the pelvic limbs as
is usual with a bipedal posture but in addition birds have to cope with
the substantlal added forces generated during landing from flight.

The extensive synsacral fusion and the widespread area of union between
the synsacrum and the expansive pelvic girdle would appear to be valuable
modifications in this respect,

Headley (1895) drew attention to the particular problems engendered
by assuming a bipedal posture with the trunk still in ap almost horizon-
tal position, 1t would seem that the fusion of the vertebrat column
has. evolved in preference to the development of additional epaxial
musculature to cope with this situation, Any additional muscle mass

would have had the effect of increasing body weight and indeed there is



76'

in association with vertebral column fusion a reduction in epaxial muscle
quantity. Thus the 2 main muscular groups in birds are those directly
associated with its 2 modes of locomotion, the pectoral mass for flight
and the pelvic 1imb musculature for terrestrial movement,

Other examples of fusions as modifications for flight are associated
with the development of firm bases for feather attachment, Thus the
total commitment of the pectoral 1imb to flight has been accompanied by
extensive fusion of the bones of the manus for a stable foundation for
the primary remiges and the terminal coccygeal vertebrae have fused to
form the pygo;tyTe which supports the retrices,

Another skeletal adaptation for flight 7s the general reduction in
bone density coupled with pneumatisation of various regions, yet the
muscles of Tocomotipn are extremely powerful and, as suggested by George
and Berger (1966}, fusion may also be a device to compensate for the
relative fragility of the bird skeleton,

Extensive fusion of the skull has been claimed as a necessary pre-
requisite for the development of widespread pneumatisation, This topic
will be dealt with in Part 3.

In part 2 of this study the object was to examine the anatomical
aspects of fusion in the postnatal skeleton Tncluding sites énd timings
and sequence of fusions, The sites of fusion selected were those be-
tween postnatal skeletal elements rather than between multiple centres
of ossification within bones, althOuéh the sternum was inciuded, The
major }egions of fusion were all studied but a few minor sites e.g.
uncinate processes to vertebral segments of ribs, entoglossal to rostral

basibrainchial and quadratojugal to jugal were excluded.
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INTRODUCTI ON

The marked degree of fusion found throughout the avian skeleton is
réflected also in the skull where, although many sutures undergo eventual
synostosis in the mammal also, this occurs relatively earlier in birds
and so completely the sutures are often obliterated without subsequent
trace, especially in carinates {de Beer 1837, Portmann 1950),

Attention has already been drawn to the difficulties of identifying
individual cranial bones in the illustrations of most textbooks of avian
anatomy sc it follows that their articulations are equally difficult.
Indeed the whole topic of arthology tends to receive scant attention in
avian texts, In the 5th edition of Sisson and Grossman's Anatomy of
the Domestic Animals there are chapters on syndesmology in all the
sectlons devoted to the domestic mammals but none in the section on aves.
Chamberlain's Atlas of Avian Anatomy although purporting to cover the
fields of osteology, arthology and myology makes no attempt to indicate
the Tocation of any of the skull joints nor indeed any Individ&al skull
bones.

The embryological accounts of Hamilton (1952) and Romanoff (1960)
show centres of ossification and approximate sltes of articuiation be-
tween them can be deduced, but without any great degree of accuracy,

The optimum time for the study of these joints would seem.to be
around'the time of hatching when the bones have achieved their recognis-
able adult shape but are still clearly delineated, The diagrams of
Jollie (1957) are particularly usefui in this respect and much of the

problem can be resolved fiom them, Doubt still remains about precise
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eventual relationships around the fontanellss, which are large at this
time, and also In the basis cranii, Additionally there are to be
accounted for the articulations of the bone not described by Joltie (1957)
and termed in this study the "orbitosphenoid',

The mandibular sutures are particularly poorly described perhaps
due to the very complex relationships which the long splint 1ike mandi=
bular bones have with each other, Jollie's diagrams are again useful
and are reproduced with some modification by Bellairs and Jenkin (1960)
and Bellairs (196k), but the precise relationships and all the sites of
articulattion are still far from clear,

While there is general agreement on the eventual synostosis of the
sutures and synchondroses of the neurccranium, the timing is variously
described as occurring before the chick leaves the egg, (Bradley‘1960)
at an early age, (de Beer 1937}, soon after hatching, (King and Mclelland
1975), within the nestling stage (Bellairs and Jenkin 1960) and in the
adult {(Goodrich 1930),

Jollie (1957) describes the process generally as commencing in the
basis cranii at about 75 days postnatal and spreadlng upward and forward
until Finally the frontal sutures close at 100 days.

In the mandible the sutures are described as undergoing obliteration
which may obscure their identities (Bellair; and Jenkin 1260), while
Parker (1869) lists particular sutures which can be traced in the adult
as being thosc between the dentary and the angular and supraangular
white é]i others close. Jollie (1957) describes the mandibular fusions
as occurring between 75-90 days postnatal,

| The fate of the symphysis mandibulae seems open to some doubt as

Parker (1869) describes the dentaries as ankylosing early like the
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premaxillae while Bellairs and Jenkin (1960) say that the 2 halves of
the adult mandible fuse at the symphysis. Jollie (1957) describes the
anterior centres of the dentaries as being fused across the midliine al-
most from their first appearance,.

It was decided to study skulls of birds at hatching to investigate
fully and illustrate the various articulations formed in the neurocranium
and mandible and to follow these through a series of growing birds to
ascertain their fusion times. The neurocranium was taken to be that
region which eventually forms the single fused mass obtainable by the
maceration of adult specimens, and, therefore, excluded nasal, prefrontal

and other members of the facial skeleton,

MATERIALS AND METHODS

The specimens used were those previously employed 7n the investiga-
tion of centres of ossification in the skull in part 1 of the study.

The numbers involved, intervals of sampling and methods of preparation
of specimens are summarised in table 2,

In fellowing the various joints through the series, as far as possible
every joint was identified on every specimen and recorded as '"open'! or
Uizl osed", Midline joints could not, of course, be studied on the
sagittally sectioned specimens, Some artic;lations could be jdentified
in only 1 of the 2 standard radiographic planes and certain joints could
not be_identified with certainty in either and were studied only in the
alizarin specimens, These were those formed by the squamosal with the
cxogcipital, pleurosphenoid, prootic and supraoccipital, being joints

which involved considerable overlap,

fhe radiographs were also found unsatisfactory for studying the
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mandibular sutures which were, therefore, examined purely in the alizarin
specimens,

The criterlon for declding that a joint was still "open' was a con~
tinuous Tine between adjacent bones, translucent on alizarin spacimens
or radiolucent on radiographs,

The range of time of Tusion was calculated as extending from the last
age at which fusion was invariably absent to the first age when it was in=

variably present. The median of the range was taken as the mean fusion time,

i i

A, ARTICULATIONS

D Ry k- S e e e 4 g

i. Neurocranium
The articulations formed by the bones of the neurocranium were as
follows:~

1. Basioccipital Rostrally and rostroventrally with the parasphenoid/

basisphenoid, laterally with prootic, caudelaterally with exocclipital
(figs. 2, 63).
2, Exoccipital Rostrolaterally with squamosal, rostroventrally with
- the parasphenoid/basisphenoid (fig. 64), medially with the basi~
occipital, dorsally with the supraoccipital and on its deep aspect
with the prootic (figs. 2, 63, 65),

3. Frontal Caudally with the parietal (fig, 66), ventrolaterally with"
the squamosal (fig. 67) and more rostrally and along the ventral
margin of the orbital plate with the pleurosphenoid (figs., &4, 67),
In the midline the frontal joined its fellow of the opposite side
(fig. 66) and ventral to this union its rostral part joined the
interorbital septum, ossified by the mesethmoid (fig. 4). The

rostral tips of the frontals diverged to reveal the lamina dorsalis

of the mesethmoid (fig., 5).
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Mesethmoid Along its dorsal margin with the frontals (figs. 4,
5}, ventrally with the parasphenoid/basisphenoid, rostrum (fig. 3)
and at the ventral extremity of its caudal margin dorsal to the
optic foramina with the arbitosphenoid (fig, 11).

Drbitosphenoid Rostrally and dorsally with the mesethmoid (figs.

11, 12}, laterally with pleurosphenoid and medially with its fellow
of the opposite side (figs, 10, 12).

Parasphenoid/basisphenoid As the separate centres forming this

complex in the prenatal period had fused by the time of hatching,
as discussed Tn part one, this was regarded as a single entity aﬁd
no attempt made to describe which constituents formed its various
articulations as 1t was felt that this could not be done in many
cases with any great accuracy in these specimens, Superficially
it articulated with the exoccipital caudally and the pleurosphenoid
rostrally (figs, 6b, 65), deeply with basioccipital caudally and
prootic laterally (figs. 2, 63). The rostral prolongation, rostrum
jointed the mesethmoid, accommodating It Tn a groove on its dorsal
surface,

Parietal Ventrolaterally with the squamosal (figs. 1, 64),
rostrally with the frontal (figs., 1, 66, €7), caudally with the
supraoccipital and deeply with the prootic (figs., 2, 68) and at the
midline with its fellow of the opposite side (fig, 66),

Pleurosphenoid Dorsally with the frontal and caudally with the

squamosal (figs, 1, 64, 67), Ventrally with the parasphenoid/
basisphencid (figs. 2, 65) and medially with the orbitosphenoid
(figs, 10, 12) and on its deep aspect with the rostralmost tip of

the prootic {fig. 65).
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Prootic The rostraimost tip jolned the pleurosphenoid (figs. 1,

65), caudal to which it articulated with the deep surface of the
parasphenoid/basisphenoid and more caudally, the basioccipital

(figs. 2, 63),

Superiorly the prootic met the supraoccipital (epiotic part) from
which it was at first widely separated but eventually fused to
complete the otic capsule (fig, 68). Caudally It joined the ex-
occipital and laterally the parietal and mere ventrally the squa-
mosal (f?gs. 63, 68),

Squamosal Rostrally with pleurosphenoid, superiorly with the frontal
rostrally and parietal more caudally, eventually for a short distance
dorsocaudally with the supraoccipital across the previously exist-
Ing Tateral fontanelle and caudally with the exoccipital (figs. 1,
64, 67). Deeply it joined the prootic (fig., 63).

Supraoccipital Rostrally with the parietal (figs. 1, 66, 68),

rostirolaterally with the squamosal for a short distance across the
previously existing latera! fontanelle (figs.h64, 67) laterally
with the exoccipital (figs. 1, €8) and deeply the epiotic part
joined the supericr projection of the prootic to complete the otic
capsule (figs, 63, 68).
Thus a total of 27 articulations for the 11 bones constituting the
neurocranium were identified, of which the majority were paired,
They were:-
. 1, basioccipital - exoccipital®
2, basioccipital ~ parasphencid/basisphenoid
3. basioccipital - prootic

4, exoccipital -~ parasphenoid/basisphenolds

*paired



*paired

13,
14,
15,
6.
17,
18,
19,
20.
21,
22,
23,
24,
25,
26,
27.

exoccipital ~ prootic¥
exoccipital =~ squamosals

exoccipital - supraoccipital

frontal - frontal

frontal ~ mesethmoid
frontal ~ parietal*
frontal « pleurcsphenoid*
frontal ~ squamosal

mesethmoid ~ orbitosphenoid

mescthmoid - parasphenoid/basisphenoid
orbitosphencid -~ orbitosphenotd
orbitosphenoid - pleurosphenoijd®
parasphenoid/basisphenoid ~ pleurosphenoid®
parasphencid/basisphencid - prootic#

parietal = parietal

parietal ~ prootic¥
parietal =« squamosal#*
parfetal - supraoccipitals
pteurosphenoid -~ prootic#*
pleurosphenoid - squamosals
proctic = squamosal®
prootic ~ supraoccipital®

squanosal = supraoccipitals®

83,



Mandible

As the articular and prearticular were fused together at the time

of hatching they were treated as a single entity referred to as articular/

prearticular,

The dentaries were fused inte T single structure so no

mandibular synphysis was present,

The bones of the mandible were found to make the following articula-

tions:-
1. Angular
2. Articular/

prearticular

Dentary

Splenial

Sdpraanqular

with articular/prearticular
dentary

splenial

supraangular

(figs. 7, 8, 69, 70)

with angular
supiraangular
(figs. 7, 8)
with angular
splenial
supraangul ar
(Figs. 7, 8, 69)
with angular
dentary
supraangular
(figs. 8, 63)
with angular
articular/prearticular
dentary

splenial

(figs. 7, 8, 69, 70)
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Thus a total of 8 articulations for the mandibular bones were
identified, all were paired.

They were:-

1. angular ~ articular/prearticular

2, angular - dentary

3. angular - splenial

L, angular - supraangular

5. articular/prearticular = supraangular
6. dentary ~ splenial

7. dentary =~ supraangular

8. splenial - supraangular

B FUSIONS

The ranges of times of fusion are shown in fig, 71 for the neuro~
cranium and fig, 72 for the mandible, and the mean fusion times in fig.
73 for the neurocranium and fig, 7% for the mandible,

In the 23 neurocranial articulations examined by both methods the
ranges obtained by each coincided to the extent that in 19 cases they
were either overlapped or were contiguous, In 2 of the remainder the
alizarin range was clearly'earlier and the radiographic range was eariier
in the remaining 2 cases, 1t was felt, therefore, that there was no
evidence that either method tended to identify fusion eariier than the
other,

The total ranges varied from 7 -~ 63 days. The greatest was in the
case of the basioccipital - exoccipital where one alizarin specimen had
shown fusion at 1 days pestnatal, The next occurrence of fusion had

been at 42 days in both alizarin specimens. This was a case, therefore,
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when 1 specimen had increased the range by 28 days, It is interesting,
however, that the range for this particular joint derived from the
radiographic specimens was one of the widest also,

The articulation which had the earliest mean fusion time (basi-
occipital ~ exoccipital) had the greatest range. The next greatest
range was the parietal - prootic which occurred much later in the sequence
while other relatively long ranges lay in the middle region. it was
felt that there was no evidence that the position in the ssquence of
fusions influenced the range of fusion time,

The sequénce of fusions in the neurocranium commenced around the
basis cranii, The first 7 fusions invelved the basioccipital, exoccipi-
tal or prootic then spread upward and forward to the supraoccipital,
squamosal , pledrosphenoid and parasphencid/basispiencid, The frontal
was Tirst involved at 91 days (to pleurosphenoid) and the interfrontal
closed at 102 days. The final fusions were the most rostral, involving
orbitosphenoid and mesethmoid,

in the mandible the general direction appzared to be rostrally with
the most caudal joint, prearticular to articular, being fused froa the
beginning., The suture between the splenial and the supraangular appear-
ed to remain open being clearly distinct in the oldest spacimens in the
_series. This does not mean that traces of others will not persist but
all others did appear te undergo fusion,

The mean times of fusion varied from 39 - 119 days postnatal,

DISCUSSION

The alizarin and radiographic methods both yielded useful results,
The alizarin method had the advantages of additional magnification avail-

able with the operating microscops and the ability to manipu]até the
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specimens to enable the lines of the joints to be followed, All were
identifiable with this technique, The radiographic method was quicker
both to perform and to examine all the individual joints on a large
number of specimens, It gave very clear identification of many joints,
the additional contrast obtained from the silver nitrate impregnation
giving the bones sharply defined edges, It was not, however, found
adequate to identify with certainty several of the joints of the squa=~
mosal where considerable degrees of overtap occurred and where the joint
spaces seemed relatively narrow. The complex relationships of the long
narrow mandibular bones meant that their articufatlons could only be
satisfactorily worked out with the benefits peculiar to the alizarin
method,

The sequence of fusion in the neurocranium agreed with that generally
described by Jollie (1957) but the mean times of fusion were more wide~
spread, 0of the 27 articulations of the neurocranium 6 occurred below
the lower limit of Jollie's range (75 days) and 9 were above his upper
limit (100 days), All the Tower ones were Tocated in the basis cranii.
5 of the upper ones involved the orbjtosphenoid or mesethmoid thch were
not included by Jollie,

The symphysis mandibulae being fused from time of hatching onwards
appeared to confirm the view of Parker (1869) rather than svme subsequent
reports, though Jollie (1957) described it as being partially fused al-
most from the first appearance of the dentaries but also mentions a
symphyéeal ridge which becomes ossified across. This probably explains
the confusion,

The theory that skull fusion is a necessary prereqiisite foi the

spread of cranial pneumatisation has been advanced by several authors
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but lack of detalls of the cranial fusion pattern has prevented its
thorough investigation, The details yielded by this study were thought
to provide a useful basis for a subsequent investigation on the develop~

ment of cranial pneumatisation in the Tinal part of this work.

ift, VERTEBRAL COLUMN

INTRODUCTI ON

Fusion of the centra, dorsal and ventrai spines and transverse
processes of vertebrae In the thoracic vertebral region produces the
os notarium, a characteristic of several families of birds and occurring
in the domestic fowl, There Is general agreement that its composition
is somewhat variable although there are few reports to provide details,

. Rydzewski (1935) described that of the domestlc fowl as being more
variable in compesition than any other but containing 3 or 4 vertebrae
from within the range C16 to .Th, He described the degree of fusion
also as being variable in that the free border of the dorsal splnes
coyld be fused but not the remainder. In the transverse plate were
feramina which lay between the individual transverse processes and were
filled with variable proportions of membrane and bone. The ventral pro-
cesses could be fused partially or completely,

The synsacral fusion appears to be a regular finding in all birds.
Reference has already been made to the uncertainty-of the identity of
the coristituent elements, Additlonaily there is the problem of the
variation in numbers of vertebrae involved, quotcd ranges being from
4 2 16 in domestic fowl,

The pygyostyle appears to be found reguiarly other than in tinamous
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birds and most ratites (Bellairs and Jenkin 1960), The number of
elements involved is again uncertain and figures quoted for domestic
fow) usually range from 4 = 7,
| The timing of these fusions appears to have received extremely

scant attention, Harrison (1970) reports that fusion of bodies com%ences
in the Tumbosacral region at about 9 weeks postnatal but that in the
thoracic region it does not occur until growth is complete, The pygo-
style is sometimes said to be formed from a number of embryonic elements
(George and Berger 1966, Feduccia 1975) but whether this means that
these fuse in‘the prenatal period is not clear.

Between the fused thoracic and synsacral masses there are one or
more free vertebrae usually thoracic no, L, King and McLelland (1975)
~ described this as the weak point In the overall design of the vertebral
column, being particularty affected by disease notably spondylolisthesis
or 'kinky back'', which occurs in broiler chickens, The condition was
described by Wise (1970) and this included some brief anatomical detaiis
of the region, |

The purpose of this section was to explore the pattern and timing
of the various fusions and to provide further anatomical details of the

Lth thoracic vertebira and its relations,

MATERIALS AND METHODS

Golden Comet pullets were used, 3 were sampled within 1 hour of
hatching and further pairs of birds at 7 day intervals until 112 days,
then at i# day intervals until 182 days postnatal, From each bird
portions of the vertebral column were removed from the second last cervi=

cal to the caudal end of the column, The penultimate cervical was
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assumed to be CI5 though this was not verified in this particular in-
vestigation, All specimens were treated with silver nitrate and radio-
graphed dorsoventrally and laterally, This gave adequate detail to
identify the outline of each vertebra including tts processes as shown
iﬁ fig, 75a - d, It should be noted that in this particular specimen
the vertebrae from €13 caudally have been removed. Tracings were then
made of all vertebrae on every radiograph including transverse processes
on the dorsoventral plates and dorsal and ventral spinous processes on
the laterals. This was found to assist greatly the identification of
individual vertebrae after fusion had commenced when the situation he~-
came more complex, As in part 1 the junction between lumbosacral and
coccygeal vertebrae was assumed to be at the first recognisably wider
intercentral gap in the beliel that this indicated the caudal 1imit of
the future synsacrum,

A portion of the vertebral column from C16 to the middle of the
synsacrum was removed from 2 birds aged 63 days and simflarly from 2
adult birds. These specimens were first radlographed taterally and
dorsoventrally, Their permitted movements were examined and the& were
then dissected for the examination of 1igaments. The area adjacent to
Th was finally sectioned midsagittally, decalcified and.prepared for

histological examination with staining by haematoxylin and eosin,

. The Intervals between centra, transverse processes and dorsal and
ventral spines were inspected in all vertebrae from C15 to Th and all

fusions recorded, The range of time of fusion and mean fusion time for
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each jointwere calculated as before. Ranges of fusion times are
shown in fig. 76a = d, and mean fusion times in fig, 77.

No fusion was found in birds up to 105 days postnatal, All birds
examined thereafter showed fusion between the dorsal spines C16-Tt,
T1-2 and all except 2 between T2~3, These latter 2 birds were at the
upper end of the ‘scale and it was thought that this condition would
probably have remained permanently, In one case T3 was completely un-
fused to T2 and this appeared to be an instance of a 3 boned notarium,
In the other the centra of T2 and T3 were fused and the transverse pro-
cesses slightly fused, This appeared to be a 4 boned notarium with
element T3 only partially fused,

The intercentral joints commenced thelr fusion a little later and
those between Tl=2 and T2~3 were found slightly in advance of C16=T1.

The Intertransverse fuslons occurred latest of all and considerable
variation was encountered in the degree of fusion between the processes.
Any slight fuslon was recorded as positive and all cases were very
symmetrical bilaterally.

By far the greatest variability was found in fusion between the
ventral spines, This was found only between C16~T) and T1-2 and then
varied greatly In extent, The fnconstancy of occurrence meant that 1t
was not possible to define the upper limit of the range with certainty
in the limited numbers available and thercfeore oniy the lower timit is

indicated in fig, 76d,

B, Synsacrum

.The numbers of ''synsacral'' vertebrae in the 45 specimens in this
series were calculated, Synsacral was taken to include T5 and all

Tumbosacral vertebrae as defined under materizls and methods and the
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results are shown in table 13,

Number Frequency
14 2 (L, 4%)
15 26(57.7%)
16 17(37.7%)

Table 13  Numbers of synsadral vertebrae

found in 45 Golden Comet pullets.

Inspection of adult macerated specimens indicalted that fusion
occurred between all dorsal spines, centra and most transverse processes
but costal processes though fused to transverse processes to variable
extents did not fuse to each other, remaining distinct,

The ranges of times of fusion and mean fusion times are shown for
each joint calculated as for the notarium in figs, 76 and 77.

No fusions were found up to 49 days postnatal but were found to
commence thereafter in intercentral joints from LS2-8 and interspinous
Joints LSI1-8, The intercentral fusion spread gradually caudally to
reach most caudal joints by about 162 days postnatal, Regardless of
_numbers of synsacral vertebrae in any individual the most caudal joint
was always unfused throughout the period of investigation, The Inter-
central Joint T5-LS1 was found to fuse about 133 days postnatal,

Thé interspinouys fusion also spread gradually caudally reaching
the most caudal members of the series towards the end of the period of
invéstigation but did not involve the Tast vertebra. Fusion was fTound

between T5 and LS1 about 109 days postnatal.
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Intertransverse fusion commenced later in the region L$3-10 from
about 102 days postnatal onwards, The most caudal fusion found was
between LS10«11 and variable fusion in the region T5-LS3 was found in

the latter part of the period of investigation.

C. Pygostyle

The total numbers of coccygeal vertebrae in 43 specimens in the

series arc shown in Table !4,

Number Frequency
7 16(37.2%)
8 19(44, 2%)
9 8(18.6%)

Table 14  Numbers of coccygeal vertebrae

in 43 Golden Comet pullets,

The variation in pattern and timing of fusion was far greatef here
than in the preceding regions, Fusion was seen in 1 biprd at hatching
where 3 elements were involved and in a few in the neonatal period.

The oldest bird without any fusion was 49 da}s postnatatl. Up to 105
days postnatal many birds only showed fusion of the arches and dorsal
spines with the separate centra clearly visible but after that age the
centraiwere always involved also, Fusion was often so complete that it
was difficult to determine accurately the number of elements which had
coafesced particularly as transverse processes were not develioped, in
particularly difficult cases it was found necessary to approximate the

number involved by comparing the size of the fused pygostyle with the
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size of the adjacent free elements.
The number of fused vertebrae appeared to vary from 2 « 4, Even
in the older birds in the series several had only 2 involved with others

closely related as if fusion with these might yet occur.

D, Articulations of the hth thoracic vertebra

The joint.spaces of T3-4 and Th-5 were clearly visible on the radio-
graphs of the adult birds, On dorsoventral view the joint surfaces
appeared markedly concavoconvex being concave cranially, No trace of
the adjacent intercentral joints could be found, complete fusion having
oceurred, The radiographs of the 63 day old birds showed that all the
intercentral joints in the region were unfused but the spaces of the
T4 joints were considerably wider than the others.

When the permitted movements were examined it was found that in
the adult specimens only lateral flexion was possible at these joints,
In the 63 day old birds slight movement was detected at the other inter-
thoracic joints but the vast majorlty of movement occurred at the joints
of T4 and was principally lateral flexion though a small amount of dorsal
and ventral flexion was also appreciable.

in all specimens the ventral longitudinal ligament was examined.
This was a fine, though distinct, structure passing continuously over
the vertebrae and particularly in the adulis was seen to spread into the
intervening joint capsules of the T4 joints, The dorsal longitudinatl
ligament did not exist as a distinct structure but rather as strands of
fibres bridging between the width of adjacent centra and merging with
the joint capsules,

No conjugate ligament was present, the rib heads haviﬁg mfgrated

caudad in birds to articulate with a single facet on the corresponding
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centrum,

Histologlically the joints of the adult specimens had the appearance
of typical synovial joints. The surfaces were lined by hyaline articu-
lar cartilage deep to which was a thin tayer of compact bone enclosing
pheumat ised trabecular bone (fig., 78) .

In the growing birds a fibrocartilage disc was present which was
found completely united with the articular cartilages of the centra of
T2 and T3 (fig. 80) but was in the process of separating from these
cartilages in the joints of Th to adept the form of ah intraarticular
meniscus Intefposed between 2 synovial cavities as shown in fig. 79,

No pneumatisation was present in these vertebrae,

DISCUSS] ON

The curious os notarium, peculiar to certain families of birds
would appear to be a modification for stability and rigidity as discussed
in the general Introduction to this part of the study, its general de-
sign, cross~shaped on transverse section 1s very like the angle girder
of engineering, this being a structure renowned for its strength, Yet
N
the notarium Is not an invariable finding in birds and is, of course,
not formed in the young as premature fusion would prevent further growth
within that region,  The notarium becomes extensively preumatised as
will be described later but presumably this does not seriously weaken
the structure,
Tﬁe number of elements involved and the location within the vertebra!l
column agreed with the findings of Rydzewski (1935},
| Fusion proceeded from 105 days onwards, earlier thaﬁ reported by

Harrison (1970) who described it as occurring only after growth was
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complete at about 20 weeks in the broiler birds in his study,

The number of elements in the developed synsacrum ranged from 14~
16 agreeing with most reports, This certainly incfuded the last thoracic
but how many could be regarded as coccygeal remains uncertain, In the
literature there seem to be 2 schools of thought, one taking the view
that 1 coccygeal is incorporated into the synsacrum and the other be-
tieving there to be several. As seen in part ! there are no obvious
morphological differences in the centres of ossification of the last
synsacral e{ement and those immediately cranial to it and the free coccy-
geal elements caudal to it, Yet in one way this last vertebra behaved
differently in that it remained unfused from the remainder until at
least the end of the investigation., The last thoracic was also rather
later in fusing into the synsacral mass than the Tirst few lumbosacral
elements immediately caudal to it,

The commencement of synsacral fusion about 53 days postnatal was
marginally earlier than quoted by Harrison (1970) who first detected it
at 9 weeks in his broiler birds.

The total number of coccygeais varied from 7-9, agrezing Qith the
results in part 1 but being rather less than most reports suggest (usually
11~13) but this generally includes 1 or more in the synsacrum. The
numbers of free coccygeals, about 5, agree but the number fused into the
pvgostyie, even allowing for the difficulty of assessing the number
accurately in some instances would appear to be about 2=l rather than
5-6 or 'more as is usually claimed.

A few interesting anatomical peints have been shown regarding the
articulations of vertebra T4, but it would be dangercus to sttem

explain the condition of spondylolisthesis on the basis of these,
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particularly as according to Wise (1970) this is purely a condition
affecting broiler birds and these investigations were carried out on
laying birds.

Two differences from the mammalian pattern found in the intercentral
joints of T4 are that they are purely synovial In the adult and that the
longitudinal ligaments are very poorly developed, The lack of an inter-
vertebral disc also removes one of the main stabilising ligaments of the
joint, It may be that the widespread synostosis c¢ranial and caudal to
these joints has led to a great reduction in the longitudinal 1igaments
as they are unnhecessary in these regions and consequently this may have
caused them to be underdeveloped over the surviving moveable joints,

In contrast with the adult arrangemesnt the 63 day old birds had
the remains of the fibrocartilaginous disc characteristic of avian inter-
central joints, (Newton and Gadow 1896, Harrison 1970), However, at
this stage these were not typical secondary cartilaginous joints but had
Joint cavities developing with the fibrocartilage disc taking the form
of a meniscus whereas the adjacent intercentral jolnts were typical
secondary cartilaginous jolnts, it could be that failure of éhe disc
to undergo separation from the articular cartilages in the process of
development of the synovial joints might lead to severe siresses in
other parts of the vertebrae which could cause subluxation or fracture.

One potential cause of weakness which was not present in the 63
day old birds was pneumatisation but this was found extensively in adults,

This topic will be pursued further in part 3.
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iti, STERNUM

I NTRGDUCT! ON

As referred to in part one, disagreement existed on the centres of
ossification in the sternum until the relatively recent alizarin studies,
Early reports on fusion were therefore disregarded in this instance and
it was found that there was very little recent information on the subject
of fusion times in the sternum, Hamilton {1952) claims that the centres
fuse together about the 3rd month.

It was felt that neither examénation of adult macerated sterna nor
alizarin specimens of chicks at hatching gave a precise picture of how
the centres eventually fuse, and it was decided to investigate this and

the timing of the various fusions,

MATERIALS AND METHODS

Golden Comet pullets were used, 3 were killed at hatching and
fhen in groups of 2 at 7 day intervals until 112 days pestnatal, and at
th days until 182 days postnatal,

The sterna of all were removed, treated with silver nitrate and
radiographed dorsoventrally, They were then sectioned in the midsagittal
plane and each half radiographed laterally,
| The outlines of the centres were traced from each radiograph end the
joints formed an& occurrence of fusion in each joint recorded,

The range of time of fusion for each joint and the mean fusion times

were calculated as before.

RESULTS/
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RESULTS

A, Articulations

There were 3 pairea articulations.
. Craniolateral process ~ caudolateral process
2, Body - craniolateral process
3. Body - caudolateral process

These are indicated fn fig, 81.
B. Fusions

The range of time of fusion for each of the 3 joints is shown in
fig. 82, and the mean fusion times are shown in fig, 83,

In each case after fusion was Tirst detected it was found in every
instance thereafter. The fusion between the craniolateral process and

caudol ateral process occurred slightly in advance of the other two,

DISCUSSION

The fusion of these joints occurs relatively early in the -total
growth period of the sternum. All 3 fusions are in a fairty central
location within the sternum and further bone growth can occur, therefore,
at the peripheral ends of the processes and at the cranial and caudal
extremities of the body and its ventral projection, the carina or keel,
Indeed the caudal end of the keel was found to continue to grow until
towards the end of the period of the investigation,

In view of the considerable economic importance of this region of
the skeleton and 1ts re}ated musculature it is surprising to find so

little recent data availabie on the question of fusion, Comparison with
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the situation in broiler birds would be a useful extension particularly
in view of the fact that time of fusion was so constant in the laying
birds used in this study,

iv., 05 COXAE

{NTRODUCT I ON

When a macerated specimen from an adult domestic fowl is examined
the general confliguration of the constituent elements, lium, ischium
and pubis can be deduced when compared to the separate centres seen in
the chick at hatching, though the marked degree of fusion so character-
istic of birds normally removes all vestige of the sites of fusion,
These can, therefore, enly be deduced approximately and particularly
doubtful are the precise relationships arcund the acetabulum., Harrison
(1975) has described the wall of the acetabulum as being formed half by
the ilium, a quarter by ischium and a sixth by thec pubis,

Pubic and probably ischial symphyses occurred in Archaeopteryx
{Heilmann 1926) but they are absent in the domestic fowl as in most
neornithes but do cccur in different forms>in ostrich and rhea,

The constituent bones are said to be fused in the adult (Kaupp 1918,
Bellairs and Jenkin 1960) but very few details on fusion times and se-
guence can be found, Harrison (1975) described it as comnencing in the
acetabular region In the 3rd month, when the pubis and ischium fused,
and being completed during the 4th month,

This section set out to check the sites of fusioen, to indicate

these and to investigate their fusion pattern,

MATERIALS AND METHODS/
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MATERJALS AND METHODS

Golden Comet puliets were used, 3 were killed within an hour of
hatching and further groups of 2 at 7 day intervals to 112 days then
at 14 day intervals till 182 days.

In each specimen the left and right os coxaec were removed until
this became impﬁssible due to extensive synostosis to the vertebral column,
At this stage the synsacrum was sawn midsagittally, Lateral radiographs
of all spacimens were taken,

The outlines of ilium, ischium and pubis were traced and the
occurrence of fusion in each was recoprded,

The range of time of fusion for each joint and the mean times of

fusion were calculated as before,

RESULTS

A, ARTICULAT!ONS

5 articulations were recognised as shown in fig, 8,

The 11ium articulated with the ischium at 2 sites, the cranial be-
ing in the wall of the acetabulum and the caudal being behind the ischi-
atic foramen which became therefore surrounded by ilium and ischium,

The ilium joTned the pubis in the wall of the acetabulum,

The ischium and the pubis also articulated at 2 sites, the craatal
being again in the acetabutar wall and the caudal being behind the ob-

turator foramen, which became, therefore, surrounded by ischium and pubis.
B.  FUSIONS
The range of time of fusion for each of the 5 joints is shown in

fig. 82 and the mean fusion times in fig. 83,
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In 4 joints it was found that once fusion was first detected it
was present in all cases examined subsequently, The exception was the
caudal joint between ischium and pubis, which was the last to occur and

showed slight variability.

DISCUSS10N

The mean fusion times in the wall of the acetabulum agreed with the
general times quoted by Harrison (1975),

The pattern is not unlike that of the sternum in that the fusions
are tocated fairly centrally within the whole mass, and occur relatively
early in the total growing period which continued almost throughout the
investigation. Certainty the fusions had all occurred before adult-

hood although previous reports have inferred otherwlse,

v.  CARPUS AND METACARPUS

INTRODUCT [ ON

Although it is well known that the distal carpal elements in birds
become fused to the metacarpals to form the carpometacarpus their sub~
sequent identification was not found possible in examination of adult
macerated specimens, due again to the comp]é;eness of fusion obscﬁring
the constituent elements, Neither did examination of specimens showing
recently developed centres precisely clarify where the various sites of
fusion would eventually occur,

This is another region of the bird skeleton where intense prenatal

interest has not been matched by postnatal investigations, and very little

could be found conceirning timing and sequence of the various fusions.
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Various authors such as Newton and Gadow (1895) have stated that the
Idistal row of carpals fuse to the metacarpals in embryo, This refers

to the mesenchymal anlagen and within this fused mass develop the chondral
and later osseous centres as detailed by Montagna (1945) and Holmgren
(1955}, However these statements have led authors like MclLeod et al
(1964) to make misleading remarks 1ike ''the distal carpal bones fuse

with the metacarpals early in development', clearly implying osseous
fusion at this stage, Bradley (1960) and others confine themselves to
comments so general that they are misleading such as '‘the metacarpus

in the aduft is in the form of a single bone',

The most detailed information available appears to be in the work
of Schinz and Zanger! (1937) who deal with several postnatal topics in-
cluding this and show a series of drawings of alizarin specimens of
known ages enabling the sequence of development to be followed, but the
ages chosen do not provide great detail on the question of individual
fusions, Their findings will be discussed along with those from this

study.

MATERIALS AND METHODS

This investigation was performed on 2 groups of birds, Firstly
White Leghorn birds were sampled in pairs, 1 male, 1 female at hatching
and at 7 day intervals till 119 days and the final male bird at 126 days,
Secondly groups of 3 Golden Comet females were sampled al hatching and
at 7 day intervals till 112 days and at 14 day intervals till 182 days.
Lateral radiographs of the left carpus and mahus were taken, Birds of
up to' 21 days were first treated with silver nitrate to increase thelr

skeletal density. Serial tracings of all the centres of carpus and
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metacarpus from all birds were made. The various sites of fusions were
identified and the occurrence of fusion in each was recorded, Range of
time of fusion for each site and mean fusion times were calculated as

before.

RESULTS

A.  ARTICULATIONS

7 joints which underwent subsequent fusion were identified and are
shown in fig, 85,
These were: =
!, distal carpal |1l - metacarpal 1!
2, distal carpal 1ll = metacarpal [I]
. distal carpal IV - metacarpal 11}

3
L, distal carpal IV - metacarpal IV
5

metacarpal [l - metacarpal 111
6. metacarpal 111 - metacarpal IV {proximal)
7. metacarpal 111 - metacarpal IV (distal)
8. FUS|ON

The range of time of fusion for each joint is shown in fig, 86 for
Golden Comet Femaigs, White Leghorn females and White Leghorn males and
all birds collectively, The mean times of fusion are similariy shown
tn fig., 87.

[n.ail 3 groups It was found that the ffrst fusion to occur was that
between distal carpal || and metacarpal 1}. The remalning fusions were
all %ound at about the same time, in one group (White Leghorn males)

that between distal carpal 111 and metacarpal 1] was slightly earlier
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and Tn the Golden Comet.fema1es the fusion between metacarpal 11 and
metcarpal t!1 was slightly later.

The earliest mean fusion time was at 53 days, distal carpal 111 -
metacarpal 11 in White Leghorn females, all others occurred before 95
days. [n many cases the times coincided for the 3 groups., |

The ranges of time of fusion were minimal, In most instances [t
was the case that once fusion was first detected it was found in all
cases thereafter. Slight variation occurred in the fusion between meta-

carpal 1l and metacarpal |11,

DISCUSS1ON

Examination of the sites of fusion in the series of developmental
stages reveals the interesting fact that there is no fusion directly
batween the distal carpal elements t1]| and |V, Indeed from the time of
appearance of their ossification centres distal IV is considerably further
distal. This cannot be deduced from examination of adult fused specimens,
Montagna (1945) described and illustrated the forces generated by the
growth of radius, ulna, large metacarpals and centrale | and considered
that this causes a shift in position of the carpal elements, flattens them,
destroys their identity and forces thelr fusion. The shift in position
of distal carpal IV would appear to assist the adoption of the positicn
of ulnar deviation at the carpus.

The times of fusion of each joint showed little variation in each
group énd indeed there was little difference between the groups and no
evidencéﬂthat one group tended to underge fusion earlier than the others,

‘ All of the fusions occurred close together on the time scale, many

coinciding., All occurred well before the end of the girowth period as a
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whole and frpm examination of the tracings of the birds at time of fusion
and at the end of the period of investigation it was thought that there
was no evidence of further linear growth of carpals or metacarpals after
fusion had occurred.

Comparison of these results with those of Schinz and Zangeri (1937)
found agreement on the first occurrence of fusion being between distal
carpal [11l and metacarpal 11l but this was ciaimed to occur rather later,
between 86 and 96 days postnatal. All other fusions were }ndicated to
occur after 96 days postnatal but as the next stage shownh was the adult
no further details of timing and sequence were available, Thus in this
study the fusions in all groups except 1 had occurred by 91 days post~
natal while in Schinz and Zangerl's (1937) study most had yet to occur

after 96 days postnatal,

vi, TARSUS

INTRODUCT! ON

The tarsal region of the fowl is a site of some importance in disease
being involved in a variety of conditions generally referred to as pero-
sis or "slipped tendon'' which have assumed rather greater importance with
intensive methods of hushandry. Probably for this reason more attention
has been paid to this area than most others. Although there are some
dlsagreements between these existing reports it did appear that the further
investigations to be carried out in this study could be usefully compared
to the previous results to give further information on differences attrib=
utable to breed or sex.

The work of Latimer (1927) was mainly a growth study of the long
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bones in White Leghorns, males and females, The method was gross
examination and it is not at all clear what criteria were used to assess
the completion of growth due to the confusion of the term epiphysis as
already discussed, As the work is frequently guoted it was decided to
Inctude its results on completion of growth at distal end of tibia and
proximal end of metatarsus for comparison,

The tarsus was another postnatal topic dealt with by Schinz and
Zangerl (1937). Here the method was alizarin staining and a useful
serfes of drawings were given of stages at 10 day intervals but only up
to 75 days postnatal after which only the adult is shown,

Bruce et al {1946) provided a useful radiographic study on cockerels
as a basis for investigation of disease conditions, They appear to have
been unaware of the work of Schinz and Zangerl (1937) dealing specifically
with this topic and quote Olsson (1936) and Nielson (1942) as the only
previous sources of reference on the subject, Both contain many obvious
inaccuracies and their results have not been Included here for compaiison,
The study by Bruce et al (1946) was on live birds and gives a serics of
radioyraphs variously selected from the 10 birds in the study, The
stages were selected to show morphelogical changes rather than fusions so
these cannot be {imed very precisely, Perhaps due to its publication in
a pathology journal this particular paper has not becen quoted in subsequent
anatomical work on the subject,

Church and Johnson {1964) performed another radiographic study in
broTTeE birds following up Latimer's (1927) work but dealing more clearly
with the fustion of the tarsal elements though terming them epiphyses,
Altﬁough male and female birds were included no mention is made of sex

differences in fusion times,
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Franceschini (1967) has been discussed at some length already,
being divergent in view regarding the number of proximal! tarsal elements,
The timing of the fusions of these was given but the distal row of tarsal
elements was not included,

In this final section on fusion it was intended to demonstrate the
sites of fusion, to investigate their timing and examine evidence of

variation between the 3 groups available and previous reports.

MATERIALS AND METHODS

Radiographic studies were made on 2 groups of birds. VWhite Leg~
horns were kitled in pairs, 1 male and 1 Temale at hatching and at 7 day
Intervals until 119 days postnatal and the final male bird at 126 days.
Golden Comet pullets were sampled in yroups of 3 at hatching and at 7 day
intervals till 112 days then at 14 day intervals till 182 days. Birds
up to 21 days postnatal were Tirst treated with silver nitrate to in-
crease their skeletal density,

Bruce et al (1946) commented on the danger of identifying fusion
between the tibial diaphysis and proxima! row of tarsal elements on
craniocaudal radiographs and, therefore, in addition to these lateral
radiographs were taken, Indeed the only real value of the ¢raniocaudal
view proved to be in the identification between the‘proximal tarsal ele-
ments themselves and after this had occurred only lateral plates were
taken of the Golden Comet birds,

Serial tracings of all radicgraphs were made and used to confirm
the siteé of fusion and to record the occurrence of fusion in them.

The ranges of times of fusion and mean fusion times were calculated

as before,
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RESULTS

A, Sites of fusion

3 sites were identified:-

1) Proximal medial - proximal lateral tarsal as
shown in fig. 88a, This proved to be the first
fusion to occur and the 2 remaining sites were as
shown in fig. 88b.

2) Proximal tarsal = tibial diaphysis

3) Distal tarsal =~ metatarsals |1 - |V,

B. Occurrence of fusion

The ranges of times of fusion are shown for Golden Comet females,
White Leghorn females and White Leghorn males and all birds collectively
in Tig., 89. Mean fusion times are shown in fig. 90 similarly.

The sequence of the 3 fusions was the same Tn all 3 groups, the
first fusion to occur being between the proximal medial and proximal
Yateral tarsals, This was found to have an earlier mean fusion time
in the White Leghorn females than the males but was Tatest in the Golden
Comet females,

The remaining 2 fusions were both found to have the same mean fusion
time in each of the 3 groups and in fact both had the same range in each
group though there were differences among the 3 groups, In all White
Leghorn birds they were in fact both similarly present or asgent in every
individual, 7This was not the case in the Golden Comets as shown in table

15,
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Bird Days Postnatal
FusTon
No, 84 91 98 105 112
Tt e e e e ——— e
! - + - - +
Prox. Tarsal -
2 - + + + +
Tiblal diaph. 3 - + + + +
Dist, Tarsal = 1 - + + + +
2 - - - - +
Metatarsals 11~[V
3 - o+ 3 +- +
3 Fusion present
- Fusion absent

Table 15 Occurrence of fusion in tarsus of Golden Comet pullets.
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This demonstrates that 3 birds, numbers 91/2, 98/2, 105/2 showed
fusion at the proximal site but not at the distal whereas 2 birds,
numbers 98/1 and 105/1 showed fusion at the distal site but not at the
proximal. However the range of time of fusion of both was 84 -~ 112
days postnatal and the mean fusion time was 98 days postnatal for each,

In these 2 fusions the mean fusion times were again earlier in the
White Leghorn females than in the White Leghorn males, but was in this

case earliest of all in the Golden Comets.

DiSCUSSION

The results from this study are shown compared with those in previous

reports in table 16,
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Type of Prox.Medial Prox. Tarsal Dist.Tarsal

Author Bird Sex Method Tarsal - "~ -
Prox, Lat, Tibial Diaph. Metatarsals
Tarsal (days p/n) ti-iVv (days
(days p/n) p/n)
Latimer White F Gross - 114 139
(1927) Leghorn
White M Gross - 158 195
Leghotn
Schinz & ? 7  Alizarin 55~65 65-75 Over 75
Zangerl |
(1937)
Bruce et  Rhode Is~- M X=ray 70-~77 77-98 119-~140
al. (1946) tand Red/
1ight
Sussex
Church &  New Hamp=~ M X=ray 70 a8 112
Johnson shire/ &
(196%) Barred F
Rock
Franceschini ? ? Serlal 70-77 150 -
(1967) Section
Histo.
DAY Golden F X-ray 56-70 Bl112 Bl~172
' Comet
DAH White F X~ray h2.49-" 98-105 98-105
Leghorn :
DAH White M A=ray 42-63 112-119 112-119
' l.eghorn

Table 16 Comparison of quoted ranges of times of fusion in tarsus,
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The earlier occurrence of fusion at all 3 sites in the White Leg-
horn females than in males agrees with the findings of Latimer (1927),
Among others only Church and Johnson (1964) specify that both sexes were
Included in their study but they do not mentlon any sex differences in
fusion times.

There was broad agreement in the quoted Tusion times for the proximal
medial and proximal Yateral tarsals. The lower limits of the ranges
found for the White Leghorn birds in this study are lower than in any
previous, The overall mean fusion time of 56 days was slightly earlier
than all previous claims, The highest upper limit of ranges were 77
days quoted by Bruce et al, {1946) for cockerels and by Franceschini (1967)
for unspecified birds. There are great variations in the.quoted figures
for the remaining 2 fusions, In the case of the proximal tarsal to
tibial diaphysis these varied from 158 days postnatal (Latimer 1927) to
only 65-75 days postnatal (Schinz and Zangerl 1937). No doubt there
are cohsiderable genuine differences in time of completion of long bone
girowth depending on genetic and environmental factors but as referred to
already there is some doubt as to the accuracy of Latimer's method and
his times particularly 195 days postnatal for the distal tarsal to meta-
tarsal Il - IV fusion do seem rather late particularly as both he and
Church and Johnson {1964} say that the general growth period ends about
20 weeks postnatal. The figures quoted by Schinz and Zangerl {1937) on
the other hand seem rather tTow particularly as they are not much later
than the figures for the fusion between the 2 proximal tarsal elements.
The results for these 2 fusions in this study lay somewhere in the middie
of the quoted range,

Perhaps the most interesting result from this investigation is that
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the ranges of time of fusion and mean fusion times were identical for
the fusions between proximal tarsal and tibial diaphysis and distal
tarsal and metatarsal 11 - [V in all 3 groups, whereas in all previous
reports the distal fusion was claimed to occur later than the proximal,
Consequently the ranges obtained in this study for the distal fusion are
rather earlier than in most other accounts discounting Schinz and Zanger]
(1937) where the series did not extend far enough to localise this fusion.

The completion of these tarsal fusions does not necessarily mean
that growth in length of tibiotarsus and tarsometatarsus is at an end,
in the case of the former Latimer (1927) and Church and Johnson (198&4)
both ctaim that growth continues longer at the proximal end of the tibisa
than the distal, On the other hand Church and Johnson (1964) say that
the distal end of metatarsus ceases to grow first and Latimer (1927) says
that there appears to be no ''distal epiphysis'' in the metatarsus which
seems to mean that he claims there is no growth at all at this end.

As in the carpus and metacarpus there were no clearly marked
differences in mean fusion times in the Golden Comets and in the White
Leghorns, These are fairly simllar types of bird and further comparison

with broiler birds would be particularily useful,

CONCLUSIONS FROM PART 2 OF STUDY
The sites of fusion in the postnatal skeleton have been identified
and illustrated. The sequence of fusion in each selected region and
the mea% fusion time and range of fusion time of each jeint have been
calculated and shown for the Golden Comets.
| When it was possible Lo compare results obtained by alizarin red $

staining with those obtained by radiography close  agreement was found,
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Limited comparisons made with White Leghorn female birds did not

reveal any marked differences in mean fusion times in carpus, meta~

carpus or tarsus.

Ih the tarsus there appeared to be rather earlier fusion in White

Leghorn females than in males but this was not conclusive in the carpus

and metacarpus,

The intercentral joints formed by the 4th thoracic vertebra were
initially secondary cartilaginous joints similar to the adjacent joints
in the serles, While these underwent subsequent synostosis those of
the 4th thoracic transformed to synovial joints having 1ittle )igamentous
support as no intraarticular joint disc remained, the Tengitudinal tiga~

ments were poorly developed and the conjugate ligament was absent,
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PART THREE

PNEUMATISATION [N THE POSTNATAL SKELETON
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GENERAL INTRODUCTION

Widespread pneumatisation of the skeleton Is another outstanding
characteristic of birds (Evans 1969), Its existence has been known for
a very long time, its discovery being attributed to Emperor Frederick 11}
in the 13th century (Goodrich 1930 and King 1957}, yet many functional
and anatomical details remain unknown today,

Although pneumatisation is believed to have occurred In the ptero-
saurian reptilian ancestors of birds and in dinesaurs 1t is thought to
have been absent in the earliest birds, Archaeopteryx and Hesperonis
(Goodrich 1930), Pneumatisation is not a finding exclusive to birds as
it also occurs in parts of the skufls of the crocodiles and in mammals
in the form of paranasal sinuses and the mastoid air cells of man and
certain other species, but the widespread occurrence in many parts of
the skeleton is a truly avian peculiarity.

As used here the term pneumatisation refers to the presence of an
air-filled cavity within a bone, It does not include other air~filled
cavities which are merely surrounded by bone such as the nasal meatuses.
Descriptions of pneumatisation of the head including nasal fossae, sub-
ocular diverticulaand dilatations of the nasolacrimal duct have led to
confusion in thls respect, having been subsequently regarded as being

~accounts of skull pneumatisation,

The function of the widespread pneumatisation of the skeleton has
been the subject of much debate particularly on account of its consider-
able variation in extent between species, The small ornithological
texﬁ by.Head]ey (1895) gives an interesting and informative review deal-
ing with several of the paradoxes of the situation, It forms the basis

of many subsequent reviews although is rarely credited as belng the
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source of the information. The following is based largely on Headley's
account,

Many small birds which are very good fliers are relatively or com-
pletely apneumatic while most big, strong-flying birds are well pneumatised,
In these large birds the pneumatised bones have a relatively greater dia-
meter which produces relatively greater strength against bending stresses
from the strong muscles attaching to them, The strength is increased in
spite of the fact that the cortex (s not proporticnally increased in its
thickness. The pneumatisation of such bones causes a greater degree of
reduction in mass than in relatively small bones, The presences of in-
ternal strutting like the Warren truss pattern used in aircraft design
is further evidence of strengthening in bones of this type as first shown
by Prochnow and subsequently reproduced by Thompson (1942}, Young {1950},
Parker and Haswell (1962) and others, The net result of these various
modifications is bones of increased strength unaccompanied by proportion-
al increase in mass,

VYarious authors have taken the view that the loss in body weight
produced by replacement of the marrow by afr is too small to be.of sig-
nificance, indeed Goodrich (1930) emphasised this by saying that the
difference is less than that resulting from feeding. However 1t may be
that reduction in bone mass is a modification to assist in the ability
to fly though not of great effectual magnitude. It would appear that
any way of keeping down the overall body weight is of value in this res-
pect as the largest flying birds weigh only up to about 35 1b. whereas
flightless birds have weights of up to several hundredweights,

" The presence of pneumatisation in fllghtliess species is aiso mentioned

by Headley as occurring in the Kiwi (skull only) but being widespread in
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the Ostrich, Emu, Rhea and Cassowary. This has been used to argue

against the development of pneumatisation as a modification for flight,

Yet as it is now generally agreed that the flightiess ratltes are descend-
flying ancestors

ed from earirates it may be that the presence of pneumatisation has

tingered on though the ability to fly has been lost due to the great in-

crease in body weight and other factors,

Headley also remarked on the great reduction in extent of pneumatisa-
tion in diving species and advanced the view that this prevented too great
buoyancy in these birds, Harrison (1958) developed this by detailing
the changes in ?o]ume caused by underwater pressure at depths to which
ducks commonly dive i,e, up to 60 feet,

Other suggested explanations of avian pneumatisation are that it
serves to increase the available area of respiratory mucous membrane for
moistening and controlling the temperature of Inspired air {Verheyen
1953, Bellairs and Jenkin 1960) or that in the case of the skull it pro-
vides insulation against heat loss which may be of particular advantage
when flying at altitude and may assist in dissemination of shock waves
on impact {Verheyen.1853),

Despite the longfstanding interest in the subject and the large
number of reports describling the variation in extent of pneumatisation
between species there are few reliable accounts concerning the domestic
fowl, King (1957) reviewed the literature on the subject and performed
a reinvestigation the results of whicﬁ largely confirmed the findings of
Campana 11875). Both excluded the skull from study and in both the
numbers involved were small although in a subsequent investigation King
and Kei]y (19%6) examined the 3rd thoracic vertebra and sternai ribs on

a larger number of specimens. Campana (1875) btelieved that in the adult,
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or by breeding age, the boundary betﬁeen medullary and pneumatic parts
of the bones has already been achieved and is fixed for each species
independently of mode of life though he admitted that under unspecified
physiological or pathological conditions the proportions may vary a
Tittle. King (1957) on the other hand found considerable variations in
the 6 birds in his series,

There are many reports on skull pneumatisation in wild species,
particularly in relation te its final extent in the roof of the cranium
and the timing of its development, The fow! skull has been studied by
Bremer (1940a) and some mention is made by Jollie (1957), Both are
concerned principally with the routes of communication to the pneumatised
spaces of the skull bones rather than in details of which bones are
actually pneumatised and to what extent,

There is very little information available on the timing of the
whole process in the fowl. Bradley {1960) described it as a late develop-
ment and Headley (1895) claimed that all bones were solid in the young,
while Bremer (1940a) has described prenatal involvement of skull bones,

In the 3rd part of the study it was proposed to investiga£e the
distribution of pneumatisation in the adult skul!, to survey the vari-~
ability in extent of pneumatisation in the whole adult skeleton and to

follow the timing of deveclopment of the process in the postnatal skelieton,

1. THE PNEUMATISED BONES OF THE ADULT SKULL

INTRODUCT I ON

Although a well recognised phenomenon, pneumatisation of the skull

receives onlty the most general of descriptions in most avian textbooks.
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Portmann (1950) makes the general statement that the neurocranium and
splanchnocranium are pneumatised from the tympanic cavity and the
dermatocranium from the nasal cavity. Harrison (1964) quotes the skull
as an area where pneumatisation is diminished in diving species, wood-
peckers which use their skulls as a hammer and swift flying birds such

as the galliforms, The lack of detailed information on pneumatisation
of specific bones is probably again accounted for by the completeness

of fusion of the skull in the aduit with the consequent difficulty In
Identification of the constituent elements, George and Berger (1966)
give some more details for birds in general, They list the otic capsule,
occipital, parietal, frontal, quadrate and interorbital septum as being
invelved, The dermatocranium has been studied in many specles by orni-
thologists to investlgate the extent and timing of development of pneu-
matisation as a means of assessing age and for functional significance

as discussed in the general introduction. The standard method in these
investigations has been the transililumination of macerated skulls where~
by opaque areas are regarded as indicating pneumatisation, The diagrams
shown are only of the roof of the cranifum but indicate that even in
species regarded as incompletely pneumatised the frontals, parietals

and supraoccipital are involved, 0f the large number of species studied
the vast majorlty have been described as completely or incompletely
pneumatised and very few as non-~pneumatised though this condition has been
claimed by Harrison (1957b) in diving ducks and cormorants. In these
orgithélogica] reports there are no other anatomical details of the base
or sides of the cranium or of the Tacial skeleton, pterygoid, quadrate

or handibie. The diagrams given have to be interpreted with some caution

as nomenclature 1s sometimes unconventional such as the term nasal bone



122.

being applied to the frontal.

{nformation specific to the domestic fowl I1s limited to one major
account by Bremer {1940a), subsequently quoted by a number of authors,
and a few other isolated statements by other workers,

Bremer {1940a) described the development of 2 air filled cavity'
systems, the first being the subocular sacs formed by epithelial outgrowths
from the middle meatus of the nasal cavity and a dilatation of the naso-
lacrimal duct. These air filled sacs become partially surrounded by
bones sccondarily but were not regarded as true pneumatisation as they
are not contained within bone.,  However, subsequent authors such as
George and Berger (1966) have on the basis of this work described the
nasal region as being pneumatised by the epithelial outgrowths of the
naselacrimal -duct and from nasal cavity which could readily be taken to
mean pneumatisation of bone., The second air sac system déscribed by
Bremer (1S40a) was derived from the tympanic cavity and involved true
pneumat isation of bone. It occurred in ons of 2 ways either by direct
expansion into the surrounding benes dorsorostrally, dorsally and caudally
to give partial pneumatisation of the region or from 2 tubular outgrowths

from the tympanic cavity which pneumatise the more distal bones of the

cranium and face, In the Tormer case no further anatomical detail of
dorsal
the bones involved is given, In the latter the moreAtubular outgtowth

Icausad complete pneumatisation of the gquadrate and extended from there
to the pterygoid and many bones of the maxiltary region though these
are not specified or shown, . The ventral outgrowth was described as
passing near the quadrate but not normailly entering it and reaching the
mandible which was said to be normally unpneumatised in the fow! and

most other species, Subsequently this outgrowth degenerated.
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Coues (1890} described a pneumatic foramen on the back of the
articular surface of the mandible for the entrance of air, when any,
which seems to imply variable occurrence of pnéumatisation.

Jollie (1957) in his account of skull development in the fow! mentiens
pheumatisation of the supraoccipital and pafieta] bones from the middle
ear cavity and of the quadrate from the ipner ear cavity which seems 1ikely
to be an error for the middle ear cavity.

De Beer (1937) gave no description of pneumatisation of the domestic

fowl's skull but refers to the situation in the pigeon {Columba 1lves),

implying the situation to be similar, The description was said to be
based on the work of Strasser (1905) and Lurje (1906), Specific reglions
pneumatised by the tympanic cavity were quoted as interorbital septum,
basal plate, periotic capsule, parietal, frontal, squamcsal, occipital,
quadrate and articular leading to Meckel's cartilage, A similar process
from the nasal cavilty was said to invelve the maxilla, premaxilla and
lacrimal, Indeed the only exceptions to pneumatisation were sald to be
the jugal and quadratojugal, {f this information is accurate and
applicable to the Towl Tt would seem to Tndicate a more extensive invelve-
ment than described by Bremer (1840a) although he did net list the bones
so specifically.

This study set out to lock at pneumatisation in the adult skull by
identifying its occurrence In the various osseous elements alrcady des-
cribed, and to provide illustrations of the appearance of pneumatised

bhone which has not previously been done,

MATERIALS AND METHODS/
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MATERIALS AND METHODS

8 adult birds 5 hens and 3 cockerels of unknown breed were examined,
2 were injected with a mixture of Indian Ink and gelatin via a 30 gauge
needle Inserted alternately into the left and right auditory tubes via
the choana. The remaining birds were examined without prior injection,
The heads were removed, frozen and sawn midsagittally with a fine band-
saw, The bones of the neurocranium thus sectioned werc supraocccipital,
parietal, frontal, orbitosphenoid, parasphenoid/basisphenoid and basi-
occipital, The approximate boundaries of these bones were defined with
reference to figs., | and 2, 1f the section had missed the midline
mesethmoid forming the interorbital septum this was sectioned with for-
ceps, The 2 half mandibles, ptervgoids, quadrates and the facial skeleton
bones, premaxilla, maxilla, prefrontal, jugal, quadratojugal, palatine
and nasal which were all readily identifiable were removed and sectioned,
The 2 halves of the neurocranium were then sectioned in 2 transverse
planes, the first immediately caudal to the orbit through the postorbital
process and the second immediately caudal to the external acoustic meatus.
Reference to figs. 1 and 2 shows that the first section passed thjough
frontal, squamosal, pleurosphenoid and parasphenoid/basisphencid and the
second through parietal, exoccipital, parasphenoid/basisphencid, prootic
_and bastoccipital, All sectioned surfaces were examined under a Zelss
operating microscope,

Portions of the facial bones, mesethmoid, quadrate, pterygoid,
mandibfe and columella were taken from 4 birds and prepared for histo-

logical examination with staining by haematoxylin and eosin.

RESULTS/
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RESULTS

1. Appearance of pneumatised bone

By gross examination the pneumatised spaces were found to occur in
cancellous bone forming the diploe of the flat bones of the roof and in
the chondrocranium. The appearance was of a honeycomb-!ike network of
spheroidal caviﬁies lined by a smooth reflective membrane. Pneumatised
regions could readily be dlistinguished from adjacent marrow filled
trabecular spaces and the thin cortical bone, The gross appearance of
various pneumatised cranial bones is shown in figs. 91-99,

Histologically the appearance was of cavities either empti?;ontain-
ing pale staining amorphous material and tTined by a thin epithelium of
squamous cells with a lamina propria which was very thin other than
where the numerous blood vessels Tntetrvened, These pheumatised spaces
were reaaily distinguishable from the marrow filled cavities, The

histological appearance of various pneumatised bones s shown in figs.

100-103,

2. Occurrence of pneumatisation

The occurrence of pneumatisation in birds examined grossly is shown

in table 17, and histologically in table 18, A summary of the occurrence

-

of pheumatisation in the bones examined Is given in table 19,
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Bird No, P1 P2 P3 P4 P5 P6 P7 P8
Sex 0, 0x 0, 0, 0, Ox 0x 0,
Injectlion
with Indian + + - - - - - -
ink
Premaxilia - - - - - - - -
Nasal - - - - - - - -
Maxilla - - - - - - = -
Jugal - - - - - N - -
Quadrato~ - - - - - - - -
Jugal
Palatine - - - - - - - -
Mesethmoid + + + + + + + +
Prefrontal - - - - - - - -
Frontail + + + + + 4 +. +
Parietal + + 4 + * + + +
Supracccipital| + + + + + + + +
Basicccipital | -+ + + + + + + +
Exoccipital + + + + + + + +
Basisphenoid/ | + + + + + + + +
Parasphencid
Prootic + 4 + 4 + -+ + +
- Squamosal + + 4 + "+ + * e
Grbitosphencid| + +* + + + + + +
Pleurosphencid| + + + + + *+ +
Quadrate + + + + + + + 2L
Pterygoid & + + + + + + +
Mandible ~ - " + 4 - - 3
Pneumatisation present
Pneumatisation absent
Table 17  Bones of adult skull showing pheumatisation,

126,
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Bird No, P2 P3 P4 PS
Sex 0 " Ox Q, q
Premaxilla N = - -

Nasal - - - -

Maxilla - - - -

Jugal N - - -

Quadratojugal - - - -

Palatine - - - -

Mesethmoid + + + +

Prefrootal - + - -

Quadrate + + 4

Pterygoid + + -+ +

Mandible - - +

Cotumella - - - -

+ Pheumatisation present

- Pneumatisation absent

Table 18 Bones of adult skull showing pneumatisation,

Il Histologlcal examination,

Pneumat isation

Pneumatisation

Phneumatisation

constant variable absent
_Frontal Premaxilla
Parietal Prefrontal Nasal
Supraoccipital Mandible Maxilla
| Jugal
Basioccipital Quadratojugal
Exoccipital Palatine
Prootic Columella

Basisphenoid/Parasphenoid
Mesethmoid

Squamosal

Orbitosphenoid
Pteurosphenoid

Quadrate

Pterygoid

Table 19 Summary of occurrence of pneumatisation Tn bones of adult

skull,
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All the bones forming the neurocranium were constantly pneumatised
as was the mesethmoid, . This does not mean that all these were fully
pneumatised but that evidence of pneumatisation was found within them.

The quadrate and pterygoid were the only other bones constantly
pneumatised,

0f the 2 bones found variably to be pneumatised the mandible was
found to be so in 3 cases out of 8 examined grossly, The histological
examination confirmed the gross results, In all cases pneumatisation
was Tound Tn the most proximal part in the region of the articular bone,
The prefrontal was found pneumatised in | bird only by histological.
examination the condition in that bird having been missed by gross examina-
tion,

No other bones of the facial skeleton showed evidence of pneumatisa-

tion nor did the columella,

1 SCUSSION

In the 2 birds which were injected traces of the injection medium
were Tound in the base of the cranium and pairts of the side wall and
roof, Extensive leakage occurred {rom the tympanic cavity and Tn neither
case did the injected material enter the quadrate, pterygoid or mandible,
Examination showed the extent of penetration to be far from complete and
indeed it filled only the more obviously pneumatised areas which could
be readily identified without prior injection, This confirmed the view
of King and Kelly (1956) and King (1957) that pheumatised can accurately
-be distinguished from non-pneumatised bone without injection, As it
was not the intention to investigate further communications of these

pheumatised spaces the technique of prior injection was discontinued,
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Ih 1 instance histological examination revealed pneumatisation that
had not been observed by gross Tnspection. This was in a prefrontal
bone which is a particularly thin plate of bone, With this exception
complete agreement was found between the 2 methods, {t was felt, there-
fore, that for the next stage of the work, which was a survey of the
variability in extent of preumatisation in the cranium in a large number
of birds, gross examinatipn aglone without prior injection would provida
sufficiently accurate results,

The Tack of pheumatisation of the facial skeleton appeared to contra-~
dict Bremer (1940a) and certainly contradicted de Beer {1937} though he

referred to Columba livea, The pneumatisation of the neurocranium,

quadrate and pterygoid agreed with Bremer (1940a) and others, The variable
existence of pneumatisation In the mandible was not in accordance with the
description of Bremer (1940a) although he did in fact suggest that the
mandible might on occasion be pneumatised by saying that '"normally' in

the fowl and most other species pneumatisation is absent., The same hint

is found in the description of the mandible by Coues (1890),

ti, EXTENT OF PNEUMATISATION IN THE ADULT

INTRODUCTION

-

Reference has already been made to the considerable ornithological
interest in pneumatisation of the dermatocranium, The variations in the
adult extent have been studied in many species by Verheyen (1853), Harrison
(1961) and others, Winkler (1972) in a simitar study on the Herring Gull

(Larus argentatus) claimed a tendency towards greater pneumatisation in

males. The method in thesc investigations has consistently been tyrans-

ilTunipation of the macerated skull and the recording of the transparent
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windows as the areas lacking pneumatisation, The domestic Towl has not
been studied by this method though Harrison {1957) described the galli-
form birds collectively as incompletely pneumatised, being "swift fliers',

There are very few other sources of information on extent of cranial
pneumatisation. Bignon (1887) claimed that generally in birds the base
of the cranium, the occipital, the quadrate and the articular part of the
mandible were highly pneumatised. Bremer (I1940a) in his study on de-
velopment of cranfal pneumatisatlon in the fowl said virtually nothing
on-extent, though he described the quadrate as being eventually completely
preumatised. His statements concerning the mandible have been discussed
already,

The pneumatisation of the post cranlal skeleton in the fow! was in-
vestigated by King (1957) and King and Kelly (1956), The previous
Titerature was extensively reviewed and the extreme diversity of cpiniqn
ranging from pneumatisation in the humerus only (Hunter 1774) tc pneu-
matisation in all bones (Booth 1939) was discusscd, In discussing the
resul ts of these studies the nomenclature has been converted to corres-
pond with that employed in the present study to avoid confusion when the
results are subsequently coﬁparod. The results indicated that the

distribution of pneumatisation was as follows:~

1, Pneumatisation constant

Vertebrag
All cervical other than the atlas and axis,
Thoracic 4, 5,
Lumbosacral mass - cranial 1/3,
* Humerus

Coracoid (though diagram suggests there may have been absence

in 1 instance),
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2. Pneumatisation variable

Yertebrae

Thoracic 1, 2, 3,

Lumbosacral mass - caudal 2/3,
Pelvic girdie.

Ri bs

Vertebral 1 and 2,
Sternal 2 and 3,
Sternum,

3. Pheumatisation absent

Vertebrae
Atlas, axis.
Free coccygeal and pygostyle,

Ribs

Vertebral 3 ~ 7,

Sternal 1, &4, 5,

Scapula,

Clavicle,

All wing bones except humerus,

All pelvic 1imb bones.

These results largely agreed with those of the only other compre-
hensive study of the topic, that of Campana (1875). Small differences
were that Campana (1875) implied that sternal ribs 1, 4 and 5 belonged
to group 2, thoracic vertebrae 1, 2, 3 to group 1 and the coraccid to
group 2,

The claims of Campana (1875) regarding lack of varlation in a given

species in extent of pneumatisation have been mentioned already, Some
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variations were described such as an old cockerel in which the left cora-
coid was slightly pneumatised and the right not at all, King (1957)
included 6 birds in the maln part of his study and great variations in
extent of pneumatisation were hoted, particularly in the pelvic glirdie,
sternum and coracoid, Considerable asymmetry was encountered, The
cervical vertebrae and humerus were consistently fully pneumatised,

In the study of pneumatisation of the notarium King and Kelly (1956)
concluded that in adults pneumatisation was more extensive in males than
females but that sexual activity in the female was not a factor. Other
possible factors werc discussed by King (1957) though the small number
of specimens and lack of information on their origin did not permit the
significance of these factors to be explored.

This study was undertaken to see if these previous results of
occurirence of pneumatisation would be confirmed on a larger number of
specimens, and to obtain further and more precise detalis on variability
in éxtent of preumatisation in a group of birds where many potential
sources of variation due to differences in age, hﬁusing, management and
breed were removed, 1t was Telt this would give valuable information
on the degree of variation attributable to purely individual genetic

differences,

MATERIALS AND METHODS

51 adult Golden Comet birds aged 2% years, 48 hens and 3 cockerels
were u;ed. These were breeding stock orlginally from the same hatch
and had always been kept under the same conditions of management,

| They were killed with pentobarbitone sodium and examined without

prior injection, The bones to be examined were stripped of flesh,
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frozen, and sectioned by a fire bandsaw, This gave a cleaner cut sur-
face, After sectioning they were examined by naked eye and under the
operating microscope as necessary,

The skull was sectioned midsagittally and the bones forming the cut
surface examined as previously,. The left half of the mandible, the
left quadrate and the left pterygoid were sectioned with forceps. The
occurrence and extent of pneumatisation in the frontal, parietal, supra-
occlipital, basioccipltal, parasphenoid/basisphencid, pterygoids and
quadrates were recorded, Extent referred to the distance which pneu-

matisation had spread through each bone rather than the completeness of

pneumatisation in the bone. This proved of particular importance in

the dermatocranium as will be discussed later. The articular region

of the mandible, the orbitosphenoid and the mesethmoid were simply re-
corded as pneumatised or not being tco small to readily permit application
of gradations,

Thereafter the skull bones were macerated and the 2 halves of the
neurocranium apposed and tiransilluminated. The outline of the dermato~
cranium and transparent fenestrae were drawn,

The whole vertebral ccolumn when frozen could readily be sawn mid-
sagittally thus enabling the individual vertebrae to be counted and
identified, The occurrence and extent of pneumatisation in cervicals
and thoracics were recorded, The synsacral vertebrae were counted by
reference to rldges along the roof of the vertebral canal or by the
intervértebral foramina, As before the synsacrum was considered to
consist of the last thoracic and the lumbosacral vertebrae as there was
no bbvious indication of which mTghi represent coccygeals, As these

vertebrae were somewhat smaller they were recorded simply as pneumatised
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or not,

The vertebral and sternal ribs were counted and sectioned and re-
corded as pneumatised or not,

The sternum was sawn midsagittally through the body and keel and
the pneumatised length expressed as a percentage of the ossified length,
The processes were sectioned with forceps.

The 2 halves of the pelvic girdle were sawn longitudinally through
itium and ischium, and evidence of pneumatisation recorded. The pubis
was sectioned with forceps.

The coracoids, humeri and femora were sawn longitudinally and
pheumatised length expressed as a percentage of total length measured
to the surfaces of articular cartlilages. The remaining bones distal
to the humerus and femur were not examined as it was felt they were no

longer regarded as controversial,

RESULTS

A, Preumatisation in skeletal reglons

M. Skull

The occurrence and extent in the bones examined by section are
shown in tables 20 and 21 for the hens and tables 22 and 23 for the

3 cockerels,
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Bone gt e ++ + - Totatl
(100%) (75%) (50%) (25%) (0%} No.
Frontatl L L2 2 0 0 L8
Parietal L6 0 1 1 0 48
Supra=~ b7 0 1 0 c L8
occcipital
Basioccipi~ 0 1 16 31 | 0 L8
tal :
Parasphenoid/ 48 0 0 -0 0 L8
Basisphenoid
Quadrate 4y 3 1 0 0 L8
Pterygoid 41 0 0 1 6 Lg

Table 20 Occurrence and extent of pneumatisation in cranfal bones -

hens,

Bone + - Total
Orbitosphenoid L8 0 L8
Mesethmoid 48 0 48
.. Mandible 22 26 48
(articular region)

+ Pncumatisation present
~ Pneumatisation absent
Table 21 Occurrence of pneumatisation in 3 cranial bones - hens,




Bone Cl c2 c3
Frontal e et et
Parietal -+ bt T
Supraoccipital b o o bbb 4+
Basioccipital - FAp et
Parasphenoid/ s ARy e
Basisphenoid

L. Quadrate At Ao b
L. Pterygoid et R e

+t-b 100% )
- 75% )Pneumatlsatlon present

Table 22  Degree of pneumatisation present in cranial bones =

————

cockerels,
Bonhe c1 c2 c3
Orbitosphencid e + +
Mesethmoid + 4 +
L. Mandible + _ + +

+ Pneumatisation present,
Table 23  Occurrence of pneumatisation in 3 cranial bones ~

cockerels,
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All the neurocranial bones cxamined were pneumatised in all birds,

tn the roof of the cranium the frontal was seldom recorded as fully
pneumatised but mostly as three guarters, As this referred purely to
the extent it gave no direct information about the completeness of re-
p]écement of marrow, and often considerable amounts persisted (fig. 94).
The region tacking in pneumatisation was always at the caudal extremity
of the bone towards the articulation with the parietal. it the section
had been made in a slightly paramedian plane an area was seen where
diploe was lacking, the bone being a single sotid plate with no pneu-
matisation (fig. 104). The parietal and supraoccipital were pneumatised
throughout in virtually all specimens (fig, 93).

In the basis cranii the parasphencid/basisphencid was always pheu=
matised throughout though traces of red marrow were always present (fig.
91). On the other hand the basioccipital was never found fully pneu-
matised in the hens and in only one case was recorded as more than half
pneumatised, the remainder being made up of cancellous bone containing
marrow and compact bone forming the median portion of the occipital
condyle, in all 3 cockerels, however, the basioccipital was fﬁlTy
pnaumat!éed, only a thin shell of bone persisting beneath the articular
cartilage of the condyle {fig. 92).

In the splanchnocranial bones, pneumatisation was always present
and usually compiete in the quadrate but was absent from the pterygoid
in & hens, When present in the pterygoid it was virtually always
completé. In the 22 cases where pneumatisation of the mandible occurred
this was always confined to the region of the articular bone.

The stages of pneumatisation of the roof of the crahium as asscssed

by transillumination are shown in fig, 105 and the frequency of occurrence
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of each stage in the 51 birds in the series is shown in tabie 24,

Stage of No, of % Age
cranial pneumatisation birds

1 2 3.9
2 _ 6 11.8
3 11 21.6
# | 7 13.7
5 22 L3.1
6 3 5.9

5 birds showed asymmetric extent,

These birds are recorded on basis of left side,

Table 24  Extent of pneumatisation in roof of neurocranium

of 51 birds, assessed by transillumination.
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The stages ranged up to complete (stage 6 found in 3 birds), All

except stage | suggested pneumatisation was present throughout the whole

of the midsagittal plane, Very little asymmetry was found and this never

exceeded 1 stage,

il., Vertebral column

Cervical region

The numerical variations found are showh in table 25.

No. of cervical
vertebrae Frequency
15 1 (2. 0%)
16 L3 (9%.1%)
17 2 (3.9%)
Table 25 Numerical variation in cervical vertebrae,

The pattern of pheumatisation of the cervical vertebrae is shown

in fig, 106 for hens and the data for the 3 cockerels is shown in table
$ 26,



Cervical cl1 c2 C3
Vertebrae
1 - - -
2 - - -
3 ++ - At
4 A - -ttt
"~ 5 He dobt e
6 b A-bdt At
7 ottt Fott +-+
8 ERN e St
9 el e H++
10 Attt -+ F
I Hpel el e
12 et -+t Agetek
13 et A4 b
14 bbb A Aol
15 ) F-h At
16 o 0 it

A=+ 1 00%)

Ak 75%)
Aot 50%)
+ 25%)
0

Pneumatisation present

Pneumat isation absent

Bone absent

139.

Table 26 Degree of pneumatisation in cervical vertebrac ~ cockerels,
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The atlas was never pneumatised and consisted entirely of compact
bone.

The.axis was pneumatised in 2 hens, completely in one and 75% in
the other (figs., 107 and 108),

The 3rd cervical showed a slightly lower incidence of pneumatisa&ion
than succeeding members of the series, cefvicais 4 - 9 which were always
pneumatised. C10 - 16 or 17 were pneumatised in the vast majority of
birds.

In most vertebrae where pneumatisation occurred it was complete,

In all instances except 1 it involved at least half of the vertebra.

Thoracic reqion

No numperical variation was encountered.
The pattern of pneumatisatien in the hens is shown in fig, 109 and

the dats for the 3 cockerels is given in table 27,

vertebras c! 2 3
1 bt et et
2 A - -
3 ++4-+ - -
L el ot Aefbd
5 Febetet opeferpeode R R 2

++++ 100% prneumatisation present
N preumatisation absent’
‘Table 27  Occurrence of pneumatisation in thoracic vertebrae ~

cockerels,
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In no vertebra was pneumatisation constantly present or absent,
The bones most frequently pneumatised were Tl and T4 and the least
frequently was T3. Pneumatisation tended to be complete in all except
T2 where it did not extend more than half way through the bone in 18 out

of the 32 birds involved.

Lumbosacral tregion

The numerfcal variations encountered are shown in table 28,

No. of No. of birds % Age
Lumbosacral vertebrae

15 L5 88,2

14 6 11,8

Table 28 Numerical variation in lumbosacral vertebrae.

The pattern of pneumatisation is shown for the hens In fig. 110

and the data for the 3 cockerels is given in table 29,



Lumbosacral Cl c2 C3

Vertebrae
1 + + +
2 + + +
3 + + +
L + + +
5 + + +
6 + + +
7 + + +
8 + - -
9 + . -
10 + - -
11 + - -
12 + - -
13 + - -
14 + - -
15 + - -

+ Pneumatisation present,

= Pneumatisation absent,

Occurrence of pneumatisation in lTumbosacral vertebrae -

cockerels,

142,
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No vertebra showed pneumatisation constantly present or constantly
absent, in the cranial third of the group (lumbosacrals 1=5) the in=-
cidence was noticeably greater than in succeeding regions. The middle
third (lumbosacrals 6-10) showed a decreasing incidence in a caudal
direction and the caudal third (lumbosacrals 11~14 or 15) showed 5 fairly

even level of occurrence, being the Towest in the region,

Coccygeal region

Numerical variaticons ancountered in the free coccygeals are shown

in table 30.

No, of free coccygeal vertebraei No, of birds % Age
5 37 72.5
Iy 14 27.5

Table 30 Numerical variation in free coccygeal vertebrae.

No pneumatisation was detected,

iii. Ribs

Attty

Vertebral

No numerical variation was found,

The occurrence of pneumatisation in the hens is shownh in table

31,



Vertebral Pneumatisation +ve Preumatisation | Total
Rib ~ye
No, Unilateral Bilateral Total
1 8 25 33 15 48
2 _8 5 13 35 48
3 1 0 1 L7 L8
b4 0 0 0 48 L8
5 o 0 0 48 L8
6 0 0 0 L8 48
7 0 0 0 L8 48

Table 31

Occurrence of pneumatisation in vertebral tibs = hens,

144,
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1t was found to occur in ribs 1-3 only and was found to be most
common by far in the lst. Indeed in the 3rd it was found in only i

bird and then unilaterally.

In the 3 cockerels the Tirst rib only was bilaterally pneumatised

in all 3,

Sternal

The numerical variation found is shown In table 32.

No. of pairs No, of % Age
of sternal ribs birds

5 h9 96,1

L 2 3.9

Table 32 Numerical variation in sternal ribs.

No pneumatisation was destected.

fv, Sternum

The occurrence of pheumatisation in regions of the sternum is

shown in table 33 for hens and table 34 for the 3 cockerels,
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Sternum Prieumatised Non~pneumatised Total No,
Body & 20 ' 28 48
keel
Craniolateral 0 L8 48
Process
Caudol ateral 0 L8 48
Process
Table 33 Occurrence of pneumatisation In sternum =~ hens,
Sternum Cl c2 C3
Body & + + o+
keel
+ pheumat i~
sation
Craniotateral + + - present
Process {(bllat,) (bilat.,) .
- pheumati-
sation
Caudolateral - + - - absent
Process (unilat,)}

-Table 34  Occurrence of pneumatisation in sternum - cockerels,

In the hens the only region where pneumatisation was found was the
body agd kee! but 2 cockerels were pneumatised in the craniolateral andlin
the proxfma] part of the caudolateral processes, These cockerels were
a]sé pneumatised in the body and keel,

The pattern of extent of pneumatisation in body and keel in the hens
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is shown in fig, Ti¥, it never exceeded 40% of the sternal length and

was always confined to the most cranial part (fig, 112},

V. 0s coxae

The occurrence of pneumatisation in the hens is shown in table 35,

Bone Pneumatised Non-pneumat ised Total

11 ium -2 (Bilat,) Ly 48
2 (Unilat,)

Ischium 0 48 48

Pubis 0 Lg . L8

Table 35 Occurirence of pneumatisation in os coxae - hens,

T

It was found in 4 birds only and was confined to a small area of

the ilium, Hone was found in the 3 cockerels,

vi. Humerus

The occurrence of pneumatisation in the hens is shown in table 36

and the pattern of varfation in extent in fig, 113,

*

Pheumatisation +ve " Pneumatisation Total
Unilateral Bilateral Total -ve
14 23 37 i L3
(6 left )
{8 right)

Table 36  Occurrence of pneumatisation in the humerus - hens.
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The 3 cockerels were bilaterally pneumatised and the extents are

shown in table 37.

Humerus Cl c2 C3
Left 98 80 53
Right 98 87 78

Tabie 32 Percentage extent of pneumatisation,

The humerus - cockerels,

11 hens showed no pneumatisation of the humerus at all and in 14
1t was confined to 1 side as shown in fig, 114, Therefore, only about
50% of birds were bilaterally pneumatised. The extent of pneumatisation
was found to vary from 10 - 100% although even in the birds where it
extended throughout the length of the bone, traces of red marrow still
persisted. Only 13 bones (11 from hens and 2 from cockerels) belonged
to this group. in all cases where it was incomplete it was found at

the proximal extremity of {the bone.

vii, Coracoid
The occurrence of the pneumatisation in the hens is shown in table

38 and the pattern of variation in extent in fig. 115,

Pheumatisation “Fve Pneumatisation Total
UniTateral - Bilateral Total -ve
5 5 10 38 438
(2 left)
(3 right)

Teble 38  Occurrence of pneumatisation in coracoid - hens.



The data for the 3 cockerels s shown in table 39,

Coracoid _ Ci c2 c3
Left 85 55 0
Right 9l 82 0

Table 39 Percentage extent in pneumatisation

of the coracold - cockerels,

Cnly 12 birds (10 henhs and 2 cockerels) showed any pneumatisation
at all and this was unilateral in approximately half of these, The

extent varied up to L0% of the length and was always confined to the

sternal end of the bone,
viti. Femur

No evidence of pneumatisation was found,

Summary of occurrence of pneumatisation In the adult sKkeleton

The occurrence of pneumatisation in the skeletons of all St birds

in the study is summarised in fig. 116, indicating bones in which pneu-

matisation was constant, variable or absent,

B. Pneumatisation in individuals

1. A total pneumatisation score was calculated for each bird,

Maximum possible scores were:-



150,

Cranial air sacs

Frontal L

Parietal L

Supraocccipital L

Basioccipital L

Orbitosphenoid 1

Parasphenoid/ L
basisphenoid

Mesethmoid i

Quadrate 4

Pterygoid L

Mandible 1

TOTAL 31

Cervical air sac

Cervical vertebra 2 4

3 b

b 4

5 L

6 L

7 4

8 L

9 4

10 L

) 11 4

12 L



Cervical air sac (cont'd)

Clavicular air

Cervical vertebra 14 L

15 kL

16 L

Thoracic vertebra ] &

2 b

3 b

Vertebral rib L1 1

RI !

L2 1

R2 1

L3 ]

R3 1

TOTAL 78
sac

., Humerus i0

R. Humerus 10

.. Coracoid 10

R. Coracoid 10

Sternum = body & Kkeel 10

processes I

TOTAL 54

151,
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Abdominal air sacs

Thoracic vertebra | % 4
5 4
Lumbosacral vertebra 1 1
2 1
3 1
L 1
5 1
6 1
7 1
8 1
9 1
10 |
11 1
12 1
13 i
T4 i
15 I
11 ium L ]
R i
TOTAL 25

Maximum possible total pneumatisation score 188

The distribution of total pneumatisation scores is shown in fig.
117 indicating hens and cockerels separately. For the hens the mean

was 112.9 with standard deviation 13,95.



2. Correlation of extent of pheumatisation

a) Within an air sac group

The bones pneumatised by the clavicular sac were selected as their

extent of pneumatisation could be most accurately assessed, Correlation

between pneumatised bones were scught using the Pecarson r and Spearman

rank order correlation coefficient, r The resuits are shown in

rho”®
tables 40 and 41,

X y n. r. P. Correlation
L. coracoid R. coracoid 7 0.940 < 0,01 +
L. humerus R. bhumerus 26 0,310 = 0,20 -
L. humerus L. coracoid 7 0,583 > 0,05 -
R. humerus R. coracold 7 0.687 P =< 0,01 o+
Sternum coracoids 13 0,325 p > 0,20 -
Sternum humeri 33 0,089 P > 0,20 -
Table 40 Clavicular sac bones - Pearson r,
X Y n " ho P. Correlation
L. coracoid R. coracoid 7 0.960 < 0,0l +
L. humerus R, humerus 26 0,423 < 0,05 o+
L. humerus l.. coracoid 7 0, 848 < 0,05 -+
R. humerus R. coracoid 7 0.929 P = 0,01 +
Sternum coracoids 13 0.32] P > 0.1 -
Sternum humeri 33 0,072. P > 0,1 -
Table 41 Clavicular sac bones -

r'rho'
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b) Between air sac groups

Pneumatisation scores for the bones in the cranial, cervical
clavicular and abdominal sac groups were calculated and correlations

sought using the Pearson r and Spearman rank order correlation coefficient,

Feho’ The results are shown in tables 42 and 43,

X Y n r P Correlation
Cranial Cervical 51 ~0,256 P> 0,20 -
Cranial Clavicular 51 0,480 P < 0,001 +
Cranial Abdominals 51 ~0, 023 P > 0,20 "
Cervical Clavicular 51 0. 049 P> 0.20 -
Cervical Abdominals 51 0,378 P << 0.0l +
Clavicular Abdominals 51 0.178 | P > 0.20 -

Table 42 Air sac groups - Pearson r,

X Vi n reho P Correlation
Cranial Cervical 51 -0, 146 P > 0,20 -
Cranial Clavicular 51 0,291 P =< 0.05 +
Cranial Abdominals 5] 0.052 ) P> 0.20 -
Cervical Clavicular 51 0, 071 P> 0,20 -
Cervical Abdominals 51 0,279 P << 0,05 *
Clavicul ar Abdominals 51 0. 069 P > 0,20 -

Table 43  Air sac groups =~ Feho



3. Correlation of total and regional pneumatisation

The Pearson r for the total pneumatisation score and individual

air sac group pneumatisation scores were calculated,

X y r
Total Cranial 0.999
Total Cervical 0. 860
Total Clavicular 0.746
Total Abdominals 0. 601

Table 44  Total pneumatisation and reglonal pneumatisation -

Pearson r.
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DISCUSSTON

Compared with other regions of the skeleton the skull showed relativ-
ely little variation in pneumatisation both in occurrence and extent,
This was particularly true of the basis cranil but rather less true of
the frontal, where, though always present it varied in degree and was
occasionaiiy found compiete both by section and transillumination, This
did not, therefore, agree with Harrison (1957) for galliform birds in
general.

Transillumination of most skulls suggested that pneumatisation was
complete in the midline but this was not confirmed for the frontal bone
by section. The area of solid bone seen in the paramedian sections was
found to be translucent and it is felt, therefore, that the fenastrae
revealed by transillumination indicated areas where the diploe has not
developed, The opaque areas would appear to indicate the presence of
diploe and only if pneumatisation extended throughout would this provide
an accurate measuremsnt,

The mandible was again found to be variably pneumatised as in the
preliminary study oh the skull znd clearly contradicts the view of
Bremer (19%0a). The quadrate was always found pneumatised but occasion-
ally the pterygoid was not. This situation is in keeping with the
description of spread of pneumatisation occurring from the quadrate to
the pterygoid via the joint capsule (Bremer 1940a). it would there~
fore be necessary to have pneumatlisation of the quadrate before the
pterygoid could be invelved and any failure to achieve the maximum extent
of pneumatisation would first involve the pterygoid,

In the postcranial skeleton the numerical varistions encountered

were similar to those in the previous parts of the study.



When the results of this study concerning occurrence of pneumatisa-
tion in the postcranial skeleton are compared with those of King (1957)
and King and Kelly (1956) the following differences emerge, The only
bones in this study found constantly pheumatised were cervical vertebrae
5-9, all others in their first group being found variably pneumatised,

The second group, those variably pneumatised, was considerably
greater in this study and included additionally the axis, and alil other

and coccygeals
vertebrae except the atlas and cervicals 5-9% the humerus, coracoid and
vertebral rib 3, but excluded sternal ribs 2 and 3.

The bones not pneumatised agreed subject to the addition of sternal
ribs 2 and 3 and the deletion of the axis and vertebral rib 3.

King (1957) commented that although his list agreed closely with
the findings of Campana {1875) it was rather more limited than suggested
by most textbooks, The results of this study show fewer regularly
pneumatised bones still.  There may be 2 reasons for this, The first
is that in a process like pneumatisation, where considerable variation
occurs between individuals, examination of a large number of specimens,
as in this study, will Inevitably reveal more variation than a small
sample up to a limit where all variation has been revealed, [t should
not be assumed that this has been achieved in this study, Further
variation might well have been revealed had more similar birds been avail-
able, 7The most suspect bones are cervical vertebrae 5-9 and the quadrate
could well have fallen into the variable group along with the pterygoid
and maﬁdiblc. This would leave only the neurocranium and it seemsun-

likely on account of the completeness of pneumatisation, especially in

o

the basis cranii, that variation would occcur here,

The second possible explanation would be that these birds as a
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group are relatively lightly pneumatised, The relative lack of pneu-
matisation in the humerus is probably the most surprising result in

this whole study in view of the previous widespread agreement on its
pheumat isation, The c¢oracoid and os coxae show a much lower incidence
than implied by Campana (1875) and King (1957), All sternal ribs in

this study were negative compared with a 10% incidence in a similar number
of birds examined by King and Kelly (1958).

In examining the extent of pneumatisation within individual bones
it was found that even in cases of full pneumatisation in basis cranii,
humerus or vertebrae traces of red marrow always persisted as described
by Campana {1875).

The extent in certain bones was rather less than indicated by previous
authors as has been mentioned already, particularly in 0s coxae, sternum,
humerus and coracoid,

The cervical air sac preumatises the cervical, thoracic vertebrae
1 = 3 and vertebral ribs (King 1975). It appears that this grows
cranially and caudally to reach these bones and generally reaches the
3rd cervical in the cranial direction, It would seem, therefore, that
if the sac succeeds in reaching the axis it can give rise to pneumatisa-
tion in it, The structure of the axis is simitar to the succeeding
cervical vertebrae, containing cancelious bone unlike the atlas which
is all compact bone. As only 2 cases of pneumatisation of the axis
were found in this study it is not surprising that this has not been pre-
viously reported where smaller numbers have been examined, This theory
of extenl of air sac growth determining extent of pneumatisation is also
supported by the 3rd cervical vertebras having a slightly lower incidence

than the succeeding members of the series, Similarly the ossa coxarum
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being the most caudal bones pneumatised by the abdominal sac have the
lowest incidence, The incidence in the femur was nil confirming King
{1957) and others and this again is probably an indication of failure
of the air sac to grow as far as it does in other species which have
pneumatised femora,

The few bones which were constantly pneumatised had, if fully pneu-
matised, a score of 46, The maximum possible if all variably pneumatised
bones were fully involved in one individual was 188. The range was there=
fore potentially from 46 to 188, In fact the standard deviation of 13,95
was rather smaller than might have been expected,

Correlation between the bones pneumatised by the clavicular sac
suggested that individual air sacs might be a principal controlling factor
determining the extent of pneumatisation in a particular region of the

skeleton, It was found that some adjaccent bones in the clavicular sac
group, left and right coracoids and right coracoid and right humerus had
corretlations suggesting that a localised area of air sac might have a
particular potential for pneumatisation whereas the more widely separatad
left humerus and right humerus showed correlations which were significant
by one statistical method and beyond the level of significance by the
other, These bones are pneumatised by widely separated areas of the
ctavicular sac, the peripheral parts of the lateral diverticula, and these
areas may have less similar pneumatising capacities, The correlation be-
tween left humerus and left coracoid was simllarly significant by only 1
test although by the other the correlation was rather closer to signifi~
cance than in the case of left and right humeri, The theory is further
substantlated by examinaticn of the vertebral column where groups of

adjacent vertebrae show a similar pneumatisation status both in occurrence
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and extent, {t was very unusual to find an isolated unpneumatiscd
vertebra surrounded by pneumatised, other than at the very periphery of
the group as discussed above, The lack of correlation of pneumatisation
of the sternum with that of coracoids or humeri is, therefore, difficult
to explain. [t was noted that the involvement of the length of the
sternum in the midsagittal plane was always less than 40% of the total
and always involved the most cranial, widest region of the sternal mass,
The width of the extent was not investigated and it could be that increas-
ing extent would be more manifest in this direction, Only in 2 cockeirels
which, as diséussed later, were among the most heavily pneumatised birds
in the study, had pneumatisation progressed as far laterally as the sternal
processes, |

The correlation found between cervical and abdominal sac groups is
at first rather surprising in view of the general lack of correlation be~
tween alr sac groups, These 2 sacs are, however, principally involved
with the pneumatisation of vertebrae and it may be, therefore, that a
degree of uniformity of the process within the vertebral column produces
this correlation, The only other correlation found, between the cranial
and clavicular groups is rather more difficult to explain,

The examination of total skeletal pneumatisation as performed in
this study can be done fairly quickly by the method used. If, however,
In future studies of large numbers of birds it was preferred to limit
the examination to one region of the skeleton the very close correlatlon
between the cranial region and the fotal would 'strongly recommend the
skull including mandible, quadrate and pterygoid as the regicn for selection,

Only 3 cockerels were included in the survey as it was not the main

intention to investigate sex differences, However, even in these wvery
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}imited numbers, there is a strong indication of greater pneumatisation

in these male birds, one having easlly the greatest total pneumatisation
score and the other 2 being at the upper end of the range for the females
in the series. Also as mentioned above only in 2 cockerels were the
sternal processes pneumatised, and the basioccipital was fully pneumatised
including the condylar part only in cockerels. A greater extent in
cockerels would not be surprising, the paranasal sinuses of the mammal

tending to have a greater development in the male,

tif. DEVELOPMENT OF PNEUMATISATION tN THE POSTNATAL SKELETON

INTRODUCTION

Information on the development of skeletal pneumatisation in the
fowl and indeed In birds in general is extremely sparse. Sappey {1847)
described it as a late development, the bones containing marrow through-
out their development which lasts from several weeks to 6-8 months after
which pneumatisation develops, Coues (1890) described pneumatisation
as present in adult life and Bradley (1960) termed it a late déveiopment.

For specific bones in the post~cranial skeleton there is virtually
no information at all, In the fowl the humerus was said to become pneu-
matised on the 22nd day {Selenka, quoted by Bradley 1360) and at about
the 3rd week {Bremer 1S40b). The latter work is one of the few recent
scientific reports on development of pneumatisation and has been much
quoted ‘subsequently, yet again contains the erroneous statement that the
humerus is pneumatised from the cervical sac, Although factors capable
of producing variations in time of opnset have been suggested thers are

few actual reports, Pratt and McCance {1960) claimed pneumatisation of
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the humerus to occur earlier in fowls which had been undernourished.
They also wrongly claimed that the cervical air sac was responsible for
humeral pneumatisation, again indicating the confusion still existing on
this subject even in recent literature.

The one area to which considerable attention has been patd is the
skull where, as has been referred to previously, ornithologists have used
development of pneumatisation In the dermatocranium as an agelng index.
This has been done since early in the 19th century and continues to be
much in vogue, Among recent, detailed reports are those of Nero {(1951),
House Sparrow, Harrison (1957a, 1960, 1961} Wood Pigecn, doves, Sparrow,
Starling and corvidae, Lebermann (1970), Ruby~crowned Kinglet, McNeil and
Burton (1972), North American shorebirds, Winkler (1972, Herring Gull,
and Biur and Thiaphyal (1972), Indian Weaver bird.

All are based on the degree of transparency of the skuil to 1ight.
The basis as described by Harrison (1964) Ts that pneumatised bone is
opaque and spongy diploe translucent. Completion Is said to take up to
2 years., Most of these reports refer te the observed changes as being
due to pneumatisation though Nero (1951) uses the term "ossification',
Several, such as Harrison (1960), show spread from frontal to parietal
as occurring only after the intervening suture fuses. This view has been
advanced by a number of authors as quoted previously in this study,

The skull of the fowl has not been studied in this way, nor have
these results been confirmed by direct identification of preumatisation.

Prenatal pheumatisation of the basis cranii, quadrate and pterygoid
has been described by Bremer (l940a),{ The mandible was considered not
to ke prcumatised as mentioned pireviously, De Beer {1937) also described

pneumatisation as beginning in the base of the skul! before hatching.
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The object here was to confirm what pneumatisation was present in
the fowl skeleton at the time of hatching and to follow the development
in the postnatal period, tt was also intended to compare transillumlina-
tion with section and direct examination as methods for identification
of cranial pneumatisation and to investigate the value of radiography as
a technique for this purpose where it does not appear to have been utillised.
As in previous parts of this study it was not the main intention to study
degree of variation beyond that occurring in a similar group of birds due
to indlvidual genetic differences, but in this case it was thought that
suitable bird§ were available to permit Timited investigation of difference

between the sexes and 2 breeds,

MATERIALS AND METHODS

Skult

White Leghorn birds were sampled in pairs, | male and 1 female at
hatching and at 7 day intervals to 119 days and the last male bird at
126 days, The skulls were sectioned midsagittally and examined under
the operating microscope as in the adult survey for evidence of pneumati~
satlion, In the younger members of the series the joints between bones
could be identtfied and the structure of the parietal and frontal whether
‘in the form of a thin single plate, or thickened, or with the development
of diploe was noted. A series of drawings was prepared showing these
features and the localisation of any pneumatisation present.
ther-removal of skin, eyes and cranial contents the 2 halves of
the skull were apposed and transilluminated. The outline of the dermato-

cranium and areas of translucence were drawn alongside the previous series
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of drawings.

In the birds killed at hatching portions of the individual cranial
bones and mandible, quadrate and pterygoid were sectioned and examined
histologically to determine the extent of the pheumatisation at this time,

The silver nitrate radiographs of the Golden Comets used in examina-
tion of skull centres and neurocranial fusions were examined for evidence
of pneumatisation, While this could sometimes be identified quite clear-
ly in some regions it was felt that it did not provide a sufficiently
reliable guide for accurate study of the problem and was not, therefore,

pursued further,

Postcranial skeleton

Golden Comet pullets were sampled in ba?rs at hatching and at 7 day
intervals till 112 days then at 14 day intervals till 182 days., Al
bones previously found to be pneumatised in the adult survey, and the
sterngl ribs were studiéd simiTlariy by saction and direct examination.

In the White Leghorn birds of which the skulls were used the left
wing was radiographad laterally keeping the wing as close to tﬁe plate
as possible.  Subsequently the !eft humerus and coracoid of these birds

were sectioned and examined,

RESULTS
a.  Skull

The results obtained from examination of the sectioned skulls are
shown in fig., 118a~d, At hatching pneumatisation was confined on the
midsagittal secticon to the supraoccipital and parasphenold/basisphenoid,

Histological examination confirmed the occurrence of pneumatisation in



these bopes and also identified it as having developed in the squamosal,
exoccipital, quadrate, pterygoid and mandible, The basioccipital was
first found to be pheumatised at 7 days postnatal and then variably up
to 28 days postnatal after which it was invariably pneumatised,

The parictal was seen at hatching as partially a single thin plate
of bone and partially as containing diploe., At 42 days and thereafter
the entire bone contained diploe. Pneumatisation was first observed
within diploe at 28 days-postnatal (birds F28, M2B) and in all birds
aged 42 days and over, it was first seen to be complete at 42 days
postnatal (bird M42). Pneumatisation sometimes appeared to develop
first In the anterior part of the bone and not to spread rostrally from
the supraoccipital, the pneumatisation of which stopped abruptly at the
suture between these bones, This joint and the frontal=-parietal were
observed in all birds up to 77 days and had fused in all birds aged 105
days and over,

In the frontal the structure was of a single thin plate of bone at
hatching which gradually thickened up to 35 days postnatal when diploe
started to appear, with red marrow visible in the spaces in the cancellous
bone. The Tirst signs of pneumatisation were seen at 42 days (bird F42)
and intermittently but In graduwally increasing amounts thereafter, until
the adult pattern was attained although in a few cases even in older birds
in the series (F77, MI13) pneumatisation was entirely absent.

The orbitosphenoid and mesethmeid were found only to be pneumatised
in the oldest birds in the series.

By transillumination it was found that most younger birds in the
scrécs showed 3 fenestrae, a single ia the parietal and a larger pair in

the frontals as shown in fig. 118a, After 42 days the parietal fenestra
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was always absent, There was alsc a reduction in size of the frontal
fenestrae and from about 49 days onwards only the various stages found
in the adult survey shown in fig. 105 and a few slight variants were seen.

Several belonging to stage 6 were found having no fenestrae present,

b, Vertebral column

Cervical region

The pattern of development of pneumatisation is shown in fig, 119,

All blrds examined had 16 cervical vertehrae.

No pneumét?sation was found until 35 days postnatal when it occurred
in 1 bird in cervicals 8~13 and cervicals 3, 4, 6~13 and 16 in the other,
Thereaftér cervicals 5-12 were constantly pneumatised, The first signs
appeared in cervicals 14, 15 at 42-49 days and the last I cervical verte-
brae were more or less constant in pneumatisation from 56 days postnatal
onwaids, Cervicals 3 and 4 were constant From 63 days onwards,

The usual adult pattern was achieved fairly early, in that in most
cases Trom 63 days onwards cervicals 3-16 were all fully pheumatised,

Partial pneumatisation was virtually only seen up to 49 days post-

natal,

Thoracic region

The pattern of development of pneumatisation is shown in fig. 120,

All birds had 5 vertebrae,

No ppeumatisation was seen until 63 days postnatal when it occurred
in.thoracic 1 in one bird. The next occurrence was in thoracics 1, &
and.5 at 77 days after which it was almost constant in thoracics 4 and

5 but continued to be variable in thoracic | until the upper end of the
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series. No evidence of pneumatisation of thoracics 2 and 3 was found
except in 1 bird at 154 days postnatal.
In most cases when pneumatisation occurred it involved the vertebra

fully,

tumbosacral region

The pattern of development of pneumatisation is shown in fig., 121,

All birds had 15 lumbosacral vertebrae.

No ‘pneumatisation was found till 77 days postnatal when it commenced
in the cranial members of the series {lumbosacrals 1-5) being fairly
constant thereafter, In lumbosacrals 6~8 it commenced at 126 days and
caudal to that was only found at 182 days, In numbers 11 and 12 1t was

not identified at all,

C. Ribs and sternum

The pattern of development of pneumatisation is shown In fig, 122,

Iﬁ the vertebral ribs pneumatisation was seen in the first at 91 days
postnatal and frequently thereafter but in the second was only seen on
one occasion at 154 days postnatal, 1t was not found in any of the other
vertebral ribs or in the sternal ribs,

In the sternum pneumatisation was detected in birds aged 140 days

and upwards,

d, Os_coxae
No pneumatisation was found,
e, Coracoid

In the Golden Comet birds no pneumatisation at all was found, The
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pattern of development in the White Leghorns is shown in fig. 123,

Pneumatisation was first found at 63 days postnatal (F63, M63) and
was found in all birds aged 84 days and over. The extent increased
though subject to considerable variation until 91 days after which it
was found to involve 60-80% of the bone length in all birds examined
thereafter.

The difference in rate of development in the male and female birds
was examined by a paired t test and was found to be not significant

(P = 0,10).

T. Humerus

The pattern of development of pheumatisation assessed by section in
Golden Comets and by section and by radiography in White Leghorns is shown
In fig. 124,

In the Golden Comets pneumatisation was first found at 35 days poste
natal and in &ll subsequent cases except 3. The extent gradually increas-
ed though subject to considerable variation and in all birds after 112
days 1t was 80% or more when it occurred,

In the White Leghorns when examined by section pneumatisation was
first seen in a 28 day old bird (F28) and in all examined thereafter.

The extent increased rapidly and all birds except | aged 84 days or over
it exceeded 80%. Up to 112 days the extent in females appeared to ex-
ceed that in the corresponding male, After this both sexes appeared to
achiieve a similar final maximum, The difference in rate of development
in the pairs of males and females up to and including 119 days postnatel
was investigated by a paired t test, This difference was found to be

highly significant (P < 0,01},
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The rate of development in the Golden Comet females appeared rather
slower than in the White Leghorn females, This was also compared using
a paired t test and was found to be highly significant (P = 0.001),
Radiographically, pneumatisation was identified as an area of re-
duced density as shown in fig., 125, When the results for the White
Leghorns derived by thé 2 methods were compared 1t was found that pneu-
matisation was simllarly identified as present or absent by both technidues.
The final extent was usually slightly greater when assessed radiographically

and in the developing pericd the difference appeared rather greater.

DISCUSSION

Prenatal development of pneumatisation in the parasphencid/basis-
phenold, supraoccipital, pterygoid and quadrate was confirmed, The
involvement of the articular region of the mandible agreed with the re-
sults in the adult survey in this study though disagreeing with Bremer
(1940a),

The fusion times of the jeints identifiable on the section surface
of the nheurocranium generally agreed with those found in part 2 of the
study, although in this case it was not possible to follow the joint line
throughout its length to assess accurately the onset of fusion,

The extent and variability of pneumatisation achleved in the frontal
broadly agreed with the results of the adult survey, No obvious differ-
ences in development were observed between male and female birds in the
frontal ror indeed elsewhere in the skull,

The orbitosphencid became pneumatised at ages when it had previously
been found to have fused to adjacent elements. Simitarly the mesethmoid

was found to become prneumatised late after fusion would have been
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completed. This supports the view that fusion is a necessary pre-
requisite for spread of pneumatisation across intervening joints which

in these cases are synchondroses. On the other hand the parietal was
first seen to be pneumatised at 28 days postnatal, well before the fusion
of its sutures occurs, Unless pneumatised directly from the tympanic
cavity, which seems in this location most uniikely, there must be direct
spread from adjacent bones, The frontal is not yet involved and there
is no evidence of spread from the supracccipital as the first signs were
often seen in the central part of the parietal and pneumatisation of the
Supraoccipitai was found to cease abruptiy at the parietal-supraoccipital
joint (fig., 118a, M28, F28), The most 1ikely route would seem to be
from the sqguamosal which forms part of the boundary of the tympanic cavity
and is pneumatised at hatching, The suture between the squamosal and the
supraoccipital is very narrow as noted previously and these bones are
united by fibrous connective tissue, since they both ossify in membrane,
If the frontal is pneumatised from the tympanic cavity as suggested by
Bremer (1940a) the method of spread must be similar, as pneumatisation
occuirs well before suture fusion, [t may be, therefore, that the pnheu-
matisation process can penetrate through true sutures, being fibrous
connective tissue, but not through cartilage. Bremer (1940a) described
the onset of pneumatisation in intramembraneously formed bones as being
early in the membrane stage and keeping pace with the bone development,
This'may he true for the skull clements pneumatised early in the prenatal
periodlsuch as parasphenoid and squamosal but it is certainly not true
for the parietal and the frontatl, (n skull bones preformed in cartilage
he desciibed invasion as oceurring when the calcified cartiiage was re~

moved rather than actual penetration of cartilage, Cortical bone
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developed around the air sac process, resulting in the formation of a
pneumatic foramen, Bremer (1940b) studied the humerus, as a postnatally
preumatised bone, and described changes reminiscent of osteitis fibrosa
cystica.in man. Destruction of bone tissue and its replacement by mesen=
chymal connective tissue preccded the ingrowth of the air sac diverticulum,
again suggesting that fibrous connective tissue is the medium through
which air sacs will spread, Bremer suggested that oestrogens, derived
fromn the retracted yolk sac before hatching, acted directly or indirectly
on the parathyreoid glands.  The oestrogen theory would go a long way to
explaining the precocious development of pneumatisation in the humerus of
female birds compared with male. Bremer's evidence is based on the in-
jection of white rats with theelin, an oestrogen occcurring in the yolk
sac. This produced bone changes similar to those found in the humerus

of chicks at the onset of pneumatisation, However, there are several
major weaknesses in the theory, Firstly an attempt by Bremer (1940b)

to prevent the onset of pneumatisation in chicks by treatment with andro-
genhs was unsuccesstul and pneumatisation proceeded normally, Secondly,
the hormonal control of medullary bone development in birds reﬁiewed by
Taylor et al (1971) contradicts Bremer's theory. It has been shown

that oestrogens and androgens act synergistically to preoduce ostecqenesis

prior to ovulation, Although there i1s some dispute over the mechanism
controlling the bone resorption occurring after ovulation there seemsto

be no evidence to suggest that ocestrogens are responsible, Finally, al-
though Bremer's (1940b) work was performed on the humerus, he clearly
believed that the mechanism wss similar for the entire pneumatised skeleton,
Howaver, this study has shown that the humerus is, in fact, among the

earliest bones posthatally pneumatised and some such as the sternum and
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caudal lumbosacral vertebrae do not become involved until near the end

of the growth period. it Is very hard, therefore, to believe oestrogens
of yolk sac origin would have any function in these instances, The
controlling mechanism of the process is clearly in need of much further
attention,

Although the first evidence of pneumatisation in the frontal was
found by séction at 42 days postnatal the roof of the cranium in fact was
never completely transparent to light in aay bird from hatching upwards,
since there were always paired fenestrae with intervening opacity in the
midline, This corresponded with a ridge which progressively thickened
to form an internal sagittal crest, In the parietal the single fenestra
corresponded to the area where the bone was in the form of a single thin
plate, After 35 days postnatal the frontal fenestrae rapidly decreased
in size énd diploe developed, soon followad by traces of pneumatisation
but this progresssd much more slowly than the reduction in size of the
fenestrae. In fig, 118b 1t can be seen that in bird M56 complete opacity
with total lack of fenestrae had been achieved but only a small area of
pneumatisation in the most rostral part of the firontal was found. Biwrd
F77 in fig., 118c only showes! small palred frontal fenestrae yet no pneu=
matisation was seen by section at all. It is concluded therefore that
opacity of the skull is due cither to simple thickening of the bons while
still in the form of a single plate or to formation of double plate
structure with intervening diploe in which pneumatisation may be present
or abscnt, The method cannot be regarded as sound for accurate identi-
fication of pneumatisation which only occurs after the formation of diploe
if it occurs at aill, This is not to gay that the method is not of usa

in ornithology for assessing age but the index being used is one of skull
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maturation rather than pneumatisation,

The most cranial and caudal members of the cervical vertebrae were
found to become constantly pneumatised slightly Tater than the remainder
probably due to the cervical air sac not having reached theée peripheral
vertebraes at the time its diverticula start to penetrate. The first
thoracic is also pneumatised from this sac and this commences slightly
later than the last cervical, The 2nd and 3rd thoracics are also pneu-
matised by this sac although Tt only extends as far caudally as the Ist
thoracic (King 1975), These commenced their pneumatisation only towards
the upper end.of the series after the time of fusion of the joints of the
notarium and points to a spread of pneumatisation caudally from the Ist
thoracic, This is.supported by thoracic 3 having the lowest incidence
in the adult survey followed by thoracic 2 which is Tower than thoraclc
1, $t was also the case that thoracics 2 and 3 were never pneumatised
in the absence of thoracic 1. This route also explains the fact that in
partial pneumatisation of the 3rd thoracic this occurs in its cranial
part as shown by King and Kelly (1956).  The 4th and 5th thoracics be-
come pneumatised from the abdomlnal sac (King 1975) and this was found
to occur relatively early and with virtualiy no subseguent variation.

At the same time pneumatisation of Tumbosacrals 1-5 commenced simultaneous~
ly but from here only spread caudally much later and to a variable extent,
.This is thought again to be occurring subseguent to fus%on of these
vertebrae, This failure to spread between vertebrae prior to synostosis
is further indication of the inability of the process to invade cartilage.

After the time of its onset pneumatisation of the coracoid in the
White Leghorns seemed of much more constant occurrence than in the adult

Golden Comet series. Although the extent was still subject to some
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variation it exceeded 60% in the oider birds in the series whereas it
never exceeded 40% in the aduit Golden Comets. It was vemarkable that
pneumatisation was not seen at all in the coracoids of the growing Golden
Comet series, 1t could be that this had yet to commence at the upper
limit of the series but as this would be so very much later than the on-
set in the White Leghorns it does seem unlikely. Only 7 out of 48 adult
hens had shown pheumatisation in the left coracoid and in the Timited
numbers used in the growing series it may be that all birds in the critical
period were of the unpneumatised category,

The humerus also was constantly pneumatised in the White Leghorns
after it was first detected whereas several Golden Comets remained un~
pneumatised as in the adult survey, The White Leghorn females also
showed more rapidly developing pneumatisation than Golden Comet females
which was surprising as the 2 groups are both fairly similar laying types,
I£ was more rapid in development in the White Leghorn females than males,

The results obtained by radiography of the humerus were in fairly
close agreement with those given by section, A slightly greater maximum
extent was recorded by radiography due to the total length meagufement
being limited to the ossified shaft whereas by section the articular
cartilages were included, The greater disparity during the girowing
period might be explained by a loss in density of the cancellious bone as
it becomes affected by the changes described by Bremer (19406b) in advance
of actual invasion by air sac. Radiography of the humerus would appear
to offer a satisfactory in vive method for dotection of pneumatisation
permitting sequential examination of the changes in the same birds,

Further studies could usafully bc undertaken to investigate the

effects of physiological and pathological factors on the basic pattern
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established in this study, The histological details of the develop-
ment of skull pneumatisation from tympanic cavity could profitably be
reinvestigated with particular reference to invasion of individual bones,

especially the mandible, and the manner of spread between bones,

CONCLUS [ONS

The gross and microscopic appearance of pneumatised bone in various
situations has been shown,

in the case of the skull prior Injection via the auditory tubes was
found to offer no advantage over direct examination of the sectionéd
surface, Histological examination confirmed the results gained by gross
study but additionally identified pneumatisation in one prefrontal,
Transillumination of the macerated skull was not found to reveal pheu-
matisation accurately. Radliography was found to be a satisfactory
alternative for identification of pneumatisation in the humerus but not
sufficiently accurate for detailed study of the skull.

Pncumatisation was constantly found to involve all bones of the
neurocranium including the interorbital septum and the quadrate, The
prefrontal and pterygoid were variably invelved as was the articular
region of the mandible, contiary to Bremer (1940a).

The occurrence of prneumatisation in the adult postcranial skeleton
was generally similar to that described by Campana (1875), King and Kelly
(1956) . and King {(1957). In the larger number of birds used in this
study only cervical vertebrae 5-9 were constantly pneumatised, Conse-
quently there was a large number of variably pneumatised bones, including

the humerus, contrary to all previous reports, and the coracoid in which
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the incidence was very low. The axis was occasionally pneumatised but
the sternal ribs were not,

In individuals, correlation in extent was found in most of the bones
pheumatised by the clavicular alr sac. Some correlation was revealed
between air sac groups of bones, The cranial region was most closely
correlated with total pneumatisation,

The sequence of development of pneumatisation has been followed

from hatching when it occurred only in the skull in paras-
exoccipital, squamosal,
phenoid/basisphenoid, supraoccipital ) quadrate, pterygoid and mandible
to 182 days by which time it had developed in all bones where it had
the axis, LS 1l~12,vertebrcl rib 3,

been found in the adult survey, with the exception ofythe coracoid and

os coxac where it was thought that low incidence of occurrence had pre-~
vented identification,

There was indication that the deve!Opiﬁg preumatisation processdid
not invade cartilage but might penetrate fibrous connective tissue in
sutures.

The 1imited data available pointed strongly to more extensive adult
pneumatisation in males than in females although there was significantly
more rapid development in the humerus in females than in males.

Development of pneumatisation in the humerus was significantly more

repid in White Leghorn females than in Golden Comet females,
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APPENDIX 1

Metheod of alizarin red § stalining

Technique based on method of Dawson (1926).

1. Skin and eviscerate specimen,

2. Fix in 95% alcohol for 24 hours,

3, Digest in 2% potassium hydroxide for 1-3 days,

L, Stain in 1:10,000 alizarin red S in 2% potasstum hydroxide for
6~8 hours,

5. Return to 2% potassium hydroxtde for 24 hours.

6. Clear in progressively stronger solutions of glycerin,

7. Store in 100% glycerin,
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APPENDIX 11

Method of silver nitrate impregnation

Technique as described by Hodges {1953).

1. Skin and eviscerate specimen,
2, Fix in 95% alcohol for 48 hours.

3. Immerse in 0.5% solution of silver nitrate Tor 2«3 days or longer

if necessary,
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APPENDIX 111

Technique of radiography

Apparatus Dean D,

Kilovoltage 55-70, dependent on size of specimen.
mas 100-130,

Focal~film distance 85 cm,

Film Kodirex rapid non~screen,
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Pig. 20a Range of time of appearance of postnatally

developing centres of ossification
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Fig. 21 Lumbosacral and coccygeal vertebrae 0 days
Dorsal view
arrow indicates lumbnsacral/coccygeal junetion

Alizarin

..-uu'!“

Fig. 22 Lumbosacral and coccygeal vertebrae O days
Ventral view
arrow indicates Lkumbosacral/coccygeal junction

Alizarin



Fig,

23

Y

\ 4

s.b
/
b

Atlas 0O days
Cranial view
A neural arch centres
inter
b.A centrum

Alizarin
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Fig, 24 Axis 0 days
Lateral view
a, odontoid process
Yis intercentrum
C. centrum
d, neural arch
e, synchondrosis between centrum and neural

arch

Alizarin



Fig‘

2

5

odontoid process

Axis
Cranial view

Alizarin

intercentrum

0 days

25



Fig,

26a

right costal process

[fusion occurring between centrum and arch.

23th cervical vertebra 0 days
Cranial view

Alizarin
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Fig,

26n

Cervical vertebrae

Left view
Cc. costal elements
Aligzarin

0 days
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Fig. 27a Thoracic vertebrae and vertebral segments
of ribs 0O days

Ventral view

Alizarin
The right rib of T5 has been lost and the left

displaced caudad in the preparation of the specimen



Fig.

27b

29

L
g
\

Thoracie vertebra 1 and vertebral segments of
ribs 0O days
Cranial view
a, centrum
b. single centre for neural arch

Alizarin
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l transverse pracesses
/s 5

Fig. 238 Lumbosacral vertebrae 5-12 0O days
Dorsal view

Allzarin
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centra
right arches

Is5

Fig. 29 Lumbosacyal vertebrae 5-113 0 days

Ventral view

Alizarin



Figo

30

32

transverse processes

s

' lfused transverse and costal processes
costal process

i/s 8

Lumbosacral vertebrae 6-14 0 days
Lateral view

Alizarvrin



Figo

31

"05 TN

Coccygeal vertebrae
Left lateral view
Alizarin

0 days
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Fig.

32

sternal segments
craniolateral process of sternum

v v I

coracoid

%
¢

‘caudo!cﬂerol process of sternum

Sternum and sternal ribs
Right Llateral view
Alizarin

clavicle

body of sternum

O days

34



cervical ribs,
XV v

uncinate processes

S\ J \\\\

o Lo s

|

Fig. 33 Ribs and sternum

Left lateral view

Alizarin

TR v
sferncl segments

caudolateral process of sternum
craniolateral process of sternum

0O days

35
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thoracic ribs,
(vertebral segments) cervical ribs,
v oom n > xv

/\
-.\1

7
scapula

uncinate processes

Fig. 34 Vertebral ribs 0 days
Right lateral view

Aldizarin
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Fig. 35 Whole skeleton 0O days
Lateral view

Silver nitrate/radiography
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Fig. 36 Whole sketleton 0 days

Dorsoventral view

Silver nitrate/radiography



Fig.

37

Whole skeleton
Yentral view

Alizarin

O days

39



ho

distal phalanx &
proximal phalanx 1
dstal phalanx
proximal phalanx

‘rudius
ulna

metacarpal m
metacarpal

Fig. 38 Skeleton of right manus 0 days
Dorsal view

Alizarin



Figo

39

distal phalanx

proxamnal phalanx

ulna
[rcdius

Left manus
Dorsal view

Alizarin

prox

metacarpal 1z
metexarpal nt
phalanx @

imal phalanx mr

distal phalanx m

O days

b1




Figo

Lo

radius
metacarpalx
phalanx digr

metacarpal Iz
metacarpal m

vinar carpal

ulna

Left carpus and incomplete munus 7 days

Palmar view

Alizarin

42



b3

proximal phalanx dig. n
(nefacarpcl m
‘ metacarpal 1v
proximal phalanx dig. m
distal phalanx dig. m

. ]

:phck:mx dig. v
vina
idistal phalanx dig. o
radius
ulnar carpal
metacarpal
Fig. 41 Left carpus and manus 7 days

Dorsopalmar view

Silver/nitrate radiography



Fig.U2

&

radial carpal
distal carpal w
metacarpal 1t
’ proximal phalanx dig. 1t
distal phalanx dig.1t

~N

\\j >0
N\
o
P
‘-,‘ e .
/ B
/ "\\ o = ~
?‘Q\'\,‘_-.’/I k\\ l

' | | | distal phalanx dig. 7
lproximal phalanx dig. m
phalanx dig. I
imetacarpal m
Imetacarpal ™
lnar carpal

Left carpus and manus 1h days
Palmar view

Allzarin

A



b5

dial carpal

)
|

distal carpal m

metacarpal n

ulnar carpal
proximal phalanx dig
distal phalanx dia. o
proximal phalanx
| P

dig m

L oe

\

—

radius

Fig. 43 Right carpus and manus

vlna

\distal phalanx dig. m

phalanx dig. v
metacarpal I
metacarpal i

distal carpal @

Dorsopalmar view

Silver nitrate/radiography

21 days



Fig.

Ly

distal carpal @
proximal phalanx dig. i

r'nerccorpol o
distal pholonx dig.

radius

Left carpus
Palmar view

Alizarin

ulna

metacarpal v
metacarpol o
ulnar carpal

21 days

L6



Fig. 45

Ilia, thoracic

Dorsal view

Alizarin

and lumbosacral vertebrae

0O days

b7




Figo

L6

48

=

pubis
ischium

ilium

0s coxae 0 days
Lateral view

Alizarin
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l‘.

S
éy
tibia - . -
lateral medial
proximal tarsal £ 3 1 proximal tarsal
(“Efﬁ distal tarsal
fused metatarsals
m, m, 17, -
, -
0 days

Fig. 47 Tarsus
Dorsal view

Alizarin



proximal tarsals

fused metatarsals

tibia

I, IO, I

Fig. 48

distal tarsal

Tarsus
Lateral view

Alizarin

0O days
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Fig,

b9

Right pes

Medial view
MT1 1st metatarsal
MT2-4 fused metatarsals 2-U4

Alizarin

0O days

(W, |
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Fig. 50a
Stifle joint fowl 70days
Midsagittal section

a, prox, tibial centre

b, patellar ligament

52

Fig., 50b
Stifle joint pup S5months
Midsagittal section
a, prox, 'pressure'!
epiphysis
b, 'traction' epiphysis
c. tibial crest apophysis
d. patellar ligament



Fig., 50¢
Stifle joint fowl 70 days

Lateral view

a, prox, tibial centre

Radiography

Fig,.

53

50d

Stifle joint pup 5 months
Lateral view

Ao

prox. 'pressure'
epiphysis
*traction' epiphysis
tibial crest apophysis
patellar ligament



Fig. 51 Wing Adult
a, mineralised antebrachial tendon
b, mineralised tendon in dorsum of manus
c. dorsal carpal sesamoid

Radiography



Fig, 52 Pelvic 1limb Adult
Lateral view Radiography

a, mineralised tendon on plantar aspect of
tibiotarsus

b, mineralised tendon on dorsum of
tarsometatarsus

C. 5 mineralised tendons on plantar aspect of
tarsometatarsus

d. tarsal sesamoid
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body of cricoid
L;_“__v__aw&moﬁ

procricoid

wings of cricoid

VAV ARy

DVQ VD av¥a &'e

(i) () (i)

R AT Y. Y

v VO e A'e

() (i) {ir - {ii)

UMMEL RV

e &% hm Ve

f) (i) {ii)

AV (VR

a'a &Ye h?‘

(1) (i} (; :)

Fig. 53 Distribution of mineralisation in the
laryngeal cartilages of Golden Comet birds

of known ages
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Fig. 54 Larynx 126 days
Ventral view
2 areas of multiple foci of mineralisation
are seen in the cricoid body

Alizarin
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Fig. 55 Larynx 126 days
Dorsal view
a. mineralisation in the arvrytenoid cartilages
b, centres of mineralisation in the
cricoid wings
c. mineralisation in the procricoiqd

Alizarin



Fig. 56 Larynx 154 days
Dorsal view
@&. mineralisation in base of arytenoid
b.. mineralisation in cricoid wings
c, mineralisation in procricoid

Alizarin




Fig.

oU

57 Cricoid 154 days

H&R X40
Mineralised cartilage with chondrocytes arranged in
distinct transverse bands, Ground substance of variable

basophilic dintensity. No bone deposition,



6.L

~

Tracheal rings

s81i)

22{n)

s05 0}

105(ts)

12 i)

1zl

I 1546l | 1546}

Ages of birds (days postnatal),

o] 1a 20 30 %0 50 & 70 e 0 100 {{¢] 120 130

Fig, 53 Mineralisation in’ the tracheal rings of
Golden Comet hirds of known ages. Mach
ring i9 recorded as mineralised to the

extent of 0, 25, 50, 75 or 1L00%
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o

a

1

7 c

Q

'

Fig. 59a-b Syrinx 154 days
2. left Llateral view b. ventral view
a., 3rd last tracheal ring completely
mineralised
b. 2nd last tracheal ring nartially
mineralised
c, last tracheal ring not mineraliseqd
de. fully mineralised pessulus
e, base of lst candal syringeal cartilage
showing mineralisation

Alizarin
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Fig. GO Mid-trachea 154 days
Anterior view
Partial minervalisation is present in
all cartilages »

Alizarin




Fig. 61 Trachea 154 days
H&E X40

Complete mineralisation of cartilage., No bone deposition,

\
\

Fig. 62 Trachea 182 days
HE&E X100
True ossification is present. Periosteum (a) surrounds

bone spicules enclosing numerous marrow foci (b),



supraoccipital
parietal

squamosal
‘pleurosphenoid

Z
=

parasphenoid/basisphenoid
prootic
basioccipital
exoccipital
Fig. 63 Skull 0 days

Medial view of midsagittal section showing
bones forming base of cranium

Alizarin
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frontal

ipcrietcl

Wi

supraoccipital

207222
Ll
exoccipital
squamosal
parasphenoid/ basisphenoid
pleurosphenoid
Fig. 64 Skulkl 0 days

Left lateral view showing squamosal and
its adjacent bones

Akizarin
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prootic
pleurosphenoid

=

/

i
Y

Fig. 65 Sknull

[;csphenoid/bcsisphenoid

exoccipital

0 days

Medial view of midsagittal section showing

prootic and its adjacent bones

Alizarin



Fig. 66 Skullk O davs
Dorsal view of neurocranium
a, interfrontail suture
b. interparietal stiture
c. frontoparietal suture
d. parietosupraoccipital suture
e. anterior fontanelle
f. posterior fontanelle

Alizarin
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69

frontal
parietal
\ Isuprc:occipifc]l

N

squamosal
pleurosphenoid

Fig, 67 SkullL 0 days

Left lLateral view showing parietal and

and its a/djacent bones

Alizarin
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supraoccpital
parietal

i

1

lproofic

exoccipital

Fig. 63 Skull 0 days
Medial view of midsagittal section showing

supraoccipital and its adjacent bones

Alizarin



Fige.

69

7k

dentary
angular
supraangular
splenial
Right mandible 0 days

Ventral view

Alizarin



Fig.

70

angular

72

supraangular

Right mandible 0 days
Ventral view

Alizarin
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ARTICULATION DAYS POSTNATAL
O e G A s U O O O O O B B B A
BASIOCCIPITAL —_ }\\ >
EAGSCIPVTAL
BASIOCCIFITAL —_—

mmsmswn/ﬁﬂsrsmmcm -

BASITCCIPITAL —_—
. PROOTIC

EXOCCIPTAL —
PARASPHENOYBASISPHENOID

EXQCCIPITAL _—
PROODTIC

EXO0CCIETAL J— B
SEUAMDIAL

CXCCCIPITAL =
SUPRADECIFITAL

FROMTAL —
FRONTAL
P~ = N

MESETHMOW

FACNTAL —_— LN

PARIETAL

SRONTAL — N N
PLEUROAPHENOID

FROMTAL —_—
AQUAMODSAL

MESCTHMQIA —
DABITOSPHENDID

MESETHMCI h—
FIRASPHENDIB/RAS SPHENGID

QRBITOSFHENQID —_
QRBITOGSPHENEID

T ORBITOSPHENCIQ —
Pu EURDSPAENOD

PARASFHENGIG/BASISPHENTID ——
P EVAGSPHENOID

PARASMHENOID @SS PHE w01 ——
PROGTIC

PARIETAL —_—
PASIETAL

PARIETAL —_—
FAOQTIC

PrAIETAL —
SPUAADGAL

PARIETAL —
SUPRAOCCIPITAL

PLEURQSPHENOID ——
PROCTIC

PLEURCSPHENO!D [
Spusmasat

PROGTIC e
SPUAROSHL

HRLeTIG .
SUPRAQLCIAITAL

WOUAGSEL —
IVARAGCCIPITAL

SB ALIZARIN 3PECIMENS

et NITRATE/RADIOBAAPHY SOECIMENS

Fig. 7L Range of fusion times of skull articulations

i. nearocranium .
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- FRONTAL=MESETHMOID
| MESETHMOID --ORBITOSPHENCID
] ( ORBITOSPHENCID —PLEUROSPHENOID

110 - MESETHNOID — PARASPHENOID/BASISPHENGID
- ORBITOSPHENOID — ORBITOSPHENOID

PLEUROSPHENCID —SQUAMOSAL
| PROGTIC — SQUAMOSAL

FRONTAL — FRONTAL
FRONTAL — SQUAMOSAL

| FRONTAL~ PARIETAL
— | PARIETAL—FROQTIC

_ T PARIETAL— PARIETAL |

EXQCCIPITAL— SQUAMOSAL
90__] FROMTAL — PLEGROSPHENOID

SQUAMOSAL— SUPRACCCIPITAL |
PLEUROSPHENOID ~PRCOTIC |

| PARIEYAL —SUPRAOCCITAL
] PROOTIC — SUPRACCCIFITAL

8¢ [ PARASPHENOID; EASISPHENOID — FLEUROSPHENOID
T PARIETAL— SQUAMOSAL

CEXOLCIBITAL—PROOTIC |

POST NATAL
2l

- l PARASPHENOID/3ASISPHENOLID — PROQHIC
EXCCCIPITAL-SUPRAOCCIPITAL
- i EXOCCIPITAL — PARASPHENOID/ BASISPHENGID

DAYS
|

—{ BASIOCCIPITAL—PARASPHENOID/BASISPHENOID |

{ BASIOCCIPITAL— PROOTIC |

{ BASIOCCIPITAL— EXCCCIPITAL |

Fig. 73 Sequence of mean fusion times of skull

articulations 1. neurocranium
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}—e{DENTARY, __ ——=. _ SPLEN/AL __ |
HO ]
ANGULAR ~ ———=  DENTARY d
ANGULAR ~ ~——— SPLENIAL-
100 __ |
frmmd DENTARY ___—— __SUPRAANGULAR]
90 |
J 30 |
<
b,
£
2 e JANGUL AR — SURAANGULAR |
"
¢ 70 —
0
Q ————ARTICULAR/PREARTILULAR-~SUPRAANGULAR |
\
" 66 —]
>
( .
A :
/
50 ~—
———ANGULAR = AATICULAR/PREARTICULAA |
40
30
20 .

Fig. 74 Sequence of mean fusion times of sleull

articulations. i1i. mandible
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D -

Fig. 75 Vertebrae, ribs and os coxae O days
a-b Last 4 cervical and thoracics and proximal
shafts of vertebral ribs
a, dorsoventral, b, lateral views
c-d Lumbosacrals and coccygeals and ossa coxarum
c. dorsoventral, d. lateral views

Silver nitrate/radiography
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P OTTRATAL

DAYS

fig.77

INTERTRANSVERSE | 1TERAPINGUS INTERCEIITRA W
£0
50—
kSI-2, L32-3, s 2~ LEL S
s 3~ LWS&~F ' '
‘\1555-6. U867, LE 7! LE S -6, LS 6-T
60—
] LS F poemed LS 2 -3, LI 77 |
70— '
80 —
—-unn{ I...S‘T -1
90 ~— v
100 —
et LB S - o N
\
LS6-7, L57-8, T‘f"ﬂ""'- "_"5"35.’ LS -,
110 — LS ¥-q, L5900, NI LS &9, L3 3-10
12,0 —
Ti-2, T2 -3
remerned (.8 1O~ | ’
! TE=(8), LSo~it|
—(+53-%
140 —
h—~—ﬂ»Cth-uTl “J
150 —|
160 — Clla=Ti, T(~2, .
T -3 ——] L3 iimi2 |

Sedquence of mean fusion times of intervertebral

articulations



Fig, 78 Intercentral joint T4-5 Adult
a. articulavr cartilage
b, synovial cavity
c. compact bone
d, pneumatised trabecular bone
H&E

X 25

83



B84

Figo 79 Intercentral joint T4-5 63 days

H&E X613

Fibrocartilage disc separating from articular cartilajses,

) r.:b a'. Y —'A
Fig. 80 Intercentral joint T2-3 63 days
H&LS X673

Fibrocartilage disc unitilg centra,
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craniolateral - caudolateral processes

- Ibody~caudolateral process
body-craniolateral process

Pig, 81 Tracing of radiograph of sternum of 70 day

old bivrd indicating future sites of fusion
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Fig.

83

70—«.—
80'......
70—
100 =—
uJ
ta
<
Z
b
s
0 120 —
<R
130 —
w
Y
<
&
1404—“

ISCHIUM -~ PUBIS

{CRANIAL)

CAUDQLAT, PR, —

CRANIOLAT. PR.

BOPY e
CRANIOLAT. PR,

LM — PUBIS

JETUM —— sCHIUM
(CRANIAL)

LI — [SCHIUM
(CAUDAL)

bl

ISOT

160 -—

70—

150 —u|

(SCHIUM — PUBIS
(cAaupAaL.)

os

CoxAE

B80DY ——
CAUDDLAT, PR,

STERNUM

87

Sequence of mean fusion times of articulations

of sternum and os coxae
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——cranial | g ischium
fcludql

CGUddl}ischium-»pubis

cranicl

flium—pubis

Fig. 84 Tracing of radiograph of os coxae of 79day

old bird indicating future sites of fusion
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metacarpal 11— metacarpal m
distal carpal m-metacarpal n
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Fig. 85 Tracing of radiograph of wing of 56day old

bird indicating fuature sites of fusion
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proximal medial—

proximal lateral tarsals

...._proximal tarsal-

| fibicl diaphysis

|__distal tarsal -

metatarsals 1—iv

Tracings of radiographs of tarsus of birds

aged a. 42 days and t, 77 days showing

future sites of fusion
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Parasphenocid/basisphenoid Adult

a, pneumatised spaces

b. spaces filled partially or completely

with red marrow
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Fig., 92 Basioccipital Adult cockerel

Pneumatisation extends to occipital condyle

on right, Marrow persists rostrally,

Fig. 93 Supraoccipital and parietal Adult
Pneumatisation is extensive though traces

of red marrow are numerous especially in the

- - .. - -~ .
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Fig. 9b Frontal Adult
A, pneumatised spaces

b. marrow-filled spaces

Fig, 95 Frontal and mesethmoid Adult
Midsagittal section showing extensive
pneumatisation in a. frontal and b,

mesethmoid where it forms vart of interorbital

Sentum
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Mesethmoid, orbitosphenoid and parasphenoid/
basisphenoid Adult

Midsagittal section showing a. optic chiasma,

Dorsally is orbitospheneid fused rostrally (to

the right) with the mesethmoid forming caudal

part of interorbital septum. Ventrally is

rostrum of parasphenoid. All show extensive

pneumatisation.
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Fig. 97 Pterygoid Adult

Transverse section (in centre of field)

with full pneumatisation

Fig. 98 Quadrate Adult

Longitudinal section showing complete

pneumatisation
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Fig.
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Mandible Adult

Transverse section through proximal part

showing pnéumatised spaces marked a.

\
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Pterygoid - Adult
H&E X4o

Single air-filled cavity in centre surrounded

by squamous epithelium (x), Lamina propria

thickened around numerous blood vessels (y).



Fig. 101 Prefrontal Adult
H&E - X4o
Pneumatisation widesp}ead in numerous small inter-
communicating spaces %nclosed by spicules of cancellous

bone and lined by squamous epithelium (x).

Fig, 102 Mandible Adult
H&E X40
Squamous epithelium (x) underlain by lamina propria
thickened around blood vessels (y) and continuous with
fibrous tissue filling spaces (z). Mucus material seen

in some pneumatised spaces (v).
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Fig. 103 Mandible Adult

H&E X100

Squamous epithelium (x), lamina propria (y)

and numerous blood vessels (z).

Fig. 104 Frontal and parietal Adult
Sagittal section showing frontal on left and
parietal on right., a indicates limits of

region of frontal lacking diploe and pneumatisatic
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Fig., 105 Stages of cranial pneumatisation in

adult determined by transillunination
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Fig, 107 Atlas and axis Adult
Midsagittal section showing
a. atlas
b. odontoid process of axis

co pneumatised spaces in body of axis

Fig. 103 Axis Adult
Midsagittal section showing pneumatised

spaces marked a
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Fig. 109 Degrees of pneumatisation in thoracic

vertebrae - hens
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Fig. 112 Sternum Adult
Midsagittal section
a. pneumatisation in body and extending

into rostral part of keel.
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Fig. 114 Left and right humeri Adult
in the left pneumatisation extends to
level a, but is completely absent on
right.
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113

Occurrence of pneumatisation in whole skeleton
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Fig. 117 Hisiogram of pneumatisation scores of

adult: Golden Comets,
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Figs,

113 a-d

L18

Fig., 113d

kExtent of pneumatisation revealed by

of neurccranium
direct examination of sectioned surface A
ecomvared Lo areas of translucence in

White Leghorn birds of known ages
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known ages.
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Fig. 120 Qccurrence of pneumatisation in thoracic
in patrs
vertebrangﬂ Golden Comet birds of known ages
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Occurrence of pneumatisation in lumbosacral
in pairs
vertebraeof Golden Comet birds of known

ages.
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Fig. 122 Orsecurrence of pneumatisation in vertebral

N pairs
ribs and sternﬂmxzf Golden Comet birds of
known ages.
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Fig, 1253 Occurrence and extent of pneumatisation im

ieft coracoid of birds of known ages.
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Fig. 125 Left wing 56 days (M56)
Lateral radiograph
arrow indicates distal limit of pneumatisatior

of humerus



