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Jai quelquelois entendu demander: Dans quel but toutes
ces recherches, et guelle utilité doit-on en retirver? 11 me suffirait
de répondre: pour S AV O I R, pour arriver sur ces réalités,
besoin de 'esprit humain, qu'avait si bien exprimé cette pensce
du prince des poctes, Rerum cognoscere causas.

Etienne Geoffroy Saint-Hilaire, 1825

Fides enim certa nen provenil ex auditu.

Frederick 11 of Hohenstaufen

As yet, the quantity of human knowledge bears no pro-
portion to Lthe quantity of human ignorance.

Benjamin Franklin, 1750

[t does not pay 1o tether one’s thoughts to the post of use-

[ulness with 100 short a rope.
John Dewey



THE HATCHABILITY OF CHICKEN EGGS
AS INFLUENCED BY
ENVIRONMENT AND HEREDITY

Walter Landauer

The problem ol hatchability has great economic mmportance but
also outstanding scientific intevest. The poultryman wishes to know how
to secure a high percentage of chicks from the eggs which he puts into his
incubator; the biologist would like to determine the causes ol death dur-
img development ol the chicken embryo.

The art ol artificial incubauon is ol relatively recent date in the
West, and much progress has been made in darifying a variety ol cir-
cumstances which may contwibute to the lailure ol [ertle eges o yield
hatched chicks. The evidence bearing on this question will be reviewed
in the following pages. Detailed coverage, the reviewing al controversial
issues, and the exposition ol methodological weaknesses ol approach to
specilic problems were among the author’s aims. 'his made it at times
unavoidable 1o devote (o some problems and publications more space
than they meritintrinsically.

Surprisingly little is known concerning the efficiency ol natural m-
cubation in [owl. The most extensive observations on this problem have
been made by Tretyakow (1937), who also reviewed other interesting
Russian literature on the subject. Tretyakov obtained [rom sitting hens
an average hatchability of 89 percent ol all fertile eggs (N=219). This
strengthens the general beliel that the best results with artilicial incuba-
Lion today compare lavorably with those produced by natural methods
For earlier observations the reader 1s referred to publications by Graham
(1908) and Dryden (1908). According to Pentonzhkevich (1915) metabolic
dilferences exist between eggs developmg under cither natural or artifi-
cial incubation conditions.

Experimentation by man with artilicial incubation was [ar antc-
clated by birds themselves. In the order ol gallinaceous birds, to which
our domestic fowl belong, we lind that one whole lamily, the Megapodii-
dae, uses methods ol artificial incubation ranging from very primitive
provisions to rather complex procedures (Ashby, 1922, 1920: Styresemani,
1927-1934; Meyer and Stresemann, 1928, Mayir, 1930; Mever, 1930 a and
b Barrveit and Crandall, 1981; Groebbels, 1937; Frith, 1959). Only a
briefl survey of the pertinent facts can be given here.

Lalipoa wallucet, living in the Moluccas Islands, simply digs its eggs
35 to 60 cm. deep into the sand ol the ocean beach and lets the sun pro-
vide the heat for incubation. Megacephalun: maleo, an inhabitant ol
Celebes, buries its eggs 1n soil that is warmed by neighboring hot springs
(Sarasin; quoted from Portmann, 1936). Megapodius hueskeri deposits
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its eggs in crevices in the slopes of active volcanoes (Powell, 1881). Megu
podius evemita of the Bisinarck Archipelago makes holes in loose soil,
60 to 100 cn. deep, lavs the eggs on the bottom of these holes and covers
them with the excavated soil mixed with vegetable matter. Megapodius
forsteni, inhabiting the South Moluceas, piles up large heaps of humus
and buries its eggs in them when the fermentation processes occurring
inside the heaps have resulted in the proper temperature.

Finally, Leipoa vcellata ol Southern Ausiralia begins preparations
[oy incubation by digging holes in sandy soil and [illing them with vege
table mateer such as [allen leaves, twigs. bark, and so on. Alter fermenta-
tion has proceeded lor several months, the center of these chambers be-
comes quite hot, "The birds do not lay their eggs in the mounds until the
temperature has again declined 1o about 29-36° C. (84-97% I.). About
s1X o nine days before the list egg 1s laid, the birds dig a hole into the
center of the chamber. Alter the egg has been laid, they cover it with
lermenting plant material which, however, they mix at ‘the same time
with sand. This process is repeated until all of the eggs have been laid.
During the period ol incubation the birds open the mounds on clear, hot
days alimost down to the eggs, and close them again before evening. It
may be assumed that the sand thus heated by the sun retains its warmth
lor consicderable periods. Some allowance in the size of the mounds seems
to be made by leipoa according 1o the temperature of the surroundings
at the tme of construction.

Frith (1955) lound that Leipoa varies its incubation practices ac-
cording to changing seasonal conditions. In spring and early summer,
when the air temperatures are relatively low, the birds rely chiefly on
heat of fermentation. During the carly part of spring loss of heat to
the surrounding air appears to be sullicient 1o keep the temperature
ol incubation in the mounds at the proper level. Later on, with rising
ambient temperatures, the birds [orestall an excessive development of
heat inside the mounds by removing, daily at dawn, and down to the
level ol the eggs, the soil that covers them, replacing it at once with
new soil. In midsununer this practice is discontinued; fermentation no
longer contributes much to keeping the mound properly warm, but the
outside temperatures have become sulficiently high to insure proper
incubation conditions. In autumn, the processes ol [ermentation having
run their course, the Leipoas open their mounds at noon in order to let
the eggs be warmed by the mid-day sun. This soon becomes inadequate
to maintain incubation, and thus the hatching season comes 10 an end.
It is assumed that the Megapodiidee test the temperature by inserting
their beak into the mound.

In the casc of Melipoa the only external source of energy for incu-
bation is the radiation of the sun. The necessary degree of humidity is
presumably provided by the nearness ol the ocean, and the sand in which
the eggs are imbedded allows gaseous exchanges 1o take place,
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The situation s simalarly simple in the case of Megacephalum malen
and ol Megapodius hueskeri. But much more complex incubating ar-
rangements are made by the other two Megapodius species and by Letpoa.
Here, the temperature prevailing at the level of the eggs seems to suffice
for starting development, while the humus serves as a good insulator for
preserving the heat which is generated by the embrvos themselves. T'he
mixing with sand of the fenmenting material, practiced by Leifioa, prob.
ably facilitates the gascous exchanges of the eges.

In Alectura lathame, an Australian mound-building genus, Fleay
(1937) observed that the cocks open the top of the mound belore rain
begins to lall and close it over alterwards. T'his mav be a general prac-
tice among mound-building bivds and preswmably increases the rate of
fermentation in the interior of the mound while, at the same thne, regu-
lating the degree of humidity. Some doubt sull remains, however, with
regard 1o the role which fermentation of organic material plavs as a
source of heat (Groebbels, 1937).

One surprising fact about these "natural” methods of artificial in-
cubation is the relatively low temperature at which development takes
place. For Alectura lathami, 'leay (1937) recorded incubation tempera-
tures of 85907 F.(29-32° C.): (luctuations between 90 and 957 F. were
obhserved by Frith (1959) in Leifpoa ocellata, but he veports that many
birds of this species aim at exactly 92° F. As an obvious adaption to
this situation, we find that the eggs are very large (up to 17 percent
ol the laying female’s body weight!) and that thev contain relativelv
much volk (185-220 percent of the albumen, as compared with about 62
percent in domestic fowl), thereby providing increased [uel value. More-
over, development in these species is very slow, requirving i dilferent
forms from 45 to as many as 84 days. One would like to know something
about the efliciency of these different methods of artilicial incubation
evolved by the Megapodiidae, but information on hatchability appears
1o be lacking. A [urther remarkable feature about this group is the fact
that its members arve singular among birds in depositing their eggs in
a vertical position, large end up.

There is a possibility that the eggs ol the Megapoditdae have special
hearretaining or even heat-gencrating properties. The existence ol mech-
anisms of this kind has been demonsirated [or the European Ruddy Duck
(lovismetliera ff'ur.'urfr'pf’mfrrJ. The egus of this parasitic duck, alter a few
days of incubation, can proceed 1o hatwching with litde or no supply of
external ieat; thev can also withstand exposure 1o abnormally high tem-
peratures. As is true for Megapodiidae, the eggs ol Evismatura lewcoceph-
il ave unusually large in size (Friedmann, 1932).

Outside the group of gallinaceous birds few examples are known of
stilar behavior, The African ostrich (Struthio camelus), in the warmest
parts of its area of distribution, apparently buries its eggs in sand and
lets them be incubated by the heat of the sun. This excited much curious
speculation, as illustrated by the following legend attributed 1o the gar-
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cden of the Grand Master of the Knights Hospitallers on the island of
Rhodes: “In 1196 an old ostrich and two young were kept with their
wings clipped in a walled enclosure here. They laid their eggs in sand
and hatched them by simply looking at them: they fed on iron and
steel” (Torr, 1887). What might be called a siumg instinct in reversc
has been reported for the Egyptian plover (Pluvianus aegyptius). These
birds also deposit their eggs in hot sand, but, during the warmest part
ol the day, they sit over the spots where their eggs are buried, pre-
sumably in order to protect them from too much heat (Stresemann,
1927-1934).  Similar bchavior has been reported for certain Passerinc
birds of South-West Alrica (e.g., Terpsiphone viridis); still other species
of that region provide their nests with roof-like structures, thereby pro-
tecting the eggs against [ull exposure to the sun (Hoesch and Nietham-
mer, 1940).

Another interesting instance in which birds do not themselves in-
cubate their eggs is provided by the cuckoos. In this case the eggs are
laid into the nests of other bivds, and it is left to the [oster parents to
take care of them. TFrequently they are not accepted, but what interests
us here is the fact that even lor those which are accepted, hatchability
is relatively low (70 percent or less). It seems likely that the foster
parents often provide incubation conditions below the optimum for
cuckoo eggs, thereby reducing hatchability, There is also evidence, how-
ever, for the interesting conclusion that cuckoo embryos possess special
mechanisms which enable them to survive adverse conditions (cooling)
for prolonged periods (Groebbels and Mdibert, 1930), Furthermore, the
development ol cuckoo embryos probably proceeds at a more rapid rate
than that of the embryos ol the host species (Zngram, 1907-1908), An
adaptive shortening of the incubation period seems to occur also among
parasitic cowbirds (Friedmann, 1927) and is probably a general feature
of this type of parasitism (Stresemann, 1927-1934).

In the practice of hatching chicks artilicially the two major lactors
responsible for poor results used to be, and perhaps stll are, faulty man-
agement ol the incubators and imiproper leeding ol the laying stock. In
each of these areas many different factors contribute to survival and
hatching of the embryos, some being crucial while others have only minor
importance. But even where these sources of lailure have been elimi-
nated, many other causes of embryonic death have come to light. Numer-
ous hereditary [actors arec known to play a role in hatchability; particu-
lar methods of breeding have been found to decrease the hatching quality
ol eggs: it has been learned that various physiological conditions ol the
laying hens have an effcct on viability of the embryo. It s altogether
probable that only a beginning has been macde in unra\e]mq the enor-
mously (.mu_p[t_,\ train of events to the end result of which we refer with
the one word, “hatchabiliry.” This sunpllhmtmn of language has prob-
ably led to the common [allan ol assuming that we are dealing with a
slmplc problem, genetically or otherwise, The processes ol development
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are, In lact, so complex that one can appreciate the simile used in
primitive religions, such as among Polynesians or as related in the Kale-
wala ol the Finns, that the world had hatched from a bird’s egg (Reinach,
1985).

The first step towards an understanding of hatchability problems
was the exclusion ol fertility as a complicating lactor. T'o determine the
result ol hatching according to the toral number of eggs put into an in-
cubator may yield information concerning the cost of each chick, but
unless we know the role which lack of fertility played in producing pooy
hatches, it is hopeless to attempt an analysis of the situation. It is for
this reason that the word hatchability has come to be restricted to the
percentage of fertile eggs which hatch, and it is only with this problem
that we are concerned here. It must be noted, however, that death ol the
zygote in the earliest stages ol segmentation, viz. prior to incubation,
cannot be differentiated Irom infertility by means ol a candling lamp
(Munro and Kosin, 1915 Kosin, 1945, 198, Gowe, 1950; Krizenecky,
Sagner, Orel and Musi!, 1955), and that, therelore, this carliest mortality
may often remain undiscovered unless special studies are made. The
fact that some of the germs that perish during the earliest stages ol
segmentation may have started development parthenogenetically (i.e.,
without lertilization) creates an additional dilliculty in appraising their
significance. There is evidence that the mcidence of such parthenogen-
ctic first steps of development varies with the genetic constitution of
stocks and that in some stocks it may be a relatively common leature
(Poole and Olsen, 1958; Kosin, 1958 b).

In the evaluation of various agencies alfecting hatchability great
caution must be (and olten has not been) exercised in regard o the in-
trinsic uniformity, or lack thereol, within the stock used lor experimenta-
tion. Titus (1953) has provided an excellent demonsiration ol the im-
portance of such considerations and his publication should be consulted
by all interested students ol these problems. On the basis of extensive
tests T7tus concluded that “belore one makes a comparison of the egg
production and hatchability of groups of birds that have not been pre-
tested and selected for wnmiformity, he should have inlormation about
the variation that mav be encountered.” In untested and unselected
stock with an average hatchability of 83 percent, Titus found that the
coeflicient ol variation of relative hatchability amounted 1o about 20
percent. In another sample the variance might be an appreciably dil-
[erent one. The reliability of group ditlerences (or the number of
birds required in each group in order to secure valid results) will vary
with the size ol the coelficient. Hence the necessity of taking this co-
cllicient into account.

In order to make the data of different authors comparable, standard
errors ol statistical constants are given throughout this publication.
Wherever probable cerrors appeared in the orviginal papers, they have
heen converted to standard errors,



Historical

Our Western knowledge of artificial incubation is a belated, though
methodologically independent, sequence to practices which have been
used in China and Egypt since ancienl times,

We cannot be sure when means ol artilicial incubation were [irst
invented in China, but we know that incubation was practiced at least
as early as the Ch'in period (246-207 B.C.). For this we have the testimony
of Yang Hsin of Maoling whose publication (“Pin-feng Kuangi" or “Re-
port on the Customs of the Province of Shensi") appeared about [740
and was reprinted, together with other articles, about 1900. The princi-
ple features of the method, as given by Yang Hsin, were as lollows:

The incubators were set up in draft-free sheds which were kept at an
even temperature. Two K'angs or hatching ovens were built in such a
shed, These k'angs were ovens constructed from mud, adobe or stones.
They consisted of a lower rectangular part in which the fire was kept
and an upper circular part, hollowed out on top, into which the eggs
were placed. (Figs. I and 2). The ovens were brought to the proper
teinperature either by putting pre-heated picces of drv manure or (in
summer) hot rice husks into the fire box, or by starting in it a slow lire
with cakes of dry manure or with rice husks. The bottom of the incu-
bating part was covered with a layer ol solt, broken wheat straw, 3 10 5
inches deep. Over this was a layer, 2 or 3 inches deep, of warmed rice
{or other cereal) husks, and then followed alternate layers of eggs and
husks until from eight to ten thousand eggs were in the incubator. The
top layer of husks was covered with rice or wheat straw. IL after two
or three days, the eggs became too cool, they were moved to the incu-
bating part of the second k'ang, the position of the eggs. from top to bot-
tom, being reversed. This moving ol the eggs from one k'ang to the
other was repeated six or seven times, but [inally the eggs were divided
evenly between the two ovens. As soon as there were signs of hatching,
the eggs were spread out on the [loor of the incubator room in a single
layer and were covered with warm husks. Within the [ollowing two
days hatching was completed. This method was employed for duck and
chicken eggs. The usage of modilications of this system on a much larger
scale was witnessed by Dabry (1865).

Next we have a report by Juan Gonzdlez de Mendoza, first pub-
lished in 1585. His description of the hatching of eggs is based on a
travel account by Martin de Herrada who, accompanied by Geronimo
Marin had, in the year 1575, spent two months in the Chinese province
of Fukien. This interesting story is worth quoting at some length (Gon-
uilex, 1588).

“The great number of people that is in this countrie, and
not permitting any idle people to line therein, is the occasion
that it doth stirre vp the wits of poore men (heing constrained
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Figure 1

Diagram of a Chinese Kang (incubating oven) of the Ch'in period.
Near the floor line was an opcning to introduce the fuel: the smoke
escaped through a flue at the back (From Pin-feng Kuang-i).

thereunto by necessitie, the inuenter ol manye thinges) to

secke new inuentions to get their huing, to relieue and si

ipply

their necessities. So that many of this kingdome, seeing the
whole countrie so throughly inhabited and tilled, that there is

y the

not one foote without an owner, they do take them wvnt
riners (which ave veric great), and there they do make their
dwellings in ships and barkes (as is aforesaide), where they have
their whole families vnder borde to defende them from the sunne
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Figure 2
Vertical section of a Chinese incubator similar to that shown in Fig. 1.
Removable top cover not shown (From R. Saint-Lowp, 1895).

and rayne, and inclinations of the heauens. There they do vse
the occupation that they do knowe, or that which they did in-
herite of their father, and many misteries to liue by, verie
strange: whereof the maost principall is to bring vp in some ol
their barkes so great quantitie ol duckes, that they sustaine a
great part of the countrey therewith: and the vse thereofl is as
followeth.”

“I'hey haue cages made of canes so bigge as the vpper most
holde of the barke, in the which mav be foure thousand duckes
at once. T'hey haue in certaine places ol these cages made nestes,
where these duckes do almost cuery day laye egges, the which
they take: and il it be in the semmer, they doo put them in
buffes doong, or in the doong of those duckes, which is verie
warme, where they leaue them so many dayes as experience hath
taught them that they will come foorth. Then they doo Lake
them out of the doong, and do breake them onc by one, and Lake
a little ducklin, the which they do with so great cunning that al-
most none of them doth perish, which is y* which causeth great
admiration vnto some that go to see it: although they bee¢ but
few, [or that it is an auncient custome vsed [or long time in that
countrie. And [or to haue the [ruition ol this benefite all the
yeare, in the winter they must vse an artiliciall helpe: to giue a
little warmenes vnto the duong for the bringing forth ol their
egs, they do vse then an other inuention as ingenious as the first,
and that is this: they take a great number ol canes tied one by
another, whereon they do lave the doong, then vppon that they
doo lay their egges, and do couer them verie well with the same:
this being done, they put vnder the canes straw, or some other
like thing, and set it on [ire, but in such sort that it dooth not
burne, but keepeth a naturall heat all the tume, till they thinke
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that they are readie to be taken out. Then doo they wake and
breake them, as aforesande, so that their pultrie dooth increase
in such number as though they were antes.”

“This manncr o lining is greatly vsed in all that countrie,
and verie profitable, fov that i 1s a victuall most vsed amongst
them, and is esteemed as a thing of grear sustentation and ol
suall price, by reason that at al thmes there 1s breeding of them
and of small cost,”

Very dillerent statements concerning incubation procedures in China
were made by Osheck (1756) and Fheberg (1768). Qsheck wrote as [ollows:

“They lay an jron plate on a brick hearth: on this they place
o box Tull of sand hall a loct high, in which the eggs are put in
rows: the box they cover with a sieve, over which they hang a
mat. To heat them, they make use of the coals of a certain sort
ol wood, which burn slowly and uniformly; at first they give
them but little warmth, and increase it gradually; and it becomes
a strong heat by the time the eggs are hatched.”

The AbDLé Grosier (1785) related that prodigious numbers of ducks
were being raised in the province of Kwantung and that the eggs were
batched either in ovens or in manure.

In 1817 Fortune visited the Chinese island ol Chusan and gave the
following description ol the incubation of duck eggs as practiced therc.

"The hatching-house was butlt at the side of the cottage, and
was a kind of long shed, with mud walls, and thickly thatched
with straw. Along the ends and down one side of the building
are a number of round straw baskets, well plastered with mud, 1o
prevent them from taking fire, In the bottom of each basket
there is a tile placed, or rather the ule fonns the bottom of the
basket; upon this the fire acts, — a small five place being below
each basket. Upon the top of the basket there is a straw cover,
which fits closely, and which is kept shut whilst the process is
going on. In the centre of the shed are a number of large
shelves placed one above another, upon which the eggs are laid
at a certain stage of the process.”

“When the eggs are brought, thev are put into the baskets,
the fire is lighted below them, and an uniform heat kept up,
ranging, as nearly as I could ascertain by some observations
which I made with a thermometer, from 95% to 1027, but the
Clunamen regulate the heat by their own feclings, and therclore
itk will of course vary considerably. In four or five days after the
eggs have been subject to this temperature, they are taken care-
lully out, one by one, to a door, in which a nunber of holes have
been bored nearly the size of the eggs; they are then held against
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these holes, and the Chinamen look through them, and are able
to tell wether they are good or not. If good, they are taken back,
and replaced in their former quarters; il bad, they are of course
excluded. In nine or ten days alter this, that is, about fourteen
days [rom the commencement, the eggs are taken [rom the bas-
kets, and spreac out on the shelves. ITere no fire-heat is applied,
but they are covered over with cotton, and a kind of blanket,
under which they remain abowt fourteen days more, when the
yvoung ducks burst their shells, and the shed teems with life,
These shelves are large, and capable ol holding many thousands
of eggs: and when the hatching takes place, the sight is not a
little curious. The natives who rear the voung ducks in the sur-
rounding country know exactly the day when they will be ready
for removal, and in two days after the shell is burst, the whole
ol the little creatures arve sold, and conveyed to their new quart-
ers.”

More recently, King (1927) told us that Chinese incubators consist
of large carthenware ovens (k'angs) which have a door on one side
through which live charcoal is introduced. The fire is partly smothered
under a layer of ashes. The oven iwsell is well insulated, cased in basket
work and provided with a cover. Inside this oven rests a container of
nearly the same size. Into this container is lowered a large basker with
600 to 1300 chicken eggs. Such incubators are arranged in rows. Tmme-
diately above each row, utilizing the warm air rising frcan them, is a
continuous line of finishing hatchers and brooders in the form of woven
shallow trays, the sides of which are padded with cotton and the tops
covered with scts of quilts of varying thickness. Alter the first four days
all eggs are turned [rom two to five times in 24 hours. After 11 days
the eggs are transferred to the finishing trays. It is said that hatches of
rom 90 to 98 percent ol all fertile eggs are obtained by this method.

It is not surprising to learn that the art of incubation spread beyond
the boundaries of continental China to Formosa, Annam (Indo-China)
and the Philippines. A report by L. Kimura of the Governor General's
office of Formosa on artificial incubation of duck eggs is available in a
translation into Chinese by Ts’a Jui. According to this publication the
practice of artificial incubation was introduced into Formosa about 1835
by a tea merchant [rom Ch'nan-chou in the Province of Fukien. Its
popularity declined after the annexation of Formosa by Japan at the
end of the Sino-Japancse war (1895). The procedure is described as
follows:

Within a special incubating room trenches were dug along the walls
of three sides. These trenches were 2 fect 8 inches wide, 2 feet 6 inches
deep, and one of the trenches was about 38 [eet in length (dimensions
of room 15 x 40 ). Containers filled with eggs were put into these
trenches and warmed husks of rice or wheat were then poured in to fill
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the spaces around and between the egg receptacles. Shelves for [inishing
the hatching were in the center of the room. Prior to mcubation the
egos were exposed to the sun for one hour. Ten lavers of eges with
heated wheat husks were then put into the containers, Twice a day the
eeus were moved 1o other yeceptacles, a Iresh supply of warm husks be-
ing used. During cold weather charcoal heating plates were put into
the trenches for the lirst twa weeks ol incubation. Each container held
about 800 cges and since there were 16 of them in an incubating roommn
the total capacity was very considerable,

A method very similar to the Formosan is widely used in the Phil-
ippines for the hatching ol duck eges (Fronda, 1925-1926). Baskets ar-
ranged inside a wooden hut and insulated with firmly tamped rice hulls
serve as incubator cabinews. Preliminary to the bheginning ol incubation,
and provided that the weather is good, the eggs are exposed 1o sunshine
until they become moist. They are then transferred to the baskets. A
bag containing hot unhulled rice is put into the bottom of each basket,
epus in a cloth bag are placed on top of it, and bags ol hot rice and
eges are alternated in layer upon laver until there are eight to ten bags
of eggs in each basket. Two bags of warm rice ave placed on top. The
entire hut which holds the baskets 1s covered with cotton sheets. The
rice is reheated every morning and alternoon, the eggs being turned al
(he same time. During the last part of the incubation period no addi-
tional heat is supplied. Aceording to de la Gironniére (1860) and Saini-
Loup (1895) an attendant remains within the hut for the whole period
ol incubation, a fact which mav have given rise to the more [anciful
accounts of Dumont d"Urville and Laplace quoted below.  Jardel (1916)
deseribed the usage of a kindred system of incubation in Annam (Indo-
China). Similar methods are currently used in Thailand for the incuba-
tion of duck eggs, and these incubators are always operated by Chinese
(IF'rondua, 1952),

The travel storics of Dumont d'Ureille and Rear-Admiral Laplace,
as far as they relate to Philippine incubation practices, are quoted from
de la Gironiére (1854), Dumont d’Urville’s report reads as follows: ""Dur-
ing our excursion to Los Bafos, that which struck us most was the prodi-
gious quantity of ducks and ducklings, which were sporting on this part
of the lake; the surface was covered with them. The cause of this abun-
dance of one kind of birds was soon understood from knowing the taste
of the Tagals, of the Malays, and of the Chinese, who preler them to
other fowl. But we were puzled to find out how such a wonderful
quantity could be hatched; our guide, however, soon solved the difficulty.
To serve as substitutes for the ovens that are used in China for artificial
incubation, the Tagals have employed the agency of human heat, and
they found, among their indolent servants some patient and steady
hatchiers, A sort of frame is macde for that purpose, on which light sticks
are laid across, well covered with thick blankets: the eggs are stowed up
in the frame in a regular line, being laid close to each other, and kept
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in their places by ashes which fill up the interstices, The whole is then
raised up in a level position a little over the ground, and the sluggish
hatcher lays himsell at length on this strange kind of sofa; and then he
cats, drinks, and smokes, and chews his betel, taking care not to injure
the fragile shells he is to [ecundate.” A similar story was told by Rear-
Admiral Laplace [vom which the [ollowing is quoted: "To my great
astonishment, [ learned that they (viz., the ducks) were the produce ol
eges, hatched by men, who, for a small stipend, have the patience, or
rather laziness, to yemain constantly lying on the [uture ducklings. For
this purpose the egps arve stowed side by side in a layer of ashes, so as
to form an even surlace, protected by a wellis [rame, and covered (hic klv
with wool ar cotton. The whole apparatus is contained in a sort ol
truckle bed, slightly raised above the [loor of the close hut in which it
is placed.”!

Contemporary incubation practices in China have been described
by Phillips, Johnsan and Moyer (1915). 'They represent modifications
0[ the ancient method recorded by Yang Flsin, and of that reported from
the Philippines by Fronda. An extensive description and analysis of the
k'ang incubation method, as used in North Tungchow, was published
by Wang (1938) who gave many details which cannot be discussed here.

In Egvpt, as in China, the origins of artificial incubation arc lost in
antiquity, The Egvptian incubating ovens of which de Réaumur ]mtl\
said that “Egypt ought to be prouder of them than ol her pyramids,”
he described them and as they are still now in use, are built of sun- drlcd
mud bricks (adobe) with double outer walls between which there is a
mixture of sand or silt and chopped straw. Each oven consists of a lower
and an upper compartment. Glowing bean straw serves as the source of
heat. This is burned in the upper compartment, the eggs receiving heat
by radiation from above. After seven days the amount of firing is re-
duced, and is entirely discontinued after the cleventh day. Up to the
thirteenth day of incubation all eggs are kept in the lower compartment,
but on that day half of them are moved to the upper chamber ol the
oven. The regulation of temperature and ventilation is accomplished
by the opening and closing of holes to the outside. The eggs are moved
three times daily for the first seven days, twice daily thereafter. Hatches
of 80 to 87 percent of all fertile eggs are reported. No extensive descrip-
tion of these Egyptian incubators will be attempted here since detailed
accounts are readily available in the literature, but a historical survey
of the reports relating to the Egyptian art of hatching will be given
below,

We have already scen that the art ol hatching eggs artificially spread
[rom China to the PIn]lpplne Islands, French Indo-China and Formosa.

I Randall(1960) has given a fascinating account of the iconographic role which
the representation of men qllt:ng on cggs played in medieval times as a moltive
of human folly. A modern variation on a shnilar theme can be found in Guy de
Maupassant's short story “Toine",
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It appears that some of the neighbors of Egypt likewise profited by the
methods of incubation which were in practice in that country. Briuyerin
{1510y and Azalus (writing in the fifteenth century; first printed 1541)
tell us that incubating ovens, similar to those of Egypt. were in use in
parts of Syria, and ithgow (1632), in a narrative of his visit to Tunis in
1616, Teft the remarkable report which follows:

“—Captavne Waird sent twice one ol Ins servants with me to
see two sundry Ovens drawne, beeing full of voung Chickens,
which are not hatched by their mothers, but in the Fornace, be-
ing thus. The Oven is [irst spred over with warme Camels dung,
and upon it the Fgges, closing the Oven.”

“Then behind the Oven, there is a daily conveyance of
heate, venting through a passage beneath the dung, just answer-
able to the naturall warmnesse of the Hens belly; upon which
maoderation, within twenty dayes they come to naturall perfec-
tion. The Oven producing at one time, three or foure hundred
living Chickens, and where defection is, every sharer beareth a
part of the losse, for the Hatcher or Curator, is onely Recom-
pensed according to the living numbers be delivered. Surely this
is an usuall thing, almost through all Allricke, which maketh
that the Tlennes with them are so innumerable every where."”

The Tunisian method of hatching, while presumably inspired by the
Fevptian procedures, ditlers from them in various details. We shall have
occasion to refer to this again. Bruyerin (1540) reports from hearsay that
wtificial incubation was at his time practiced not only in Egypt and
Syria, but also in Jerusalem and on the island of Rhodes. We have not
been able to verily this. According to della Porta (1558) hatching ovens
were at one time built on the island of Malta.

The earliest mention ol artificial incubation in Egypt occurs in
Avistotle’s Historia Animalium, written in the lourth century B.C. In
his discussion of poultry Aristotle reports that “in some cases, as in Egypt,
they are hatched spontaneously in the ground, by being buried in dung
heaps. — Instances have occurred of eggs being deposited in warm vessels
and getting hatched spontaneounsly.” To this statement we shall return
helow.,

During the [irst century B.C. Diodorus Siculus, writing about the
FEgyptians, had this to say: “And that which is chicfly to be admir'd, is
that theirv Industry is such in these matters. that they that keep Poultry
and Geese, not content with the ordinary way ol breeding these Creatures
(as amongst other People) but by their Wit and Ingenuity cause them
lo increase to an inlinite number, lor they do not suffer them to hatch,
but to admiration [orce out the Young with their Hands with so much
\rt and Skill, that it's done as effectually as by Nature it sell.” Pliny, in
the first century of our calendar, recorded that “there be some egs that
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will come to be birds without sitting of the hen, even by the worke of
Nature onely, as a man may see the experience in the dunghils of Aegypt.
There goeth a pretie jeast ol a notable drunkard of Syracusa, whose
manner was when he went into the taverne to drinke, for to lay certaine
egges in the earth, and cover them with mould: and hee would not rise
nor give over bibbing, untill they were hatched. To conclude, a man
or woman may hatch egges with the very heat onely of their bodie. —
Livia Augusta the Empress, wife sometime of Nero (i.e. Tiberius Claud-
ius Nero, an officer of Julius Caesar), when she was conceived by him,
and went with that child [who afterwards prooved to be Tyberius Caes-
ar,] beeing very desirous (like a young [ine lady as she was) to have a
jolly boy, practised this girlish experiment to loreknow what she would
have in the end: Shee tooke an egge, and ever carried it about her in
her warme bosome, and if at any time she had occasion to lav it away,
she would convey it closely out of her owne warme lap unto her nources,
for feare it should chill. And verily this presage prooved truc: the egge
hecame a cock-chicken, and she was delivered of a sonne. And hereol
(it may well be) came the devise ol late, to lay egs in some warm place,
and to make a solt [ire underneath of small straw or light chalfle to give a
kind ol moderate heat; but evermore the cgs must be turned with a man
or womans hand, both night and day, and so at the set time, they looked
for chickens and had them.”

Figure 3

Egyptian incubating practices as illustrated by John de Mandeville (From
a manuscript entitled: Montevifla, Reise ins heilige Land. Augsburg,
1481,  Feldhaus, 1914).

Throughout the late middle-ages and the Renaissance we find refer-

ences to the Egyptian art of hatching in historical and medical works, in
travel accounts, and in books on agriculture.
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Cardanus (1663) attested to the wide acquaintance with the fact that
artificial incubation was practiced in Egypt. le also drew the interest-
ing conclusion that in the process ol incubation heat itsell plays merely
a role similar 1o that of producing a puver metal [rom one less pure
(“Rursus, sioquis obiicerct — cui tamen non respondat-ignis calorem
niliil posse generare, vt in prioribus libris demonstratum est: respondere
possel, in Acgypto oua excludi ignis calore, quod ab omnibus affirmatur:
it dicet, ex ilmwr[eclo metallo, vi ignis, perfectum, vt ex ouo pullus,
lmwm generari.” De rerum varietate, p. 2006). This thought ol Cardanus
is reminiscent 0[ the saying by the Roman poet Lucretius that the de-
velopment of eggs into chicks shows that “sensations all can out of non-
sensations be begot.”

In the wvavel account of Sir John Mandeville, written in the foun-
teenth and [irst published in the [ifteenth century, mention is made of
the artificial haiching of eggs in Egypt. The Call\- edittons even con-
tained an illustration (Fig. 3). This picture s, however, as [ancilul as
the text of Mandeville's book. A similar reference is to be found in
Pietra dei Crescenzi’s book on agriculture, which was composed between
1504 and 1309, "T'he travel accounts of Niccold di Martoni (1394, pub-
lished 1895), the Rieter family (1460, see Kluge, 1910) and ol Arnnid von
ITarff (1496-1499) also contain brief relerences to the Egyptian manner
of hatching eggs. Among later reports are those of Belon (16533), Paolo
Glovio (1 )60), Bock (1577), Kirvchherr von Suchen (1581), Benedictus
Pererius (1595), Leo Africanus (1600), Gesner (1604), Radziwill (1614),
Fiirer (1621), Ulyssis Aldrovandi (1645), la Boullaye (1657), Vesling (1661),
Monconys (1665, della Valle (1672), Thévenot (1674), Graves (1675), Mel-
ton (1681}, Crouch (1683) and Montanari (1685). A brief reference to the
LEgvptian art of hatching even found its way into Grimmelshausen's
lamous “Simplicissimus” (1669). Knowledge of the Egyptian art of hatch-
ing presumably [urnished the basis for a passage in Siv T'homas More's
“Utopia” (1516) reading as [ollows in the Enghish translation of Robyn-
son (1556): “They brynge up a greate multitude of pulleyne, and that
by a meruavlouse policy. For the hennes dooe not sytte vpon the egges:
but by keepynge theym in a certayne equall heate they brynge lyfe into
them, and hatche theym. The chykens, assone as they be come oute of
the shel, [ollow men and women in steade of the hennes.”

During the eightcenth century interest in the incubating ovens of
Fgypt was increasing. This is witnessed by the reports of Rantzau (1704),
Lreas (1720), Le Bruyn (1725), Cliomel (1725), Sicard (1729), Myller (1735),
Campbell (1739), PE’?T}J (1748), Pococke (1748-1745h), Tourtechot-Granger
(1745), Norden (1755), Nelli (1759), de Paww (1773), Niebuhr (1774-1778),
ITaller (1778) aud Savary (1785-1786). More recent descriptions were given
by de Roziére (1809), Rouyer (1809), Moubray (1816), Wilkinson (1835),
Fane (1836), Cardwell (1890), Cadman (1921} and Askar (1927).

We bave no definite information concerning the time at which aru-
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fictal incubation was first employed in either China or Egypt. Nor do
we possess historical accounts that tell us whether the invention was
made independently in China and Egypt, or whether the practice of arti-
ficial hatching was transferred from one of the two countries to the other,
although there is some indirect evidence suggesting that the cradle of
this, as of so many other inventions, may have stood in China, It is likely
that in both places artificial incubation was [irst applied to duck cges
and only later to the eggs of [owl.

In both countries these methods of incubation originated in sub-
topical ar tropical regions and were used only during climatically favor-
able periods of the vear, although in the Far East they spread to the
North of China. The methods of incubation used in China seem to have
varied considerably at dilferent times and in dilferent localities, and this
is still true today, possibly because the incubating techniques there were
in the hands of the people and were used over a considerable area, In
Egypt, on the other hand, hatching was confined to a relatively small
region; its use was restricted to holders of a monopoly and later o a
guild-like group of artisans, and, presumably as a consequence, there was
little change and innovation. Yet, in Egypt the techniques underwent
also modilications in the course of time. Aldrovandi has called attention
to the fact that neither Aristotle nor Diodorus mentioned the use of ovens
in connection with Egyptian incubation and concluded that the methocds
had changed. The evidence, however, is uncertain and the probability
great that ancient reports [rom distant countries were corrupted. On the
other hand, if later descriptions are compared with the careful report
which Abd-Alflatif Abd Al-Latif, a Muslim scientist who lived 1162-
1231) left on Egyptian incubation, as practiced at his time, no doubt
remains about the gradual change of and improvement in techniques.
One remarkable instance of this kind is the fact that at the time of Abd-
Allatif the Egvptian incubating ovens were only one story high (de Sacy,
1810),

In early times the production of chicks was a fiscal privilege in Egypt
accorded to a restricted number of persons. Together with many other
special privileges and monopolies this practice was abolished by Sultan
Mohamed ben-Kelaoun in 1316 A.D. As is inevitable with such exclusive
rights, they had led to serious abuse. For this we have the interesting
testimony of the Arabic writer Ahmed Al Macrisi (1360-1112): “Among
the abolished privileges was that which had been established for the
production of chicks. There had been purveyors of monopoly in all dis-
tricts of Egypt and they raised chicks for private persons. "The situation
had become a great vexation for the poor; it exposed widows to all kinds
of chicanery and injustice. Many beneficiaries had their pensions as-
signed to the income from that monopely, and nobody in all of Egypt
could buy even one chick from anyone but a purveyor of this {iscal
privilege. A person who was found gunltv of having bought a chick from
anybody else or who had sold chicks (without being privileged to do so)
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saw death descend upon himself from all sides without being able to die”
tede Sacy, 18103, 1t must be added that in spite of the suppression of the
monopoly by Mohamed ben-Kelaoun, restrictive practices continued o
exisl or were reestablished at a later date.

Gonzdlez (158)) scems to have been the st to acquaint the West
with Chinese ways of hatching. Knowledge of the Egyvptan art of incu-
bation, on the other hand, is of much longer standing. Auempts were
1'(*1}(1;11(!-:11}' made to construct and use l".g_\'llLi;m incubating ovens in Wesl-
e Furope, The most remarkable instance of this Kind was that of
Fiederie 1T of Hohenstauwfen, Holy Roman Emperor, King of Sicily and
Jerusalem. Tn his “Art of Falconrv"”, which was written during the first
hall of the thirteenth century, he says with reference to Egyptian incuba-
tion: "We ourselves saw this” — presumably during his crusade — "and we
arranged to have it repeated in Apulia by experts whom we simmoned
lrom Egvpt.,” Frederic 11 was probably the first person with a truly
scientific intevest in orpithology, and it may be assumed that his in-
uiries into inabation were motivated by a desire to learn the details of
the technique.

Toward the close of the [ifteenth century Alphonse 11, King ol Na-
ples and Charles Vi1, King ol France, had Igyptian incubators built
for their pleasure. André de la Vigne, secretary of Anne ol Briuany,
queen consort of France, tells us that Charles V111 on his expedition to
Naples in 1495 saw such an incubating oven at Pouge-Réal, the pleasure
home ol Alphonse IT, King of Naples:

Le samedy son armée diverse

Asscz matin se partit dudict Verce,

Et tost aprés il monta 4 cheval,

Pour aller boire dedans Pouge-Reéal

Qui est un licu de plaisance confit,

Aussi Alphons pour son plaisir Te fit
Aupres de Napples, ol en toutes maniéres,
Y a des choses toutes singulitres,

Aussi a ung four i ceufs couver,

Dont l'on pourroil, sans geline, eslever
Mille pousins, qm en auroit affaive,

Voir dix mille qui en vouldroit tant faire.

After his return to France, Charles VIIT had one of these hatching
ovens built at Amboise in 1196 (Parmentier, 1803), and Francois I some-
what later had another one couostructed at Montrichard in Touraine
(Gohory, 1752). A passage in Bruyerin's book De re cibaria (1540) pro-
bably also relates to this event. Nollet (1771) makes reference to yet an-
other such attempt at Chantilly.

Scientific interests persuaded Ferdinand I, Grand Duke ol Toscana,
who was in close touch with the famous Accademia del Cimento, founded
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by his brother, to have two artisans brought from Cairo to Florence in
order to build and operate Egyptian imcubating ovens. This happened in
1644 (Galluzzi, 1781). The ovens were set up in a large room in the
Giardino di Boboli, now a part of the gardens of the Palazzo Piti. The
lirst tests of the ovens gave poor results (61 chicks hatched from 144
cges). Ferdinand IT had the experiments varied and repeated “according
to suggestions arrived at by reasoning and experience.” In these experi-
ments Ferdinand 1, who during the preceding years and in collaboration
with other members ol the Accademia del Cimento had designed an al-
cohol thermometer, making use of this invention, “observed the daily var-
iations in temperature at the various stages and made the necessary ad-
justments.” An improvement in the hatching results was thus obtained,
although it was [ound impossible to raise the chicks successfully (Maga-
lott, 1667, Antinori 1841). Ferdinand Il of Toscana is to be credited
also with one of the earliest designs of a hygrometer.

Trials with artificial incubation, inspired by the Lgyptian art, were
pursued by Christian I'V, King of Denmark, during the seventeenth cen-
tury. Ferdinand JI of Toscana had [urnished sketches (reproduced by
Bartholin, 1661) of his Egyptian hatching oven, and Fesling had com-
municated to Rhodius, the king's adviser, his pertinent observations in
Fgypt. The physician Ofef Worm, in a letter written to Rhodius in 1644
(Bartholin, 1661; Worm, 1751), said that in 1640 he had followed a pro-
fessional call to Frederiksborg, a castle built by Christian IV, and that
one day at the king's table, chicken being served, the king had asked him
how he thought these chickens had been hatched. As a sequel to his
mistaken reply that they had been brought forth by sitting hens, he was
shown the king's hatching establishment, and of this he gave a briel ac-
count. A more extensive report was furnished by Bartholin, according to
whom there were six ovens, similar in construction to those used at that
time for the baking of bread, except that they were equipped with a
special hearth ol brass lamina and a small gridiron which held minute
pieces of charcoal. The glowing charcoal was to insure a regular and
gentle heat. The eggs were put into a shallow basket, lined with feathers,
or placed on a silk cushion. They were turned two or three times a day.
Only about onc egg out of ten hatched. A sketch of one of these haiching
ovens, drawn by Worm, is here reproduced from Bartholin (Fig. 4).

According to Bartholin the Danish king had yet another type of
hatching oven which had double walls. The air space between the walls
was connected with the oven part and served presumably to equalize the
heat, Alter the death of Christian IV the ovens were allowed to go to
ruin and, says Bartholin, “out of the wreckage 1 put into my Museum one
ol the cushions in memory of the king.”” Worm remarked that Christian
IV “did not undertake this hatching for profit or gain. The ways of
Nature are ten times better. But because the king wished to inquire into
the truth of the Egyptian art, and so he started it and it gave him not a
little pleasure.”
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Figure 4

Haiching oven of Christian IV of Denmark, A, open oven; K, oven closed
and ready for operation; B, ventilating hole with wooden plug; C, interior
capacity of oven: D, square opening into which a lrass gridiron was put;
I, small picees of charcoal. The opening was shut with a wooden t‘mn'
which, on the inside, was lined with hrass Iamina. ‘I'he door was held in
position by a rod, as shown in F. but it alse rested on two ron suppors,
thereby leaving space for air to cnter. G, a wooden rotating disk for
turning the cggs: H, a silk cushion (which was put on G) on which the
cgps were spread; they were covered with a similar cushion, I. Drawing
by IWerm irom Bartholin (1661),

The operation of these incubators was not a success. Yet, as late
as 1817 Mathiew urged the French government to [inance the introduction
of Egyptian incubating ovens and their adaptation to local conditions.
The knowledge that arvtificial incubation was practiced in Egypt with
coad results did. however, stimulate in the couwrse of time a number of
attempts to devise methods [or use in Europe. "This will be discussed
below.

One peculiar aspect ol the reports on incubation in China and Egypt
is the occasional mention of fermenting manure as a medium in which
epus were imbedded for hatching, As far as China 1s concerned, it should
be noted that no Chinese sources refer to such procedures; they are
only found in the travel reports of Gonzdlez and Grosier. As for Lgyp,
[ristotle tells us that eggs were “buried in dung heaps” and a similar
remark is found in Pliny's work, but no such statement is macle by either
Dicdorus or in any later account of eye-witnesses.

An oblique reference, similar to that of Aristotle, is ascribed, in the
Historia Augusta, to the Roman emperor Hadrian. Hadrian made a visit
to Egypt in 130-131 AD. In a letter ol somewhat doubtlul authenticity,
written [rom Egypt to his brother-in-law Servianus, occur these uncompli-
mentary remarks about the Egyptians: “I have given these people every-

23



thing they asked for. I have confirmed all their ancient privileges, and
added new, which they could not help acknowledging in my presence.
But no sooner had 1 turned my back than they lavished every kind of in-
sult on my son Verus and my friend Antinous. I wish them no worse than
that they should feed on their own chickens, and how l[oully they haich
them I am ashamed to say =" (Gregorovius, 1898).

Our evidence being insuflicient, we cannot definitely reject these
statements as untrue, Tt appears very likely, however, that they are found-
ed on a verbal misunderstanding. We may assume that travellers in
China and Egypt were told that manure served as the “source of heat”
for incubation. For the inhabitant of a warm and dry climate, such as
Egypt and certain parts of South China, manure is a valuable [uel which,
on account ol its slow combustion, is particularly well suited to produce
the low and even temperature needed in incubation. Moreover, in some
instances (Yang Hsun, 1740) warmed, dry manure, which retains heat
well, was employed for heating eggs in a fashion similar to that used
with cereal husks. To most Furopeans, however, manure would call forth
the association of the steaming warmth of fermenting dung I1e'1ps they
were not likely to think of manure as something to be burned. It is pr ob-
ably in some such fashion that a misunderstanding arose which was to
have reverberations for well over 2000 years. A somewhat similar inter-
pretation was given by Keller (1913).

It was this misconception which, according to Bartholin (1657), led
one Christian Thomae, counselor of Christian IT of Denmark, to attempt
(reportedly with success) the hatching of chicks in manure, subsequently
inspired Réaumur to his experiments, and as late as 1875 resulted in a
patent issued by the U.S. Patent Office. This patent (No. 164,810) was
granted to A. Corbett, manager of the “Gallinoculture Institute” in
Iicksville, Queens County, New York. It covered a combination of in-
cubator and brooder, fashioned after Réaumur's ideas, consisting ol a
chamber to hold the hatching eggs which was to be surrounded on three
sides by horse manure. By this time great interest had developed in incu-
bation, and this must cxplam the fact that, though much superior in-
ventions were alrcady available, Corbett's primitive design reaped him
45 medals and diplomas and resulted in a translation into Chinese of his
publication on the subject (Corbett, 1874, 1876; Ferris, 1880). We are,
however, anticipating historical events,

A peculiarly interesting essay, written by one Democritus, on “How
it is possible to produce chickens without a hen”, is found in a work
entitled “Geoponika.” This book, relating 1o various agricultural topics,
was first compiled by Cassianus Bassus, also known as Scholasticus, at the
end of the sixth or the beginning of the seventh century (Gemoll, 1884).
Casstanus Bassus is believed to be indebted for much of his material to
two writers of the fourth century, Vindanius Anatolius of Beirut and
Didymus of Alexandria (Thorndike, 1929). The compilation was later
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revised and became widely known about 950 A.D., during the reign of
the East Roman emperor Gonstantine VIL, Porphyrogenitus to whom the
work is frequently aseribed, The book was [irst printed in 1538, Nothing
certain is known about Democritus, the author ol the chapter in which
we are interested here. It may be assumed that his account was inspired
by hearsay about incubation in Egypt. Here is what he has to say:

“You will have a number of chickens without incubation in
this manner. When you set eggs under a hen that is siting, the
same day take some dung of fowls, pound it small, and sift it,
and put it in pots, and lay hen’s feathers all over the dung, and
on these set the eggs perpendicularly, having the sharp end
uppermost; then scatter some of the same dung over these again,
until they ave totally covered, and let them remain two or three
days, and afterwards turn them ev ery day, taking carve that the
cggs may nol touch cach other, that [hL";.' may be equally cher-
ished and after the twentieth day, when the hen's eggs begin to
haiwch, you will also find those in the pot cracked: wherelore
thev also set down the day on which the eggs have been set, that
the number of the days may not be [orgotten. On the twentieth
day then take off the shell, and having cherished the chickens,
put them in a basket, and introduce the hen, and she will take
the management of all the chickens. That they may also have
food, rake some leaven ol barley, and mix some gurgeons with
water; and put some ass or horse dung in the pots, and after
three days worms will be produced 1o feed the young brood.”

This advise may be based on misconceptions and may lack all foun-
dations of actual experience; vet it bespeaks an attitude of sober realism
which must be appreciated in an age in which beliels were current such
as the following quoted (rom Theophtlus of Alexandria (turn of the
fourth and fifth century): "For the Gentiles, whose skill in this art is
well known, create basilisks in this wise. They have an underground
chhamber completely walled in on all sides with stone, and with two
windows so small as scarccly to admit any light. In this they put two
cocks of twelve or fifteen vears and give them plenty of food. These,
when they have grown fat, from the heat of their fat have commerce
together and lay eggs. As soon as the eggs are laid the cocks are ejected
and toads are put in to sit on the eggs and arc fed upon bread. When
the eggs are hatched chicks come forth who look like young roosters,
but after seven days they grow serpents’ tails and would slralghtwav
burrow into the ground, were the chamber not pwcd with stone” (T horn-
dike, 1929). These basilisks were then to be used in the making of gold.

‘The further history ol artificial incubation 1s a curious sequence of

real advances alternaling with uncritical acceptance ol legendary ac-
counts relative to the methods used in Egypt.
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Writing in the fifteenth century, Azalus (1544) spoke ol seeing a
woman in Udine (Italy) hatching chicken eggs by placing them between
layers of horse manure. At about the same time Leonardo da Vinci en-
tered in lis diary a note to "ask the wife ol Biogino Crivelli how the
capon rears and hatches the eggs of the hen when he is in the mating
season,” and another to the effect that these people “hatch the chickens
by making use of the ovens by the lireplace.”

Charles Estienne (1567) reiterates the instructions lound in  the
“Geoponika,” but with the advent of the seventeenth century we encoun-
ler real departures from tradition and independent thought. Olivier de
Serres (1600) in his “"Théitre d"Agriculture™ states that chicks can he
hatched in a small oven which has been adapted for this purpose and
which is heated by a slow, continuous [ire. The oven is to be made of
iron or copper; it is to be rounded on top (similar to the ovens used at
that time for baking bread); its inner surface is to be lined with the same
material as that used for ceilings. The top of the oven is to be of one
piece, fitting into the lower part and removable so that the eggs may be
turned easily, The eggs are to be surrounded by feathers and covered
with a soft feather pillow. The heat is to come from four Jamps which
are lighted all the time and the flames of which touch the floor of the
oven. This primitive incubator incorporated, at any rate, some provisions
of insulation and a crude possibility ol temperature regulation.

Gian Battista della Porta was an inventor of many mechanical con-
trivances and author of “Magia naturalis”, first published in 1558 and
greatly enlarged in later editions. With reference to the instructions for
incubation given in the “Geoponika” Porta tells us in his book that: “I
ried this most diligently; and it took no effect, nor can I tell how it
should be done.” Porta then gives an account of his own method which
is here reproduced from the English edition.

“But what I have done myselfl, and I have seen others do, 1
shall briefly relate, that with little labour and without Hens,
anyone may hatch eggs in a hot oven. Make a vessel ol wood
like a Hogshead, let it be round, and the Diameter so long as
your arm is, that you thrust in, that you may lay and turn the
Fggs let it be four foot in Ajmude. This we divide by three
boards within into four parts: Let the first be a foot and a half,
the second little above a foot, the third a foot, and the fourth
least of all. Let every concavity divided with boards have a little
door thereto, so large as you may thrust in your arm, and its shut
to open and shut at pleasure. Let the first and second loft be
made of thin boards, or wrought with twigs, let the third be of
brass arched, and the fourth of solid wood. Let the first and
second stage have a hole in the centre three [ingers broad,
through which must pass a brazen or iron pipe tinned over, that
must come half a foot above the second story, and so in the lower
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most, butin the bottom the orifice must bhe wider, like a Pyramis
or [unnel, that it can lily receive the heat of the [lame of a
candle put under it; in the second story let the pipe be perfor-
ated about the top, that the heat breathing forth thence, the
place may be kept warm, and the Eggs may be hot in the upper
part, as they are under the Hen. Above these three rooms strew
saw-dust, which I thinks is best to cover them: Let the saw-dust
be highest about the sides of the Iogshead, but less in the mid-
dle: in the bottom where the pipe is lower, that the 1*'ugti that
lye upon it may receive the heat that comes from the pipe every
way: In the third story where the pipe ends, let it be ]nesﬁed
down about the sides, and higher in the middle about the pipe,
let a linnen cloth cover the saw-dust, a line cloth, that if it be
foul'd it may be washt again, and the Chicken hatcht may go up
on it, Lay upon every story a hundred Eggs, move or less, let the
great ends of the l'g;.,-» l*.r.- downwaxds, the sharp end upwards.
The walls of the Hugshca(l that are above the saw-dust within
the concavities, and the upper part ol the story must be covered
with sheep skins, that their warmth may keep in the heat: i the
lower concavity under the Funnel, must a light lamp he placed,
at first with two weiks, in the end with three, in summer; but at
the beginning of winter, first with three, and last with lmn‘ or
five: Let the hight fall upon the middle of the Funnel, that the
heat ascending by the pipe, the rooms may heat all alike. The
place where this vessel stands must be warm and stand in a by
place; in the lower part where the lamp is lighted, you must lay
no Eggs, for that heat there will not haich them. But where the
Chickens are wet when they are [irst hatched, shut them in here
to dry them by the warm heat of the lamp, marking twice or
thrice every day whether the heat abate, be warm or very hot. We
shall know it thus, take an LEgg out of the place, and lay it on
your Lye, [or that will try it well: il it be too hot for you, the
heat is great, if you leel it not, it is weak; a strong heat will hatch
them, but a weak will make them addle. So you must adde or
take away [rom your lamp, to make the light adequate and pro-
portionable alter the [ourth day that the Eggs begin to be
warmed, take them out of the cells, and not shaking them hard,
hold them gently against the Sun beams or light of a candle, and
sec whether they be not addle, [or il you discern any [ibres or
bloody matter run about the Eggs, it is good, but il it be clear
and transparent, it is naught, put another Lgg in the place of it:
All that are good must be daily turned at the lamp heat, and
twrn them round as the Hen is wont to do. We need not {ear
spoiling the Eggs, or if any man do handle them gently; in sum-
mer alter nineteen or twenty days, or in winter after twenty five
or twenty eight days, you shall take the Eggs in yvour hand, and
hold them against the Sun, and sce how the Chickens beak
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stands, there break the shell, and by the hole of the Fgg take the

Chicken by the beak and pull out its head; then lay it in its place

again, for the Chicken will come forth it self; and when it is

come out, put it in the lower cell as T said: But let the lamp

stand something from the parcment, lest the Chickens allured

by the light, should pick at it and be burnt by it: And if vou

do work diligently as I have shewed you, in three hundred Eggs

you shall hardly lose ten or twenty at most.”

[t is said that these experiments gave della Porta the reputation of
being a sorcerer and that he desisted from [urther work of this kind in
order to avoid prosecution by the Inquisition (Devaux, 1892).

Cornelis Dyebbel, the great Dutch mechanic who lived from 1572 to
1633 and who spent the latter part of his life in England, gained in his
time some reputation by hatwching eggs in incubators ol his own con-
struction (Tierie, 1982), On February I8, 1668, long alter Drebbel's
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Figure 5
Portrait of Cornelis Drebbel (From Tierie, 1932).

1. "Porta obtint quelques éclosions qui firent tant de bruit i I'"époque qu'il
passa pour sorcier ct attira sur lui l'attention malveillante du  Saint-Siege:
il abandonna sa découverte pour ne pas déplaire a I'Inquisition.” Devaux
(1892). We did not succeed in discovering contemporary Lestimony about these
events and the authenticity of the reports must be doubtej.

28



death, his invention was discussed at a meeting of the Roval Society
ahout which we have the following record: “Mr. Henshaw upon occa-
sion mentions the way of hatching chickens by balneums formerly used
in the Minories by Dr. Kefllet's brother (actually Kufller's father-in-law,
viz., Drebbel); the particalars of which he was desired (o bring in writing,
which he promised to do™ (Bivel, 1756, vol. 2, p. 348). In a chronicle ol
\Ickmaar, Drebhel's home town, van der Woude (1716) tells us that: “he
was able, by means of a strange and amusing device, to hateh duck and
chicken eggs all the years round, yes, even in the middle of winter, with-
out using ducks or chickens for this, and evervthing went so punctually,
that the young were born at the proper time, just as if they had been
hatched by ducks or hens” (Dousa, 1850),
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Figure 6

Drebbel’s incubator with mercury-alcohol thermostat (From manuscript
2206, LL V 8, Part II, 1 in University Library, Cambridge, England).

L he “strange and amusing device” was an ingenious invention, viz,
an alcohol-mercury thermostat. Drebbel himself did not publish anything
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about his incubator, but much information about his inventions was pre-
served by his son-in-law, Johan Sibertus Kulfler, and his grandson Au-
gustus Kuffler, in a manuscript which now is in the library of the Uni-
versity ol Gambridge.

The account given in this manuscript ol Drebbel’s invention, with
some punctuation added and a lew parenthetic comments, is as [ollows:

“I'he Description of two Furnaces ruling
themselves & Keeping al any Degree ol Heate,
the one [or Hatching of Chickens.”

“The First Figure placed at page 171 is for the Curious
Chymist (not reproduced here) the 2d figure page 172 (see
Fig. 6) is for Hatchin of Chickens & must Bee tended with
greate Circurispection & dificultie.  this Furnace must Bee
without A grate having 2 or 3 holes. running from the Place
where the A is to the Fdges which Blow the A as A over
the A fire, Lves An Iron Plate with A hole in the middle as
B: thro which the Heate comes, over which is placed A
Double foure Square Tinnen, Leaden or Copper Box in which
the Eggs are laid in Towe & with in the Double sides Bot-
tome & Topp the ¥ is put with which it must Bee filled
thro a small Pipe Comeing out of the Topp of the Furnace
as C & still as the - water wasts (wastes), itt must Bee
filled Againe thro the same in the Bottome of the water Box.
Between the Double of itt Lay the glass D: which is filled
with ¥ to the Neck & in the Necke £ . to fill this Retorte
you must first Put the & in, then the & , then Turne itt
uppside downe, holding to the Mouth & the £ will come
into the neck. Let the & come round the Square water Box
& it must Come out att a round small hole in the middle of
the Topp of the Furnace as E upon which you must have a
spoone to shut as F which spoone must have A Long handle
playying upon A Crosse Pinn att G & at H. It hath A Screw
By which meanes It may DBe fitted Backward or forward, now
there must Be another Pinn with A Screw att the end of which
is Put A Little glass Pipe & f{itted into the Neck of ye re-
torte as at I: See that when the A& groweth hotter the (read
“than”) ordinary the ¥ expands itt selfe pressing upon the
4 & the § the Pinn I & So closeth the hole E & dampe
the & till It comes to A just (“proper”) heate.”’

Drebbel's invention includes two important innovations, the use of
water as a source of indirect heat and the employment of a thermo-regu-
lfator. His thermostat is in principle identical with toluene thermostats
as they arc in use now. This invention, though it was promptly forgotten,

1. The symbols used in the manuscript are as follows:

A fire, <7 wafer, éalculm]. #_mercury.

30



is of great historical intervest, For, the invention of a sell-regulating ther-
mostat is generally credited to Bonnemain, who obtained a patent on a
himetallic thermostat in 1783 (Hammerl, 1882; Geer, 1902). As we have
seen, it was actually anticipated and applied by Drebbel nearly 200 years
earlier. Drebbel’s interest in artilicial incubation was probably stimu-
latedd by the account given in Porta’s “Magia nataralis”, a Dutch edition
ol which had appeared in 1566. Some attempts at thermo-regulation,
based on the thermoscope of Heron of Alexandria (about 100 B.C.), had
previously been made by alchemists and it may be presumed that the
principles of Drebbel's regulator were derived from these predecessors.
Yet, it cannot be denied that the design ol his regulator and its applica-
tion were original and resourceful.

One may be skeptical about the success which delle Porla and Dreb-
hel claimed for their methods, but one must concede that they made
mdependent experimental cfforts to arrive at workable techniques of
incubation, Porta did not have the mechanical ingenuity of Diebbel,
b his essays in this field seem at Jeast as novel as the much later ones
ol Reéawmur, and Drebbel’s design of an incubator was potentially [ar
superior o Réawmur's celebrated invention. A quotation [rom Bucl
(1757, 3, pp. 455-156) is prool of the difficulties which Drebbel and others
encountered in producing normal and viable chicks, It seems to indicate
also that the Kufflers (ie., Drebbel’s son-in-law and grandson) abandoned
the use of thermostats and returned to more primitive techniques.  Ac-
cording to Bireh: “Mr. Henshaw farther gave an account of the manner,
how Dr. Kuffler hatched chickens by the help ol furnaces, the process of
which he had seen; which was, that the doctor had a wire-grate placed
over a balneum ar a foot distance with a cover over, pulled up by a pul-
levi in which grate he set the eggs, and so turned them every day lor
cighteen days together: then he laid them on a hair cJoth in a stove
near the ash-hole, where they hatched themselves with their own bills;
in which stove he kept them for three days, till they could feed them-
selves, which was when the volk was consumed in their bellies,—Sir Jonas
Moore remarked that Sir Chrmopher Heyvdon together with Drebbel
long since in the Minories hatched several hundred eges; but mentioned
not the way; but that it had this effect, that most of the chickens pro-
cluced that way were lame and defective in some part or other™ (January
16, 1679).

About the year 1659 two members of the Accademia del Cimento
were working in Vienna on artificial incubation. 'They were Paolo del
Buono and Geminiane Montanari. A disciple ol Galileo, del Buono was
I'mperial Mathematician and director of the mint in Vienna. He had
participated in the efforts of Grand Duke Ferdinand I1 of Toscana, al-
luded to earlier, to perfect the thermometer. Montanari was del Buono's
student. In his book, “L’astrologia convinta di falso”, Montanari (1G85)
tells us that he and del Buono attempted to incubate chicken eggs in a
kitchen stove which was heated with oil, The embryos developed, but
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failed to hatch. What 1s important here is that these two investigators
used a thermometer to determine the temperature underneath sitting
hens, and that they attempted to adjust the heat of their oven accordingly.

The problem of temperature regulation in connection with incuba-
tion was at this time studied by two of the great founding members ol
the Royal Society of London, Sir Christopher Wren and Robert Hooke.
Sprat (1667) says about [Vrer that “he has found out perpetual, at least
long-liw’d Lamps, and Registers of Furnaces, and the hike, for keeping
a perpetual temper, in order to various uses; as hatching of ¥Eggs, In-
sects—."" No details about these inventions are extant. Our only in-
formation comes from the minutes of the Royal Society in which we
find the following relevant passages (Birch, 1756),

April 29, 1668. "Dr. Wren was desired to acquaint Mr. Hooke
with the apparatus and progress, which he had made in the ex-
periment of hatching eggs by the equal and moderate heat of a
lamp, =7

Februarv 14, 166G-7. “Dr. Wren mentioning, that he had a new
kind of lamp, the operator was ordered to attend him, to receive
his instructions how to make it,”

February 21, 1666-7. "The operator was again ordered to attend
Dr. Wren to receive the directions for the making his new kind
ol lamp, —"

April 11, 1667. “Dr. Wren's new lamp was produced and ap-
proved. He intimated, that the main point in it was to balance
it well. He was desired to make a scheme thereof, with some dis-
course upon it in writing; which he promised to do.”

The rebuilding of London and its churches presumably kept Sir
Christopher Wren from carrying out this promise, Robert Hooke, his
colleague in the Royal Society as well as in the surveying and rebuilding
of London, busied himself with the same problems. Apparently it was
chiefly between 1675 and 1677 that his attention was on these matters
(Hooke, 1985). In his “Lampas” Hooke (1677) gave a detailed account
of his efforts to devise self-regulating lamps. The problem that he set
himself is stated as follows: “to shew a way how to make the Receptacle
of a Lamp in such manner as that it shall continue to supply the Pabu-
fum to the flame equally and for a very long time till it be all consumed,
The consideration of which Problem [irst put me upon the enquiry after
a counterpoise for Liquors or Fluids—." About the purposc of such
counterpoises Hooke said that they are “to keep the superficies ol the
Liquor (whether Oyl, Spirit ol Wine, Oyl of Turpentine, or the like)
whatever quantity there be in the Vessel, always to the same height, so
that the said Pabulum shall always be equally distant from the bottom of
the flame, and the wick or flame being once placed at a convenient
height or distance above the superlicics of the Oyl, shall not be deserted
by the said Superlicies till the whole quantity be consumed.”
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Figure 7

Selfregulating lamps designed by Robert Hooke. The two upper lamps

were spheres  containing the fuel. These spheres rotated and  were

counterpoised in such a fashion that the level of the fluid remained

constant. The lower patt of the figure illusirates lamps in which the

wick was attached to a float, the socket of the wick sinking with (he
level of the oil (From Haoke, 1677)-
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Figure 8

Sclf-regulating lamps designed by Robert Hooke. The oil in these lamps

was in a receptacle from which it veached the flame through a syphon,

A counterpoise raised the receptacle as the oil was consumed (From
Hooke, 1677).
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Tab: XXX VI,

Figure 9

Leutmann's incubator. Explanation of letters; b, ash door; ¢, grate; 4,
furnace with cover e; g, opening into extension of stove; k, pipe for hot
air which rests on a grate and opens at i into the oven; n, smoke slack;
p, dish for water to supply humidity; s, thermometer, fastened to a board,
r; £, sand on which the eggs rested. There was a sliding tile door at g
for temperature regulation, Turther temperaiure adjustments could be
made by opening or closing ash door, sliding doors on the oven and
oven door itself (I'rom Leutmann, 1735).

Some of these lamps are shown in Figs, 7 and 8. Two such lamps
were at one time in the collections of the Roval Society (Grew, 1681),
but apparently have not come down to us, Among the uses to which his
lamps might be put Hooke listed: “Distillations, Digestions, Fermenta-
tions, Putrefactions, Dissolutions, hatching the Fggs of Birds or Insects.”

The Roval Society aL one time also was in possession ol a “Lamp-
Furnace™ designed by Hooke, and of this Giew lelu the [ollowing descrip-
lon: “Towards the bottom is a partition with a hole in the middle;
below which, stands a Vessel of OQil with a Wick, and a Cork to [loat it,
so-as to stand within the said hole. Over this is placad a Pan, viz. with
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the buttom about two inches distant from the partition. Within which,
is fine sand. Design'd for the hatching of Fgegs, in order to obscrve the
Process of Generation. As also for digesting of Liquors.” Nothing fur-
ther is known about this incubator ov about trials with 11,

Yet another of the carly members of the Roval Society, Sir Kenelm
Dighy (1669) used methods ol artificial incubation for embryological ob-
servations. e lelt this account: " Therefore, to satislie our selves herein,
it were well we made our remarcks in some creatures, that might be con-
tinaally i our power to observe in them the course of nature, every day
and hour. Sir John Heydon, the Lieutenant of his Majestics Ordnance
(that generous and knowing Gentleman, and consummate Souldier both
in Theorv and Practice) was the first that instructed me how to do this;
by means of a furnace, so made as to imitate the warmth ol a sitting Hen.
In which vou may lay several eggs to hatch; und by breaking them out
at scveral ages, you may distinctly observe every howrly mutation in
them, il vou please.—". Sir John was the son of Sir Christopher Heydon
mentioned earlier.

Another contemporary, the French philosopher Nicolas de Male-
Dranche, also used artificial incubation for embryological studies. All
that we know about this comes from a letter written by the AbLbé Daniel
om April 10, 1670. He informs his correspondent that "the Reverend
Father de Malebranche has honored me with a letter saying that he has
at present an oven in which he incubates eggs, and that he has already
opened some in which he saw the formed and beating heart, together
with some arteries” (Blampignon, 1861). The inventions and observa-
tions ol Wren, Hooke and Malebranche had no reverberations and dur-
ing the remainder of the seventeenth century we find nothing but an
inconsequential reference in John Worlidge's (1697) “Systema Agricul-
turae”.

An important event occurred with the publication of Leutmann’s
book on [urnaces and ovens which ran through five editions betwcen
1720 and 1764, Leutmann stated clearly three basic principles which
must be fulfilled if the artificial hatching of eggs is to be successful. These
were as [ollows: (1) a careful study of the temperature prevailing under-
neath sitting hens; (2) the construction of an oven which not only will
hold fire for at least 12 hours, but which can be regulated in such a
fashion that the temperature ol its incubating compartment corresponds
closely to that under a sitting hen; (3) the adjustment of humidity ac
cording to natural conditions,

In implementing his first principle Leutmann was successor to del
Buono and Montanari, The instrument which he constructed for this
purpose consisted of a tin “egg”, painted white, which was attached to
a lead tube, hent at right angles, and with a thermometer (Florentine
alcohol thermoscope) inserted into the top of this tube, This device
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was used to make daily temperature determinations under sitting hens
anel also to measure the warmth within the incubator. The incubator
and thermometer ave illustrated in Figure 9. Lewtmann also oflered
suggestions [or the brooding of chicks.

In 1748 Cederlviclm veported about hatching experiments which he
had pursued on behall of the Royal Swedish Academy of Sciences. His
work was inspired by reports on incubation in Egypt, but he was appar-
ently quite unaware of carlier attempts, such as those ol Baytholin, Dreb-
hel and Leutmann. His own work, published in Swedish, remained un-
Liown to most of his contemporaries and successors including Reéannmur,
\arious types of hatching ovens were built by Cederhielm, the one that
presumahly gave the most satisflactory results being shown in Fig. 0.
These ovens were regulated with dampers and insulated with sand.
Ceeerfrielm’s fivst concern was to determine the proper incubation tem-
perature. He found that the body warmth ol a siting hen was about
179 on the scale of an Ekstrim thermometer. He aimed at maintaining
this temperature in his hatching trials, but had to cope with [Tuctuations
heeween 357 and 399,

In getting his ovens ready f[or incubation the lower one was heated
livst; the eggs were then put into it and a [ire was started in the upper
oven in order to maintain a proper temperature below. The eggs were
put into boxes half filled with dry and pulverized cow manure which
was to help in equalizing the temperature. Boxes and manure were regu-
larly moistened. For the first two weeks the eggs were turned twice daily,
three times a day thevealter. Cederldelm linally succeeded in hatching
some normal chicks. He had, at any rate, clearly recognized all important
principles of incubation and his work could well have served as a sound
loundation for further development.

T'wo publications of greal interest appeared in 1749, one by Begnelin,
the other by de Réawmur. Nicolas Beguelin, a Swiss and tutor of Fred-
evick William I who was later to succeed Frederick the Great as King ol
Prussia, designed for the amusement of his "auguste éleve” an incubator
so that his pupil might from day to day follow the development of the
embryo and see the hatching of chicks, The mncubator consisted ol two
cvlindrical sheetiron containers, fitting into each other, the inner one
being considerably smaller than the outer and resting on supports ar
the hottom of the outer container. On top the two containers were united
by a metal ring. There was a hole to [ill the space between the cylinders
with water and a l[aucet to drain the water. The outer wall of the in-
cubator was insulated with wood, cardboard or flannel. The top cover
was of wood and could be opened or closed for adjustment of the tem-
perature, Heat was provided by an oil lamp underneath the incubator.
Beguelin noted that the temperature in the incubator was more casily
kept constant with a greater volume of water in the jacket.
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Figure 10

Hatching ovens as illusuated by Cederhielm. a, lower oven width 1 yard,
depth 6% feet, height 1 yard 7 inches; b and ¢, inner and rear wall, each
Yo vard thick: d, door of lower oven 8 inches wide, Y inches high: e, door

of upper oven somewhat smaller than that of lower; f, upper oven with

same width and depth as lower, but only 1 yard high; g, sand fill. 9 inches

deep; h, underneath hatching area dry and solid supports % foot in diam-

cter; i, side walls % foot thick; k and |, dampers of lower and upper

oven. (From Cederhielm, 1748.)

In order to facilitate observation of the developing embryo Beguelin
removed the shell at the broad end of the eggs and used a piece of shell
[rom another egg as cover. Embryos were thus kept alive Tor 15 days.
It is related that out ol one batch of 26 eggs which had not been opened,
all but one of those fertile produced hatched chicks. In another publica-
tion Beguelin (1750) described improvements of a method of incubation
which had been devised by Sufzer. The latter’s incubator was a galvan-
ized iron box with a double bottom. Steam was introduced between the
two hottoms. The top of the box was open and the eggs were laid on a
cloth, stretched over the top, and were covered with tow,

The appearance of de Réaumur's book created somewhat of a sensa-
tion. In the words of Achard de Péatieux (1850) it “tourna bien des tétes
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et occasionna la ruine de plusieurs personnes.” In 1747 Réawmur had
given a lecture on incubation belore the Académie des Sciences in Paris,
I'liis was lollowed by the publication ol his book in 1749 (kEnglish trans-
lation 1750), and that of a shorter practical guide in 17561, 'I'wo methods
were recommended by Reawmur. In the hirst, specially fitted casks or
boxes were partially sunk into horse manure, the heat ol the fermenting
manure providing the necessary temperature. The casks or boxes had an
outer lining of plaster or other material o check the penetration ol
moisture.

The second 1ype ol incubator was built on wp ol bakery ovens and
utilized the heat given olf by these ovens. Réawmur used his thermome-
ters in attempting to maintain a proper and constant warmth: he was
aware of the necessity (o prevent excess maisture  (he determined the
degree of moisture by introducing a cold egg into the incubator and ob-
serving the amount of water condensation on the shell); he devised some
means ol ventilation: and he insisted on the need for regular turning of
the eggs.

From a mechanical point of view Réawmur's inventions were prim-
itive and inferior to some that had been destgned much earlier. There
are presumably several reasons which account for the intervest aroused
by Réawmur's work. To start with, he was one ol the leading scientists
ol his time: his observations were documented by carclul rvecords and
based on meticulous attention to detail; his treatise was written with
considerable enthusiasm and in the spirit of the promoter. Most im-
portant of all perhaps, Réawmur devised a method of brooding newly-
hatched chicks, thus pointing the way lor utilizing 10 advantage the re-
sults of artificial incubation,

Just how successful Réawmur and his followers were in hatching
chicks we do not know; according to Fery-D'Esclands (1877), Réawmur
obtained hatches of only 10 to 15 percent. There can be no doubt, how-
ever, that Réaumur’'s methods were for a time widely regarded as a revo-
lutionary advancement. Even on this continent they were put into prac-
tice almost immediately. Dr. Jean Fran¢ois Gaultier, a French physician
who lived in Canada between 1742 and 1756, wrote to Réaumur in 1753
and 1754 about his having used the new ways of hatching chicks. Réun-
pirey had supplied thermometers [or the purpose.

“During the past year, and to an even greater extent during the pre-
sent, people have eaten young chickens in February wlich had never he-
[ore happened in Canada,” Gaultier wrote, and in another letter, relating
the beneflit of incubation, he told Réawmur that “this 1s one more debt
which Canada owes you" (Fallée, 1930). It must be admitted, however,
that the initial enthusiasm was dissipated quickly. There were some at-
tempts to revive Réaumuyr's ideas, e.g. in 1781 by an anonvinous German
author, in 1831 by Léenard in France, and later still by Corbett (1874,
[876) in the United States, but nothing came of them.
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Yeu e significant that an editorial footote 1o Léonard’s article
could, as late as 1831, make the statement that the technique of Réaumu
“seems superior to many machines which have been recommended,” Pre-
sumably inspired by Rdéaunnn’s experiments witl manure, du Bignon
(1763) reported that it was possible to utilize the heat of fermentation of
tanbark [or incubating eggs.

Our account of Réaumur's contribution to the development of arti-
[ictal incubation must nov he concluded, however, without reporting that,
prior to Réaumur and du Bignon, Richard Bradiey (1736) already had,
if in a much less sophisticated fashion, utilized the heat of fermenting
horse manure and tanbark for the hatching of eggs. We quote: ™ My
way 1s in a hot Bed, either made of Horse-Dung or Tanners Bark. Take
an Earthen Vessel, like a garden Pot, but not quite so deep, [ill it hall
way with Wool or Cotton, and lay as many Eggs on the Bed of Wool as
will make a single Layer, 5o as not to come within an inch of the sides
of the Vessel; then [ill up the Pot with Wool, covering the Eggs about
[our Inches, and set the Pot up to the Rims in the Bed, and cover the
Bed with a Frame and glasses, such as you use for Cucumbers, and these
will hatch in due time. —1f you can make Fowls lay, you may always hatch
them.”

Reéawmur's experiments led 1o several attempts to invent means for
the mechanical regulation of the temperature o incubators, Romas
(Kritnitz, 1791) constructed two diflerent devices for this purpose. One
was based on the temperatwre expansion of an iron rod, the motion of
expansion being successively transmitted to three dilferent levers, the last
ol which was to open a register [or the escape ol warm air. The other
appliance utilized the expansion of [luids with increasing temperature.
A special thermometer was built for this purpose which had an expan-
sion chamber above the bulb. It was adjusted in such a wav that the
thermometer remained in a horizontal position and its liquid did not
reach the expansion chamber when the instrument was, at an ambient
temperature ol 327 R, suspended by a thread atrached between bulb
and expansion chamber, With rising temperature the liquid of the ther-
mometer entered the expansion chamber, thereby upsetting the balance
of the thermometer. The downward movement ol one end of the ther-
mometer was to pull open a register.

Rritnitz (1791) recommended an instrument in which expanding {lu-
id raised a piston in a tube. The piston in turn was to lift a register,
It was ol considerable merit that Kriinitz suggested mercury [or use in
this instrument.

The design ol two other mechanical temperature regulators was due
to Prince de Conte (Kritnilz, 1791). The principle of both these regu-
lators was siimilar to the device of Kriinitz, but one of them utilized the
expansion of air with rising temperature.
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Soon alter the publication of Réaunno’s hook R. Huzard built an
incubator of considerably superior design (Brechemin, 1926). This in-
cubator had verv large dimensions (capacity 6000 cgps). It was con-
structed of masonry with ducts and windows for ventilation and an en-
trance door. The exterior was insulated with wool, Heat was supplied
by warm water circulating Irom a tank through copper tubes. Open
containers with water, placed inside the incubator, supplied additional
moisture. After initial dilliculties Fluzard's haiching results are said to
have heen better than those ol Reawmar.

Another remarkable event in the history of incubation was the pub-
lication in 1780 of a book by Abbé C{;puu,au entitled “Ornithotrophie
artificielle ou art de faire ¢clore et d'élever la volaille par le moyen d'une
chaleur artificicle.” This work was printed in four editions (with varying
titles) between 1780 and 1799, indicating a considerable public interest.
Copineau gave a critical evaluation of Réawman's incubators, pointing
out that their greatest laults lay in the impossibility 1o regulate the tem-
perature properly and to obtain quickly an even distribution of heat
and the necessary amount ol ventilation, Copinean's own mcubator was
simnilar to that of Huzard. It was built of brick, circular in shape, and
had a capacity of 3000 eggs. It was heated by circulating hot water. The
lower, but not the upper, part of the outside wall was insulated. There
were provisions for ventilation and windows for reducing the tempera-
ture in the incubator. As an important inmovation Gepimeau made regu-
lar determinations of air humidity with the hyvgrometer invented by
Deluc (1775) and which a little later was (o be greatly improved by de
Savssure (1783). Féry-I)'Esclands (1877) stated that Copineanw had hatches
ol up to 20 percent.

At about this time some experiments were made with frictional elec-
tricity. Achard (A*%, 1799) thought that eggs thus treated at room tem-
perature could develop, if at a somewhat retarded rate. Prince Gallitzin
(1780} exposed eggs on the ninth day of development for half an hour 10
[rictional electricity, incubation being completed by a sitting hen, and
he believed that the treatment had improved the chances of hatching.

The reinvention ol the thermostat and its application to incubation
by Bonnemarn (1816, 1824, 1828; see also Parmentier, I1827) were prob-
ably the most important single events that, much later, led to the per-
[ection of our modern incubators, Bonnemain started his work contem-
porancously with Copinecu. On August 14, 1782 a commission of the
Académie Rovale des Sciences observed the hatching of chicks in Bonne-
main's establishment and reported that the new “fire regulator” has the
“¢loges et I'approbation de l'académie.” During the next year Bonne-
main obtained a patent on his invention. This was the llrat bimetallic
(iron-brass) thermoregulator.

In his initial report (1816) Bonnemain had not revealed anv details
ol his invention, but when he applied later for a subvention of his work,
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the French government, fairly enough, made a grant of public funds
conditional on the publication of a full description of technical details
(Bonnemain, 1824, 1828).

The novel principles of Bonnemain’s incubator included an ingeni-
ous system of hot water circulation and thermostatic control of the draft
door on his stove. There were special provisions for [ully utilizing, prior
to its escape into the chimney, the warmth of the air rising from the fire,
A source of humidity was provided by placing shallow pans of water
into the incubator, It is said that the temperature could be maintained
within one-hall of one degree Reéaumur. It seems that Bonnemain had
considerable commercial success with has imcubators, supplying the mar-
kets of Parts with quantities of poultry, but eventually political condi-
tions ol the time brought his activities to a close because “the majority
of his regular customers either had left the country or had stopped en-
tertaining.”

Le Roi (1868) tells us that in 1804 one Fourcault established in Ver-
sailles a hatching business by heating the room of a house with hot aitr
which was passed between pieces ol sheet metal, the latter heating the
room by radiation. The enterprise is said 1o have been successful.

For a similar scheme fohn Champion had obtained Leters Patent
from the British Crown in 1770, a description of which was registered
with the High Court ol Chancery. The method simply consisted in
heating “an aparunent lined with flues, such as in hothouses — to the
degree of blood heat.” The eggs were spread on a table.

It is evident, however, that [or one reason or another the new schemes
ol incubation did not find rcady acceptance. In 1812 Thomas fefferson
complained in a lecer 1o Dr. Thomas Cooper about the lack of generally
useful methods of incubation. He wrote: “You know the just esteem
which attached itself to Dr. Franklin's science, because he always en-
deavored to direct it to something useful in private life, The chemists
have not been attentive enough to this. I have wished to see their science
applied Lo domestic objects, to malting, for instance, brewing, making
cider, to fermentation and distillation generally, to the making ol bread,
butter, cheese, soap, to the incubation of eggs, etc. And [ am happy to
observe some of these titles in the syllabus ol your lecture. 1 hope you
will make the chemistry of these subjects intelligible to our good house-
wives” (Lipscomb and Bergh, 1904).

Meanwhile, in France more primitive methods of incubation came
to the [ore again. In 1813 Bose reported for a commission of the Institut
de France on a technique developed by a Mademoiselle Portebois. In
order to make either male or female fowl sit on eggs, the birds werc put
into a box so small that they could not move. A cover prevented the
birds from rising. These nests with the birds in them were kept in the
dark. With female chickens, ducks and turkeys the top board could
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usually be removed after a day without the birds leaving the eggs. Males
were somewhat more vecalcitrant, but submitted to sitting on eggs after
a few days, The birds were used for three or four successive incubation
pertods.

This procedure appavently gained considerable popularity, for in
1867 Geyelen in a report on the pouliry establishments ol France wrote
that a system was in use there which he proposes to call “living hatching
machine” and that this technique was practiced by specialists  (“cou-
veurs”™), The method was essentially that described by Bose, except that
only turkeys were used as sitters. The procedure was as Tollows: Nest
hoxes were set up next to each other along the walls of a dark room.
Fach nest was provided with a [ew plaster ol Paris eges. Twrkey hens
were put into the boxes and the boxes were covered with lattice or wire
necting. Alter about 48 hours the plaster eggs were exchanged for two
dozen hatching eggs to cach twkey, Once a day the turkeys were re-
moved [rom the nest and lorce-fed. At the same time the nest hoxes were
cleaned. The chicks were removed as soon as they emerged [rom the
shells and new hatching eggs were put under the turkeys. The same
birds could be used for from three to six months or even longer. Some
establishments had as many as 100 turkeys sitting sunultaneously. (2400
eggs!).

Geyelin relers to this technique as “the very best and {I’l(."lpcsl way of
hatching.” A similar account has been given b\‘ Gobin. T'hese methods
are ol interest in view ol what we know now about the stimulating ¢lfect
ol light on the pituitary and on activity of the gonads, quiescence of the
sonads and the brooding instinct appar enlh bemu promoted by darkness.

In 1824 Walthew announced the use of steam for heating an 1100-
ege-capacity incubator of his own design, Barlow (1824) made a similar
claim and was in turn accused by Walthew of stealing his idea. Felgére

1828) recomumended the use of water ol hot springs for heating incubators

and also for maintaining the proper temperature ol brooder rooms. There
are several eye witness veports [or the success of this procedure (Gaultier,
1831; Chevallier, 1831), and it became well established in the community
of Chaudes-Aigues (Departement Cantal), In [act, the use of hot springs
lor the hatching of cggs obviously had a long history in France. For,
Astrue (1737) had already reported such practices at Balaruc in Langue-
doc (Departement Hérault), Moreover, Astruc very reasonahbly suggested
on the basis ol these observations that, instead ol attempting to imitate
the Egyptian manner ol incubation, it might be more practical to em-
ploy hot water as the source of heat [or artificial incubation.

Bonnemain’s ideas on artificial incubation were revived and im-
proved upon by Borne (1828), who [ailed, however, to give an account
of his procedures, and by Sorel (Herpin, 1840). Contemporaneously,
Bonnes (1831) developed an incubator of his own construction which.
while very original in design, was mechanically inferior to that of Bonne-
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wmain. Bounes' incubator was of brick and masonry construction and
built into the corner of a room, The inside walls [ormed a hexagon 1o
aid the reflection and equal distribution of heat. Hot air was introduced
into the incubator by a pipe which was heated in a charcoal oven outside
the incubator. Triangular holes near the top served to reduce the tem-
perature. T'he eggs were put on crcular trays rotating around an axle. In
the center ol the turning trays was a gd{lgt’t tlesigned to aid in the equal-
ization ol temperature, As a source of humidity there were six small
pails of water which were connected with each other by pipes and which
could be [illed and dramed from the outside. The capacity ol this incu-
bator was in excess of 1000 egegs. Alter an initial failure on account of a
faulty thermometer, Bornnes veported that 310 chicks were hatched {rom
H0 eggs which started development.

Bonnes expressed the belicf that the claims Bonnemadn had made
for the efficiency ol his method had been exaggerated because otherwise
Bonnemain's method would have been adopred universally, The accept-
ance or eclipse of inventions unfortunately, however, is not determined
by such simple standards of value. At any rate, Bonnes™ own invention
was forgotten promptly.

Delpech and Coste (1834) designed [or their embryological observa-
tions a small incubator wlhich had the shape ol an Etruscan vase (Fig. 11).
This incubator consisied of two metal shells, [itied into each other. The
outer shell contained some water which was heated by an adjustable
burner in the base. The wall of the inner shell was thus warmed by
steam. Air currents produced by a pipe which opened inte the inner
space served to equalize the temperature. A basket made of silver-plated
copper wire contained the eggs. A thermometer was inserted through
a hole in the cover. We have no information about the performance of
this machine. During the following year Lemare (1835) announced an
incubator which incorporated a thermoregulator of novel design. The
incubator was heated by hot water. With increasing temperature, ex-
pansion of the water lifted a [loat in a tube connected with the water
tank and thereby partially closed the stove draft.

Yet even as we enter the era of commercial manulfacture of incu-
bators, we find that these machines had no provisions for automatic
temperature regulation. This was true, for instance, for "Cantelo’s Pat-
ent Incubator” which introduced top-contact heat (Cantelo, 1849) and
for the incubators of Foitellier (1880) and Christy (1881). No wonder
then that as late as 1866 the great embryologist Karl Ernst von Baer com-
plained that incubators undermine the operator’s health because of the
attention they require during the night.

The second half of the last century brought the invention and manu-
facture ol a large variety ol incubators. Many details about these early
commercially-produced machines can be learned [rom the publications of
Ferris (1880), Tomlinson (1880}, E. Brown (1881), Montauban (1881),
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Figure 11

Incubator of Delpech and Coste. Explapation of letters: a, thermometer;

Iy, cover; ¢, egg basket; «, air space; e, pipe opening into inner chamber

and producing air carrents; f, outer container, })ilrtl)' filledd with water;
h, adjustable alcohol lamp (From Delpech et Coste, 1834).



Gobin (1882), Halsted (1883), Stoddard (1886), Roullier-Armoult (1839),
Wreght (1890), Lewer (19115 and Banner {lf}]h}.

The history of artilicial incubation, as it has been related here, poses
many and complex questions. The [act that the ancient methods of China
and LEgvpt could not be successfully transplanted to Furope probably
linds its explanation in climatic conditions. In the south of China and in
the novth of Egypt temperature and humidity vemain fairly constant
during certain parts of the year, and the temperature is such that rela-
tively little artilicial heat is needed to provide the proper conditions of
incubation. In such a situation simple devices may suffice to afford
adequate control of the physical environment, In the less stable climate
of Europe the same methaods could not but fail. The same contrast held
probably with even greater force for the raising ol chicks which had heen
hatched artificially.

[t is more dillicult to explain why so frequently in the history of
artificial incubation ingeuious inventons proved to be abortive. Let us
take as an example Cornelis Drebbel's invention ol a thermostat, One
cannot admit in this instance the truth of the generalization that “great
men. no matter how notable their genius, in all spheves formulate and
resolve those tasks which have been raised for accomplishment by the
historical development of productive lorces and production relation-
ships" (Hessen, 1931). On the contrary, Drebbel's accomplishments like
many others illusirate the inescapable conclusion that “one ol the para-
doxes of history is that science is a product of human demands, and yet
is not necessarily used when it becomes available” (Crowther, 1911). On
account of poor communication facilities and language barriers, investi-
gators and inventors, especially in earlier times, [requently remained un-
aware of work done by predecessors.

Numerous and varied circumstances probably contributed to the
failure of the elforts ol such men as Ferdinand 11 of Toscana, Paolo del
Buono, Geminiano Montanari, Cornelis Dyebbel, Sir Christopher Wryen,
Rabert Hooke, Lewtmann, Bonnemain, and others to produce practical
methods of incubation. The causes presumably were partly technological,
partly economic, partly psvchological. For general discussions on these
problems the reader is referred to Gilfillan (1935), Stern (1937), and
Bernal (1929). Technologically, it is evident that the early essays into
artificial incubation could not give consistently satislactory results,

We have quoted evidence for the discouraging results of many of
these trials. A farther account by Paris (1821), relating to the dose of the
eighteenth century, may here find its place: “During the period that I
was at College, the late Sir Buswick Harwood, the mngenious prolessor
ol anatomy in the University of Cambridge, [requently attempted to de-
velop the egg by the heat ol his hotbed; hul he only raised monsters,
result which he auributed to the unsteady Itl)p]ll.dll()ll of heat.”
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Moreover, nu serviceable provisions were available for raising chicks
that had been hatched artificially. Encouragement tor development ol
imventions and for further experimentation was lacking, This was pai-
ticalarly true in the ficld of agriculture. Until recent times the markets
for the produce of poultry hushandry were very restricted and the raising
ol poultry an unimportant by-product of general farming which did not
cem to merit special efforts or investments. It was for such reasons that
\Irall (1831), speaking of antilicial incubation, saw “most ilmlperal)le
objections to its ever being successfully :{clnpletl". For, he lelt that “there
wits no adequate motive to pursue it in this country, where a quantity
of poultry, fully equal, and even superior to the demand, may be raised
by the natural means.”

Above all, it may be assumed that psychological obstacles barred the
road for manv ol the inventions relating 1o artilicial incubation. We
quote a lucid statement by Alexander Hamilton (1791):

“Experience teaches, that men are olten so much governed
by what they are accustomed to see and practice, that the sim-
plest and most obvious improvements, in the most ordinary occu-
pations, are adopted with hesitation, reluctance, and by slow
gradations. 'I'he spontancous transition to new pursuits, in a
community long habituated 1o different ones, may be expected
to be attended with proportionately greater difficulty. — To
produce the desirable changes as early as may be expedient may
thercfore require the incitement and patronage ol government,
The apprehension of failing in new attempts is, perhaps, a more
serious impediment. There are dispositions apt to be attracted
by the mere novelty of an undertaking, but these are not always
the best calculated to give it success. To this it is of importance
that the confidence of cautious. sagacious capitalists, both citi-
zens and foreigners, should be excited. And to inspire this de-
scription of persons with confidence, it is essential that they
should be made to see in any project which is new — and for that
reason alone, il for no other, precarious — the prospect of such a
degree of countenance and support from government as may be
capable of overcoming the obstacles inseparable from first ex-
periments.”

Government support of research and invention, planned [or the pub-
lic good, is still inadequate today, as are the safe-guards against the
growth of special privilege which, as experience shows, 1s likely to attend
the subsidy of private interests.

The litful cowrse of the evolution of artificial incubation is not
unlike that of many other techniques. Tt illustrates dramatically how
much ingenuity is wasted because the possible value of inventions fre-
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qu(nth’ is nat tested, fails to be brought into iis proper perspective,’
lacks the necessany support or subvention, is allowed to be suppressed by
or to [all inte oblivion on account of private interests or prejudices, and
generally is not. as it ought 1o be, made a part of public planning for
the Turure.

While the general use ol mcubation equipment had to await the
proper historical setting, it should be noted that the unsolved problem of
artilicial incubation served as a potent stimulus to the invention (thermo-
static devices, sell-regulating lainps) and the improvement (thermometer,
hygrometer) of instruments which found many important applications in
other fields. Tt is clear that the history of an idea, even if it concerns
a very concrete and applied technique, is quite different [rom the history
ol specific inventions made relative to the same subject.

THE PHYSICAL ENVIRONMENT OF HATCHING EGGS

Prior to incubation

For obvious reasons eggs cannot be stored indelinitely prior 1o incu-
bation, In fact, the period for which eggs can be held without impairing
the hatching results is rather short. Its length depends on the tempera-
lure of the storage room (de Réawmur, 1719; de Lavison, 1862: Dareste,
1832, 1883a, 1887). The [irst requirement for successful storage of hatch-
ing eggs is the maintenance of a temperature m the storage room which
is below “physiological zero”, i.c., below the point at which some, if very
slow, development of the embryo will take place. Physiological zero for
(hlckcn eggs was cstablished hv Eclwards (1902} as between 207 and

* C.(68-707 F.), but more recent investigations by Funk and Biellier
{194-‘1) suggest that it may actually be several degrees higher, Prolonged
storage 1y, especially under unfavorable conditions, [cad to bacterial in-
vasion and spoilage of hatching eggs: special precautions may be re-
quired (Bean and Maclaury, 1959).

Funk (1931 a) observed that with a storage temperature of 45-60° T.
(7.2-15.67 C.) hdtchdhlllly in relation to time of storage varied as shown
in ‘Table 1. There is a progressive decrease of hatchability, Similar re-
sults have been reported by Otrygan'ev (1938) and Mookerjee (1953).
is likely that such figures do not show the full extent to which prolonged
storage interferes with development since it may be assumed that with
a longer duration ol storage there is an increasing percentage of eggs

1. The unhappy influence of too close adherence to particular initial aspects of
discoveries or inventions has been forcefully brought out hy Gocthe. We quote
from his “Zur Naturgeschichte im allgemeinen’”: “Tine hachst wichtige Betrach-
tung in der Geschichte der Wissenschaften st die, diss sich aus den ersien
Anfingen einer Entdeckung manches in den Gang des Wissens heran und durch-
zicht, welches den Fortschritg Ilmtir:rl, sogar Ofters liihmt. - - - So hat auch
jeder Weg, durch den wir zu e¢iner neuen Entdeckung gelangen, Einfluss auf
Ansicht und Theorie, Wit erweliren uns kaum zu denken: was uns zu einer
Erscheinung geleite, sei auch der Beginn. die U rsache derselben: dabei heharren
wir, anstatt von der umgekehrten Seite hemu?ugclmn und die Probe auf unsere
erste Ansicht zu machen; um das Ganze m gewinnen.
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Table 1

Age of egps Pereenlage of
when sel Number Jertile egas
Days of eggs latehed
1.7 3253 7h2
314 930 71.0
15-2] 109 1.6
22.28 61 32.0

2031 149 0

which will never start development and which on this account will be
classilied as infertile. It must be noted, however, that according to Funk,
Forward and Kempster (1950) eggs put into incubators on the day of
laving hatch less well than after briel stovage. Lamson and Kivkpairvick
(1918), in studies conducted at Storrs, found that eges stored for three
to five days gave a hawch of 711 percent (501 lertile egus), while eggs
stoved for 11w 12 days gave o hatch of only 685 percent (111 [ertile
epes), The higher the temperatire of the storage room, the sooner will
e hatching nf the eggs begin to suffer. Under Javorable storage condi-
tions no signilicant deterforation of hatching quality seems to take place
during the first six days, while beginning with the seventh day the
chances for successlul incubaton diminish progressivelv. The Romans
were already aware of these [acts. Writing in the middle ol the first
century ALD., Cofumella, in his interesting discussion ol poultry hus-
handry, said that “the freshest eges are most suitable for hatching: those,
however, which bave been kept for sometime can also be set, provided
that they are not move than ten days old.” Extensive obscrvations were
matle by Weaite (1919, 1925-1924): they yielded analogous results (Fig. 12).
Studies by Qlsen and Haynes (1918) led 1o similar conclusions,  They
reported that storage temperatures between 507 and 55 K. are optimal
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Figure 12
The effect of storage of eggs on hatchability (From Waite, 1919).
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and that at the Tower end of this temperature range high hatching qual
itv is preserved for a longer time. After storage at 307 F. lor 2 1o 8 davs
the incidence ol embryo abnormalities was increased.

Careful studies by Moran (1925) had indicated thar the optimum
storage temperature lies between 8% and 107 C. 464507 F.), Phillips
(1945) reported that storage ol eggs [rom New Hampshire pullets for one
to seven days at 327, 387 and 52° F., respectively, did not result in signi-
ficant differences of hatchability, but Funk, Forward and Kem pster (1950)
found that storage [or as short as seven days or less was harmlul to hatch-
ability il the holding temperature was below 45° F, (7.2 ' C..) or above 60°
F.(15.6° C.). The damage from temperatures outside the optimal range
was greater, however, among eges held from 8 to 13 days.

On the basis of fairly extensive observations Pritsker (1940 b) con-
cluded that preheating eggs at high temperatures for 30 to 60 minutes
before the beginning ol regular incubation has a lavorable eflect on
hatchability. The incubation temperatures employed duoring this pre-
liminary heating ranged up to 487 C. (11847 F.), with temperatures at
the level ol the blastoderm ol as much as ++4.5% C. (112° F.). When fresh
eges (three to five days alter Javing) were used, consistently higher hatches
than in the controls (no preheating) resulied, but older eggs did not give
comparable results (see also Kavapetyvan, 1957). Becker and Bearse (1958)
obtained an improvement in the hatchability ol stored eggs by pre-heating
them belore the beginning ol incubation, either by warming them lor
one or five hours at 100° F_(37.87 C.) or by leaving them overnight at
70-73° F. (21-23% C.). Contrary to Pritsker, Becker and Beayse [ound that
the ¢ggs that had been stored longest profited most by this procedure.

Kosin (1956) studied the elfects ol daily briel periods of warming
eges during a storage period of 14 days. Each day the eggs were expaosed
for onc hour to an ambicnt temperature of 99347 F.(87.6° C.). This
treatment clearly produced an improvement in subsequent hatching,
thereby confirming an early report by Jackson (1912). Recent reports by
Milby and Sherwood (1960) and by McConachie, Jerome and Pepper
(1960) should be consultec.

Storage at low temperalure is the best means now available to pre-
serve the hatching quality ol eggs for at least a limited period. Tt is
worthy of note, however, that de Réamimur in 1735 suggested dipping
eges in melted muton [at in order 1o prolong the tine during which
good hatching results can be obtained. He recommended removal of the
fat with warm water before using the eggs for incubation. This is a
aude technique, to be sure, but the idea teself may merit further study.

Kato and Funahashi (1935) reported that tropical ¢limate docs not
interlere with the hatching quality of eggs, provided the ¢ggs are trans-
fevred to a cool storage room soon after laying, They found, as did other
investigators, that the longer prior to incubation the eggs were exposcil
1o unfavorable remperatures, the greater was embryo mortality during
carly stages of development. In a temperate climate such stringent pre-
cautions ave unnecessary (Skoglund and Brown, 1956).
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Feywang (1941 ¢) obtamed results, however, which are at variance
with those ol Kato and Funahashi. His data show that hatchability was
signilicantly reduced among egos which had been laid at averace maxi-
mum temperatures of 10187 and 106.8° F. (ranges of 100.0 to [04.9° and
105.0 to 109.9° F., respectively), even though the cggs had been put into
a refrigerator within one hour after laving. More recent observations by
Heywang (1915) indicate that cooling ol the cggs at the end ol the day
of laying 1s necessary Tor good hatching results, but that no improvement
of haichability was obtained by repeated gathering of eggs durving the
day and immediate chilling. It should be pointed out that the observa-
tions of Kato and Funahashi were made in the highly humid climate ol
a tropical country, whereas those of Hevwang were gathered in the dry
atmosphere ol Arizona. Huston and Carmon (1958), working with New
Hampshires, White Plymouth Rocks and White Leghorns, did not ob-
serve an adverse effect on hatchability when laying hens were kept al
high environmental temperatures.

The effect of exposing egps, prior to incubation, to temperatures
below the [reczing point of water has been studied by a number of in-
vestigators (Colasanti, 1874-1875; Pictet, 1893: Rabaud, 1899; Mancini,
[908; Mawro, 1922; Dougherty, 1926-1927: Jull, McCariney, and Ll-Ihuary,
1948), Not all these reports ave in good agreement with cach other, but
it is evident that short chilling 1o somewhat below the [reezing point does
not impair the hatching power of eges, and holding eggs at the freerzing
point for two days was [ound to have no ellect on their hatchability
{(Mussehl and Barcvoft, 1921-1925; Funk, Forwayrd and Kempster, 1950),
When eggs are held at or below the freezing point [or longer perinds,
hatchability deteriorates progressively, but brief exposure to very low
temperatures may be tolerated without damage (Jull, McCartney and
Ll-Thiary, 1918). Lges from genetically difllerent stocks of fowl may show
varving degrees ol damage alter storage at 32° F. for three 10 [ive days
(Olsen, 1951).

North (1941) suggested that at high alttudes it may be desirable to
raise the humidity during storage. Even at low altitudes North noted a
slight improvement ol hatching results by humidilication of 1he storage
room. Further observations on humidity requirements during storage
were made by Cooney (1913), Funk and Forward (1951), and Schwarz
{1956). The data of these authors do not provide convincing evidence for
special humidity requirements during storage, except possibly at very
high holding temperatures.

Reduced atmospheric pressure does not aflect the hatching quality
ol eggs unless the pressure lalls below 0.5 inches Hg. At such extremely
low air pressure loss of water from the eggs becomes excessive and hatch-
ability is reduced (Fraps, 1945).

Duration of storage. that is, age of the eggs at the heginning of incu-
bation, appears to have a delinite ellect on length of the incubation
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period. Funk (1934 a) veports the observations reproduced in Table 2.
['he results are shown graphically in Figure 13,
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Figure 13

I'he effect of age (time of storage) of eggs on length of the incubation
period (From Funk, 1934 a).

Kaufman (1938) made some interesting inquiries into the biological
elfects of egg storage on embryonic development. Her studies relate to
eggs which had been stored at a temperature of 12° C. (53.6° F.) for 24,
28 and 31 days, respectivelv. Eggs of the same hens and of similar weight

Table 2

Time requived for incubation in hours

Age of epas

Test Days Range Mean

N I 1.7 102.598 512 R
8- 14 198-5.16 599
15-17 516-546 %30
It 1-7 498540 314
8-14 504540 518
15-21 510 540 527

fi ]
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were pul into the incubator, one day afier they had been laid, to scrve
as controls. It was [ound that alter prolonged storage embryonic mortal
ity was especially high in early stages of incubation. The rclative water
content ol the albumen was decreased in stored egps, whereas that of the
volk was mcreased. Lmbryos developing in eggs which had been swored
showed a higher water content than those in conwol eges. Body size
(weight) of 7- and d-day embryos was considerably reduced in the stor-
age material, but the relative growth rate was higher, during the last
two weeks of incubation, in embrvos ol stored eggs than in the controls.
Kaufman conlirmed Funhk's observation that hatching is delayed in stoved
cogs, and lound that the iitiation ol development is also delaved.

Ancel and Virilewberger (1925 a) had earhier made interesting studies
concerning the eflect of the age of eggs on embryonic development,
Naifman (1939) reported that changes in the catalase content ol cggs
ocanred during storage, the concentration of this enzyime [alling in the
albumen and rising in the yolk. Catalase content, however, did not seem
to have any relation to embryonic mortality (although this possibility is
suggested by the work ol Ogoredniy. 1939 b). The injection ol small
amounts of glutathione into eggs during the sccond week of storage (total
period of storage 30 days) reduced embryonic mortality and produced a
corresponding rise in hatchability, This suggests that at least one of the
noxious lactors of storage results in a disturbance of the embrvonic oxy-
dation-reduction mechanism. In a later publication Kawufuan (1948 a)
comlitmed the decrease in catalase content of the albumen alter more
than two weeks of storage, and also the benelicial elfect of glutathione
injections upon embryo mortality.  No significant variations in yolk
catalase were found. Albumen catalase content varied signilicantly be-
tween hens, but no relation to hatchability was observed after prolonged
starage.

Turning of the eggs prior to incubation is unnecessary according to
Jackson (1912), Weaite (1919 andd Furk (1934 a)y. Funk and Forweard (1931)
claimed that turning is beneficial when cggs are held longer than one
week, but the reported differences are of doubtful statistical significance
and at best very slight. Variations in oxygen and carbon dioxide concen-
tration of the surrounding air during the pre-incubation period do not
seem 1o affect embryo viability (Ancel, 1928, 1928-1924).

It 15 a common belief among poultrymen that jarring ol eggs during
shipmment may seriously reduce their hatchability. Inquiries into this
prablem have been made by 1. Geoffroy-Saini-Hilaire (1887), de Lavivon
(1862}, Dareste (1883 b, 1885, 1891), Gowell (1902), Bouges (1928), Gutter-
idge (1930-1931), Knox and Olsen (1936) and Seck (1939). Dareste found
in one instance that eges which alter shipment had been allowed to rest
for two days produced normal embryos when incubated, whereas those
which had been pur into the incubator at once alter having been received.,
gave a majority of abnormal embryos. Dareste, then, procecded 1o ex-
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pose eges to vibration previous to incubation. With the machine which
hie used for his experiments the eggs weve jarred 1,620 times per minute,
the vertical displacement amounted to approximately 15 mm., and the
time of exposure was varied [rom 15 to 60 minutes. The cggs were kept
in a vertical position. It was found that normal embryos developed in
most of the eggs il they were shaken with the large end up, but that
abnormal development occurred in most cases il the position had been
the reverse, i.e., small end up. The time of exposure to this reaument,
within the limits stated above, did not seem to influence the results: nor
did a period ol rest alter treatment prevent the occurrence ol abnormal
embryos in cggs which had been shaken with the small end upward.

Gutteridge (1930-1931) observed a definite lowering of hatchability
due to railroad transportation of eggs. Knox and Olsen (1936) l(‘])ﬂl[(‘l]
that the shipping ol eggs tended to give rise to "tremulous air cells,”
i.c., a loosening ol the inner shell membrane in the vicinity of the air
cell, and that such eges gave poor hatching results, These authors then
proceeded 1o produce tremulous air cells by manual jarring ol eggs (the
eges being held large end down during the procedure) and again obtained
a definite lowering of hatchability, Seck (1939) found no adverse eflect
on hatchability from jarring. but he did not make a systematic and well-
planned inquiry. Sclwarz (1959), on the other hand, has provided a
drastic illustration for the damage that can be done to hatchability by
violent and prolonged vibrations exerted on eggs belore or during early
incubation.

Damage 1o membranes is not the only cause of reduced hatchability
after the exposure of eggs 1o shaking. In experiments conducted at the
Storrs Agricultural Experiment Station (Landauwer and Banmann, 1943)
it was found that the incidence of all types of commonly occurring mal-
formations was increased after the shaking of egzs prior to incubation,
The most common abnormality resulting from such treatment was rump-
lessness, and this also was the most [requent defect in the control ma-
terial. Position ol the egg, duration of treatment, age of the eggs at the
time of shaking and seasonal factors were all [ound to influence the
results. A rest period between the end of shaking and the beginning of
incubation was beneficial in reducing the incidence of rumplessness, pro-
vided the period of shaking had not been too long. Critical periods were
found during the [irst 21 hours of embryonic development during which
the appearance of rumplessness was induced more readily than at other
times. Finally, it was observed that the individuality of the laying hen
(her hereditary constitution) played an important role in determining
the frequency with which rumplessness occurred either sporadically or
after shaking. Since rumplessness (of the sporadic type) in the great
majority of cases is (or associated factors arc) a bar to hatching, it {ol-
lows that all the agencies which have been enumcrated do under the
conditions afl these experiments affect hatchability. The amount of dam-
age done by treatments of this nature depends, of course, on the severity
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ol shaking: with a mild procedure the loss of hatchability mayv be slight
(Rundles and Romanoff, 1951). The cleaning ol eggs by dry bulling ap-
ears not 1o interfere with subsequent hatchability (Starnon and Keen-
feysice, 1958; Shannon and Donnelly, 1959).

Sandvil (1958) exposed eggs prior to incubation to the gamma rays
al a source of radioactive cobalt. He found that no egg receiving more
(han 1080 r hatched. In the group receiving between 930 and 1080 r
hatching amonnted to six pereent ol that ol the controls. Following an
exposure to 500-600 v (he hatching rate was about 60 percent ol the
controls and alter 270 v it was 96 percent. Experiments with still much
simaller dosages were carried out by Samoletow, Kostin and Salgannik
(1958) who used the radioactivity of uranium and thorium salts. They
exposed eggs for 5 1o 10 minutes Lo energies ol 0.0001 1o 0.0005 1/111111
helore setting and every third day thereatter, a total ol seven times, and
reported an improvement of hatching at all dosages (no statistical evalu-
aton).

During incubation

There are three important physical factors which influence hatching
quality during incubation: temperature, humidity, and turning ol the
l'.,'ggb

Maintenance of an optimal temperature is of prime importance for
satisfactory hatching results. Embryonic development is initiated at tem-
peratures lar below the optimum, bul only as the temperature approaches
the correct level does development ptou:ed to hatching. The older litera-
ture concerning the temperature range within which (lcvclr)pmem ol the
chicken e:nl_n_\u takes place has been reviewed by Groebbels (1937). At
the upper and lower Inmits of this range development is abnormal (Bau-
drimmont and Martin-Saint-Ange, 1843, 1847: Turelli, 1899, 1900; Iéré,
19005 Alsop, 1918-1919; Harman, 1928; Deuchar, 1952). Philips and
Drooks (1923) and Burke (1925) studied the optimum temperalure re-
quirements lor incubation. Under natural incubation conditions (hens)
and 1 still-aiv incubators, where heat 1s applied from above and where
a temperature gradient exists with the maximum temperature at the
top ol the eggs, the optimum temperature at the upper level ol the cgys
is between 1027 and 103° F. (38.9-394° C.). In lorced-dralt incubators
with uniform heat distribution the optimum is between 99° and 100° F,
(37.2.37.8° C.).

For a long time it was assmned, by analogy with conditions of
natural incubation, that good results of artificial incubation depend
on the existence of a temperature gradient, declining from upper to
lower surface ol the eggs. This view had for a time much inlluence on
the design of incubators and was defended by Fischer as late as 1913,
but is proven to be without foundation by the excellent perlormance
ol forced-draft machines.



Towards the end ol the incubation period the temperature, accord-
ing to Romanoff (1936 a), can be lowered by as much as 5% F. (3% CJ)
without i1l elfects. According o Kodligroe (1936 a) i is desivable o have
the temperature somewhat higha at the beginning ol incubation aud
somewhat lower at the end than duxing the remaming dme. All state-
ments with regard o optimum temperature, however, arc subject to
mochfication according to variations in relative humidity of the air,

Chicken embryos are (aiely resistant o temporary cooling during -
cubation. In the exparience of Taylor, Guuns and Moses (1933} cooling
for 12 hours to aboud 707 T. (21 () reduced the hatch by only 8.4 per-
cent. Keaufureon {(1954) found that exposure of eggs for 24 hours 1o a teim-
perature below physiological cero, that is, below the temperature at which
development takes place, did not produce harmlul resuits. Both studies
demonstrated that the resistance (o cooling is definitely greater during
the [ivst week ol incubation than during the last (wo weeks. T'lie ume
ol hately s, of course, dedaved by coaling, but, accurding (o Kawfman, the
delay is somewhat less than the period ol couling itsell. This contention
iy supported by observations of Canecvazzi (1940). Romanoff and Faber
(1938 and Pritzher (1989) similarly observed the occwrrence of compensa-
tons I growth rate under different temperature conditions.  'Lhus,
rapid growth in carly developmental stages, on account of iclatively
higlt mcubation temperatures, was followed later by somewhat retarded
growth, although the incubation temperature yemained unchanged; rela-
tively low incubation t(emperature was, vice veisa, responsible for re-
tarded early growth and a compensatory higher growdh rate toward the
endd of the incubation period. Compensatory adjustments of develop-
mental rate have alse been found after exposure of blastoderms to x-rays
(Bless and Romanaff, 1943). Ancel (1958, 1959) and Ancel and Calame
(1959) studied the ellect of nterrupting incubation {or two and three
days between the third and tenih day. They found as a consequence ol
such treatment mallorimations the natuwre ol which, not unexpeatedly,
varied with the age of the embryos at the time maubation had been
stopped.

Temporary cool.ng which doces not produce an entire cessation of
development (i.e., to points above physiological zero; may be more harm-
ful than complete stoppage. According to Kaufman (1948 b) it may lead
to disharmonious growth ol various organs, cuding in death of the em-
bryos.

Taylor, Gunns and Moses (1938) observed that the number of de-
formed and/or weak chicks was about doubled il. at anv time during the
incubation period, the current of electric incubators was intevrupted for
12 hours with a consequent gradual drop ol the temperature 1o 75° T
(24° C.). Keeping eggs at subnormal incubation temperatwre [rom the
sixtcenth day on resulted in delayad and vregular hatching, hut the
mortality was low (Ramanoff and Fabey, 1333). Grodzinski (1933, 1934)
exposed eggs, previous o mcubation, for four days o a temiperatne of
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~3¢ C.(26.67 F.). Such eggs, on account of complete suppression ol the
mesoderm, developed germinal discs without embryos or blood vessels.
[f eggs which had becn incubated normally lrom 9 to 11 hours were
exposed to =37 C. for 30 10 120 hours, a considerable mortality and many
delective embryos resulted, but there were also some normal embiryos.
Chilling experiments ol a more extreme natare were performed by Mor-
eng and Bryant (1951 a and b, 1955). They exposed eggs during various
stages ol incubation for 75 (0 125 minutes to a temperature of —107 F.
(—23% C)). Resistance to this treatment was highest during the [irst two
days ol incubation and lowest towards the end ol the incubation periad.
Few embryos survived such chilling at any stage il it lasted more than
75 winutes.  Following less drastic cooling Maoreng and Bryant (1950)
found that resistance and swivival declined sharply alter the lourih day
ol incubation.

Periodic cooling  (at room temperature) used to be a rouline pro-
cedure of incubation. But is was shown by Stewart and Atwood (1909),
Lamson (1917-1918), Lamson and Kivkpatrick (1918) and others that this
is unnccessary with modern incubation equipment. It should be added,
however, that Mashtaley (19M18), Tret'yakov (1953, 195 1) and other Russian
investigators, referred to by Trel'yakov (1953}, still claim advantages
from regular periods ol cooling.

In contrast to the relatively high resistance to temporary cooling, il
is known by general experience that developing chicken embryos are
very sensitive to even slight increases of the temperature above the opti-
mum; in other words, the optimum is close to the upper limit above
which normal development cannot take place.

As we have seen, development of the embryo will begin at tempera-
tures far below the optimum. Such conditions arc likely, however, to
cause more than a simple slowing down ol normal events. I incubation
at low temperatures is continued heyond a certain time, irreparable
damage may ensue. In experiments at Storrs it was observed, for in-
stance, that after incubation (in a still-air incubator) lor seven days at
93° F., followed by optimal conditions (in a [orced-cdhialt incubator), all
embryos dicd eventually. Similar observations have been reported by
Harrison and Klein (1954),

Pritzker (1940 a and b; 1941) found that the level ol temperature
during incubation has some eclfect on the size ol various organs, such as
heart and liver, of newly hatched chicks and on chemical composition of
the body. He suggested that it may be desivable to vary the temperature
of incubation according to the temperature at which the hatched chicks
are to be brooded. This statement clearly rellects the inlluence of Lysen-
ko's biological dogmas and [inds no support in general experience.

At an optimum temperature the developing chick appears to utilize
to greatest advantage the food supplics available in the egg. This con-
clusion seems to follow [rom the finding of Romanoff (1936 a) that the
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ratio of the weight ol the chick at hatching to the original weight of the
ege is highest at those temperatures which vield the best hatches.

The optimal temperature for incubation is not a constant, but varies
with the humidity of the air, Humidity itself is of great importance for
normal development ol the chicken emibryo (Baudrimont and Martin-
Saint-Ange, 1843, 1847). Early observations on the tmportance of pro-
viding proper humidity conditons during incubation were due to fry-
den (1907, 1908) and [ewis (1912). In work at Stores Lamson and Kivk-
patrick (1918) observed the effects of varving humidity on weight loss of
eggs and on hatchability, the temperature being kept constant (Table 3).

Table 3
Loss of weigit
Relative humidily of eggs Fertile eggs hatcled
T % Yo
70-80 0.4 45,5
60-70 3.7 62.1
50-60 aRr 69.9
40-50 10.2 68.6
30-40 11.5 68.6
20-50 145 GO.6
15-20 174 480

FERTILE EGGS HATCHED (PERCENT)

Q. | L L 1 i i 1 i L |
96 g7 98 99 100 10l 02 103 104
TEMPERATURE (F)

Figure 14

The effect of incubation temperature on percentage of fertle eﬁ:gs hatched.,
Relative humidity 60 percent, oxygen 21 percent, carbon dioxide below 0.5
percent, (Frem Baretr, 1937).
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According to Barott (1937) the humidity determinations of Lamson
and Kirkpatrick should be increased by 5 to 15 percent on account of in-
adequacies of their technique. Similay results were veported by Palmer
and Dykes (1927).

Low humidity causes excessive evaporation of water, while high
humidity prevents the evaporation of sullicient amounts of water from
eges. In botl cases hatchability is veduced. Excessive humidity towards
the end of the incubation period seems likely to cause a considerable in-
crease in embryvo mortality (Romanoff, 1929; 1930 a). A lowering of
humidity, with constant temperature, lengthens the nime of development,
and the chicks hatching under such conditions are simaller than normal
( Rennanoff, 1930 a; Townsley, 1931). Obscrvations by Orlow (1941) and
others indicate that excessive and insullicient amounts of hwmidity have
similar ellects on the rate ol embryonic mortality, embryo growth and
time ol hatch.
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Figure 15

The effect of relative humidity al two different incubation lemperatures
on pereentage of fertile eggs hatched, Oxygen 21 percent, carbon dioxide
below 0.5 percent. (From Barott, 1937).
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heen shown by Mashall and Cruickshank (1938) that small eggs lase
weght mare vapidly during incubation than do large ones. It is no
sarprising, therefore, that for good hatching the cges of Bantam and
Jriaele fywl require higher humidity or lower temperature toward the
coil ol incubation than the eggs of larger breeds.

Table 4

Corfficionts of cwelation between fatehability af eggs and the relulive
Trwnidity of the incubator racm during varvious periods of ineubation.

Humidity during stated periods

Day af 7 days pricr H days ;JJ'HH' Z1 days of
hatelime to hatching to hatching e bition
(.orvelation o
cocllicient Al 55 Y .68
standard
error A8 14 10 A1

Textwre of the shell, unquestionably, plays an important role in rate
ol water evaporation, and the optimum humidity may be mfluenced
thereby. The existence of genetic differences in shell texture and in
e ol water loss will be discussed later,

High altitudes may call for minor modifications of incubation tech-
nique, presumably in order o correct for an increased rate ol watey
evaporation [rom the eggs (as a consequence of low atmospheric humid-
iy, Ageazzoti, 1913) and for veduced oxygen pressure. According 10
Nortlh (T91) a quarter ol a degree rise in temperature and a 8 percent
increase in relative humidity will bring about the compensations aeces-
sary at an altitude of 7000 feet. It may be doubted, however, that the
significance of such slight variations is securely established. In a subse-
quent publication North (I94) recommended lowering of the tempera-
ture during the hatching period and adjustments in the rate of air ilow.
Earlier investigations by Giacomini (1891) have a bearing on these prob-
lems. Thompson (1952) made a searching analysis of humidity conditions
as they allect incubation at high altitudes. He reached the conclusion
that dryness of the shell pores becomes, toward the end ol incubation,
a critical factor at all altitudes, and that — in as much as evaporation of
water [rom eggs varies with speed ol air movement, absolute humidity
and barometric pressure — it becomes ever more important at increasing
altitudes to make provisions f[or sulficient evaporation during late stages
ol incubation, i.c. to guard against excessive humidity. Kok (1930) lound
no clfect of high altitude on hatchability, but recent expermments by
Fllis aned Moryis (1947), made at an altitude of 7200 leet, led to the con-
clusion that the inroduction of supplementary oxvgen into the incu-
hators over the entire period of development improved hatches by about
I8 percent. This was confirmed by Meshew (1949) and Stephenson (1950).
Meshew claimed that for optimum hatches at high alutudes the concen-

61



Particularly careful obscrvations concerning the influence ol tem-
perature and humidity on development and hatching were made by
Bavaty (1937 ander soillair conditions. His results with regarvd to 1he
ellects of temperature, other lactors being kept constant, are graphically
illastrated in Figure 14, whereas Figure 15 shows the effect of varying
degrees of relative humidity at two different levels of incubation tem-
perature. Best hatches were obtained with 580 of humidity at 1027 F,
(38,97 C.) and with 61% humidicy at 100° F. (37.8° C.).

As is evident [rom the preceding discussion, there is a delinite rela.
tion between temperature and humidity yequirements. Townsley (1930,
1931), for instance, reports that a relative humidity of 70 percent with
087 F. (36,77 C.) temperature resulted in aboul the same hatchability as
did a relative humidity of 56 percent with Y9° . (87.2° C.) temperatuie,
In ather words, as the percentage ol humidity is increased, the tempera-
lure in a general way needs to be decreased [or optimal results. "This
seems 1o hold. at any rate, i humidity and temperature are kept at (he
same level throughout the incubation period. The exact relationship
between these two factors, unfortunately, has not been determined as vel
and the need for further studies has rightly been emphasized by Romin
(1950, It must be Kept in mind. however, that conditions during one
part ol the incubation period determine, within limits, the benelicial
or detrimental nature of certain situations during another part, e. g.. high
humidity toward hatching time will be necessary il sullicient evaporation
[rom the eggs had occwmred previously, but will be dewimental if the
humidity was high at all times.

It 1s of interes! to note that according to Callenbach and Hilley (1933)
and Romanoff (1931) pheasant eggs require a higher relative humidity
at the beginning than towards the end of incubation, whereas the re-
verse appears Lo be true for quail and chicken eggs, even though all these
dillerent species belong o the lamily Phasianidae. 1t should be noted,
however, that Otrygan’ey and Kuchkovskata (1911) and Otrygan’eo (1911
a) obtained good hatchability alter relatively high levels of temperature
and humidity during the first five days ol incubation of chicken eggs.

The effect of sub-optimal humidity on embryo survival is illustrated
by coefficients of correlation, calculated by Cave and [fones (1925), be-
tween degree of relative humidity ol the air surrounding an incubatm
and the percentage of eggs hatched (Table 4). No correlation would
have been found if humidity within the incubators had been optimal.

The most favorable conditions of temperature and humidity prob-
ably are, within fairly narrow limits, the same for different breeds of
fowl, It is known from practical experience. however, though no exact
studies have been made, that the eggs of Bantam [owl] dilfer from those
of the Targe breeds in their humidity and temperature requirements,
This is presumably due to the fact that with decreasing egg size the
shell surface increases in proportion to egg content, and it has actually
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tration of carbon dioxide as well as that of oxvgen should be increased
Wilgus and Sadler (1951) obtained, at an altitude of 5000 feet, optimal
hatching with an oxvgen tension of 23 to 285 percent and a carbon
dioxide concentration ol about (L5 percent. They observed also, however,
that there was a marked variance in resistance 1o hypoxia between pro-
genies of dilferent mothers. Dawis (1955) conlinmed the henelicial ellect
of supplementary oxygen at an altitude of 7200 leet, The rates of im-
provement were ol similar magnitude for the eggs of mothers which, in
the absence ol supplementary oxvgen, had shown differences in hatch-
ability, Dauwis, in addition, recorded the important observation that in
the absence of supplementary oxygen a gradual improvement ol hatch-
ability occurred as a consequence of natural selection. Buss (1956) found,
in observations made at an altitude of 5000 [cet, that “embryos from
poor hatching hens have retarded hemoglobin development.” The al-
lantoic blood ol such embryos gave signiflicantly lower values on the
thirteenth and lourteenth le}s ol incubation,

Tret'takova (1941 made interesting studies relative to the influence
of different levels of humidity on physico-chemical properties of the
albumen and yolk of developing eggs  (refractive index. buffer value,
electrical conductivity, resilience, surface tension, hydrogen-ion concen-
tration). It may be assumed that these effects veflect metabolic changes
in embrvonic development in response to variations in the external en-
vironment,

The position of eggs and turning are further important factors dur-
ing incubation. It was recognized early that proper orientation, viz. large
end up, is essential for gonod hatchability (Liharzik, 1858). Byerly and
Olsen (1930-1931) made obscrvations relative to the effect af incubating
cggs with the small end upward. They found that in this casc an in-
creased percentage of embryos occupy a position with the head in the
small end of the egg, a harrier to hatching. This change in position is
obviously due to gravity. Yet an appreciable proportion ol embryos re-
mains in their normal position. If now, in addition to keeping the eggs
with the small end upward, the shell at the large end (over the air space)
is covered with paraffin, the percentage of embryos which have their
head in the small end of the cgg becomes much increased. The explana-
tion seems to be that, as long as the shell over the air space 1s in a normal
condition, many embryos remain with their heads towards this source of
air, while after the shell is scaled over the aiv space, the combined elfect
of gravity and “air-hunger” induces the embrvos to turn. The general
question of malpositions will be discussed in a later chapter,

According to Olsen (1930) sitting hens move their eggs 96 times in
24 hours, Kuifrer and Ubbels (I‘-!ﬁlj found a fl’E’tlu[‘rl[} of only 24 times
during the same period. This is, of course, done in a hit-or-miss fashion
and cannot be directly compared with the more efficient mechanical
turning devices emploved in imcubators. Very few eggs hatch af no
turning whatever is donc (Eycleshymer, 1907), In trials at the Storrs
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Agricultural Experiment Station Lamson and Kakpatrick (1918) com-
parcd the turning of eges twice and [ive tmes daily in still-aiy incubators,
The average hatchability in nine tests amounted 1o 55.1 percent when
the ¢ggs were turned twice and o 61.1 percent when turned live times.
This is not a very striking dilference, but its signiticance has been attested
by experiments of other investigators. Chattock (1925) found that eggs
turned four to live umes daily hatched from 6 to 10 percent better than
those turned only twice; Tnsko and Martin (1933) reported that turning
four times always resulted in better hatchability than twming only twice
isee also Hannas, 1919-1020), A similar improvement was observed by
Kutper and Ubbels (1951) and Ubbels (1953) in comparing the results of
trning 3 and 24 times. Kaltofen and Ubbels (1953) and Kaltofen (1955,
also 1958) observed a slight but significant gain in hatchability (about 3
percent) [rom turning 24 times as compared with 8 times. Hatchability
in these tests amounted 1o 780 and 747 percent, respectively: it scems
unlikely that under otherwise satisfactory incubation conditions an ap-
preciable improvement of hatchability can he expected from tirning
more than 8 times during 24 hours (Kotliarov, 1936 b),

Olsen and Byerly (1936) compared the results of turning eggs three
times daily in a hit-or-miss fashion with those obtained by moving the
eges 48 and 96 times a day (bv ratating them back and forth about their
long axes and tilting them up and down about their short axcs), and
found in the latter cases an improvement of hatchability by 6.8 and 7.0
percent, respectively, in two trials. Mechanical turning of the same type,
carriedd out but a few times daily, might have given the same vesults.
That this is so was, in [act, demonstrated by experiments on multiple-
plane turning (Funk and Forward, 1952, 1960). Olsen and Byerly jusily
pointed out, however, that gentleness of turning is a factor to be consid-
cred. Funk and Forward (1953) [ound that eggs hatch better when the in-
inbator trays are turned through angles of 40% or 45° rather than 30°;
hatching appeared to be slightly better following turning to 457, as com-
pared with 107, but the differences were not evaluated statistically. Turn-
ing al greater angles did not scem to improve hatchability.

The period ol incubation during which turning ol the eggs is re-
quired and the physiclogical significance of turning have nat been fully
elucidated. Tt was recognived early (Card, 1926) that turning is most
necessary during the lirst week ol incubation. According to New (1957)
turning the eges between the fourth and seventh day of incubation gives
a hatchability similar to that of eges turned throughout the incubation
period; vet, Insko and Martin (1933) had reported earlier that turning
more than twice a day apparently reduced embryo mortality during the
first three davs ol incubation. According to Olsen and Byerly (1936) fre-
quent turning in only one direction leads to high embryo mortality
(causes: rupture ol yolk sac; disiuption of chorion, allantois and shell
membrane; twisting of chalazae: rupture of blood vessels). New (1957)
believes that preventing an abnormal adhesion between chorion and
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shell membrane is the principal function of turning. Randles and Ro-
manoff (1949), on the other hand, had suggested earlier that twning is
necessary for normal funcuoning ol the amnion.

Except for observations at high altitudes, we have at present only
very incomplete knowledge concerning the possible effects of increased
and reduced atmospheric pressure on development of the chicken emn-
bryo. Gunningham (1927) has presented evidence suggesting that as a
consequence of extended periods of increased air pressure embryoriic
growth proceeds faster than normally. This acceleration of growth 15 not
duc to a change in the rate ol water lost by eggs during incubation
(Cunninglanm, 19381, More recent suudies by Nelsea (1916 a and b, 1947,
1955) produced no evidence for an acceleration of development follow-
ing a 24-hours exposure of eggs to increased pressure. Above a certain
level of tolerance, pressure becomes progressively more harmfiul. Re-
duced pressure (165 mm.) is vesponsible [or the occurrence of malforma-
tions (Becher, 1939).

Jarring and vibration mav interfere with normal development and
may, thereby, reduce hatchabilityv. Etienne Geoffrov-Saint Hilaire {1825)
was the first to observe that shaking of eggs during early stages of incu-
bation is likely to lead 10 the appearance of various tvpes of malforma-
tions. Later experiments were performed by Stiles and Wattersan (1937),
and more extensive studies were made by Olsen and Byevly (1938). The
latter authors exposed incubating eges to three dillerent types of me
chanical disturbances. In a first series ol experiments eggs were put into
a shaking machine in which the eggs received 229 oscillations per minute
through distances of 3 inches. The eggs were weated in the horizontal or
the vertical position. The tests extended from the beginning of incuba-
tion to the twentdeth day. Mortality after reatment was greatest when
the eggs had been shaken parallel to their short axis: embryos between <
and 13 days were especially susceptible. Most of the mortality attribut-
able to shaking occurred within 72 hours alter treatment, and the greatest
part of this mortality was due to rupture of the yolk sac or to hemor-
rhage. There was little or no delayed mortality and no apparent terato-
genic response to treatment at any point within the incubation period.

In a second series of experiments Olsen and Byerly centrifuged cggs
with either the blunt or the pointed end foremost in the centrifuge cup.
Centrifuging lasted for once minute. The average [orce exerted on the
cges amounted to 710 dynes. The results were similar to those of the first
series, Those eggs which had had the large end in the centrifuge cup
showed high embryo mortality, especially between the fourth and [il-
teenth day ol incubation. In eges centrifuged with the small end in the
centriluge cup embrya mortality was much less pronounced. Tn a thivd
series ol experiments eggs were jarred by striking either the blunt or the
pointed end against the operatm’s hand, High embryo mortality resulted
from both kinds of treatment, but it was more extreme among those ¢cges
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in which force was applicd to the large end. Incubating eggs which had
been rocked by mear-by dynamite blasts also showed high subsequent
mortality. On the ather hand, Fronda (1938) found that an emthqu(
ol intensity VI - VII had no detrimental eflect on hatchability, irrespec-
tive of whether the eggs al the time ol the earthquake were in the first,
second or third week ol incubation. Sound intensities of 96 decibels had
no measurable eflect on hatchability (Stadelman, 1958}, When cocks
were exposed to mtermittent noises  (intensity 120 decibels) and their
semen was used for artilicial insemination, Kosin (1958, a) found a sig-
nilicant lowering of hatchability in one trial, but not in a second one.
It is well recognized, of course, that “significant” differences may arise
by chance.

Baraott (1937) observed that, with otherwise constant conditions, ve-
locities of air movement past the eggs ranging between 10 and 75 cm. per
minute did not lead to detectable dillerences in hatchability. According
10 ﬁ.nnopf(' (1954), however, an air velocity ol approxim: ll(‘]‘u 2 metevs/
scc. is optimal, as tested during the [lirst 48 hours of incubation, and in
combination with a temperature of about 384° C. (1017 F.) and a ho-
midity of about 80 percent,

THE CHEMICAL ENVIRONMENT DURING INCUBATION

At one time it was believed that developing embryos are independent
ol the surrounding air (Erman, 1818), but closer abscrvation soon showed
that an adequate supply of oxvgen is imperative for successful hatching
(Schwann, 1834). It is equally necessary to remove [rom incubators ex-
cessive amounts of carbon dioxide. Efficient ventilation will take care
of both these needs.

Baudrimont and Martin-Saint-Ange (1843, 1847, 1851) made import-
ant ecarly inquiries into the chemical and physical conditions of incuba-
tion. After further preliminary experiments by Brigham (1901), Edmond
(1907), Dryden (1907), Thom (1908) and Graham, Day, Thom, Harcourf
and Fulmer (1908), Lamson and Edmond (1914) made a careful study at
Storrs concerning the amount of carbon dioxide found under sitting hens
and in incubators. They observed that chicken embryos can withstand
wide variations of carbon dioxide concentration, but that for best resulis
not more than 60 parts of carbon dioxide should be present in 10,000
parts of air. If the carbon dioxide concentration exceeded 130 parts in
10,000, hatchability decreased definitely, and with more than 200 parts
present, asphyxiation of the embryos occurred. Romanoff (1930 b) [ound
similarly that carbon dioxide concentration above 1 percent resulted in
slow growth, formation ol abnormalitics, and early death of the embrvo
(see also Barott, 1937).

Barott (1937) studied the role which varying oxygen concentra-
tions play in hatchability. Preliminary observations had been made
by Preyer (1885), Wesselkin (1918) and Riddle (1924). The results of
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Barott's investigations are shown in Figure 16. It can be seen [rom this
graph that best hatches were obtained with 21 percent of oxygen.

S0-

FERTILE EGGS HATCHED
(PERCENT)
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14 18 22 26 30 34 38 42 46 50
OXYGEN (PERCENT)

Figure 16

The effect of oxygen during incubation on percentage of fertile eggs hatched.
Temperature 99°F., relative humidity 700 percent, carbon dioxide below (.5
percent, (From Rarott, 1937).

The elfects of varying concentrations of oxygen and carbon dioxide
during the first four days of development have been observed in detail
and with great care by Taylor, Sjodin and Gunns (1956). Their principal
results, m their own words, were as follows: “Normal hatchability re-
sulted from CO, levels ranging from approximately zero to one percent.
At concentrations of 1.1 percent or higher, hatchability was significantly
reduced in direct proportion to the increase in CO, levels. No level of
CO, consistently produced significantly better hatthabl]lly than the con-
trol incubators operating at 0,05 to 0.12 percent CO,. Reduction of the
period of exposare to the first 24 or 48 hours of incubation reduced the
relative decrease in hatchability associated with high CO, levels, but
[ailed to produce any improvement in hatchability over control condi-
tions. Oy levels below 18 percent tended to reduce hatchability propor-
tionately to the decrease in O, concentration. Levels of 18 to 50 percent

produced normal hatchability. Increasing Oy concentration to 75
percent or higher reduced hatchability significantly. The early chick
embryo is very susceptible to conditions of reduced O, supply or high
concentrations of carbon dioxide; it is very resistant to extremely high
concentrations of oxvgen. —Commercial incubators tested had O, and
CO, levels well within the range of tolerance of the early chick embrvo
for optimal hatching results.” These observations put in doubt earlier
claims that the presence of small amounts of carbon dioxide is necessary
during early development (Romanoff, 1930 b; Rowmanoff and Romanoff,
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1938; Sadler, Wilgus and Buss, 1954), that chicken embryos need little, if
any, oxvgen from outside the eges during the first two fhu af mceubation
(Portmann and Jecklin, 1936) and that high concentrations of oxygen
(3177) during the [irst five days of incubation improve subsequent devel-
opment and hatching (Cruz and Romanoff, 1944), It is presumably true,
however, that chicken embryos are not harmed if eggs are kept in pure
carbon dioxide prior to incubation (4ncel, 1928) and that during the
[irst few hours of incubation the oxygen requirements are minimal
(Nelsen, 1958), —The special conditions obtaining at high altitudes have
already been discussed (p. 61-62). For extensive literature on the tera-
togenic effects of low oxvgen tension during the early stages ol incuba-
tion the reader is referred to Landauer (1957, a) and Grabowski and Paar
(1959).

EGG TRAITS WHICH INFLUENCE HATCHABILITY
Size
Any appreciable degree of relation between egg size and hatchability
should be of immediate practical importance since it would thereby be-
come possible to select for incubation those eggs which, because of their
size, promise best hatching results. I is not surprising, therefore, that
this problem has been studied repeatedly.

Benjamin (1920), working with White Leghorns, did not find a
definite relationship between egg size and hatchability, but Dunn (1922),
using inbred White Leghorn pullets belonging to the flock of the Storrs
Agricultural Experiment Station, sccured positive results, Dswarf and
double-yolk eggs were excluded [rom this analysis. 'When the eggs were
distributed in two classes according to weight, the [ollowing averages
were obtained (Table 5):

Table 5
Fertile eggs
Egg weight Number of hatched
g fertile eggs o
52-59.9 290 62.06+2.85
60-73.9 93 4094514

The diffcrence between the hatching averages of the two groups
amounted to 17.97 == 5.88 percent; it is three times its standard error
and clearly significant. The mean weight of all eggs was 55.39 = 0.21 g.
Fgg weight which was considerably above the mean appeared to reduce
the hatching quality. The resulis from hen eggs pointed to the same
conclusion as those from pullet eggs, though in this case, presumably on
account of small numbers, the difference was not significant. Closer anal-
vsis showed, however, that deviations [rom mean egg weight of the in-
dividual, rather than deviation from the [lock mean, influenced hatch-
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ability. There was no correlation between mean egg weight of individual
birds and mcan hatchability percentage for the same individuals. Re-
gardless ol mean cgg weight of the flock, it was true for each individual
that those eggs tended to hatch less well which were above the mean of
the eggs of the particular bird. This sitnation clearly indicates that physi-
ological factors connected with ege formation are, at least in part, re-
sponsible [or the reduced hatching quality of eggs above the mean weight.
Czarnecka (1951), Axelsson (1954) and Coles (1956 by have also emphasized
that adverse elfects on hatchability are related to deviations of egg weight
from the mean for the individual laying hen rather than to variation in
mmean egg weight of pens or flocks. This important fact should be kept
in mind in evaluating the reports to be discussed below.

Halbersleben and Mussehl (1921-1922) found likewise that abnormal-
ly large eggs hatch less well than mediumssized ones, Their observations
suggest that the same holds, il less strikingly, for abnormally small eggs.
Shibata and Murata (1936) similarly reported that heavy eggs tend o
show a reduced rate ol hatching. Jull and Haynes (1925) gave data ob-
tained from twenty-four Barred Plymouth Rock pullets (Table 6i). Again,
the largest eggs showed the poorest hatching results, though in this case.
presumably due to the smallness of the sample, the difference in hatch-
ability between the large and the medium-weight class was not signilicant,
Contrary to previous studies, the eggs in the smallest weight class showed
the highest average hatchabihlity, though again the difference was not
significant. Mean weight of those eggs in which embryos died either
carly or late in incubation did not differ significantly from the mean
weight of the eggs that hatched. The authors concluded that in “normal”
eggs, weight has no bearing on hatching quality, If low wvariability of
ege weight is considered normal, this conclusion secms justified.

Table 6
Fertile eggs
Egg weight Number of hatched
g fertile eggs %o
40.00-52.99 128 6748+ 3.02
53.00-59.99 992 65,52+ 2.00
60.00-66.99 23 52.17 — 14.03

The differences in the material analyzed by Dunn and by Jull and
Flaynes ave strikingly shown by the coelficients of variation of egg weight.
In Dunn’s material v amounted to 8.92 percent, in that ol Jull and
Haynes v was only 4.20 percent. In eggs ol very uniform weight and
with only rare extreme variants it is obviously dilficult 1o determine the
effect ol size factors, and it is netsurprising that no signiticant differences
with regard to the cffect of weight on hatchability should emerge from
such data. Stmilar doubts hold for the negative findings of Flays and
Sumbardo (1926-1927). The eggs used for their study came from a Rhode
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[sland Red family bred for high hatchability, and it scems likely that
cap size was much more uniform in this m.llcna] than it would bt in a
random ]mpnl'umn.

Further data on this problem were secured by Axeflsson (1932 a).
White Leghorns, Rhode Island Reds, Barnevelders, and the F; and F,
generations from crosses of these breeds wore used for study. All data
came Irom one-year-old birds. Within each group the mean weight of
those eggs from which chicks hatched did not differ significantly from
the mean weight of all eggs put into the incubator, but lor the total of
all groups mean weight of the eggs which produced hatched chicks was
lower (though not significantly so) than mean weight ol all eggs. How-
cver, within the groups it was found in six out ol seven cases that the
standard deviation of the distribution was greater [or all eges incubated
than it was lor those [rom which chicks hatched., "T'aking the egps ol all
oroups together the difference amounted to 0.37 == 0.079. This diller-
cnce is LG8 Limes its ervor, The results indicate that medinm-sized eggs
fnitched best. This conclusion 1s conlirmed il lor each ol the breeds
and crosses the percentage hatch of eggs weighing 51 to 60 g is compared
with the hatchability of all other eggs, that is, the smaller and the larger
ones. In six out of seven groups the eggs weighing 51 1o 60 g. vielded bet-
tey hatches than the smaller and the larger ¢gus taken together. For the
wliole material the results are shown in Table 7.

The dilference in hatchability between these two groups amounted
to 5.03 times its standard ervor, leaving no doubt about its statistical
significance. Figure 17 gives the yegression ol haiching percentage on cgg
weight for this material, based on a total of 4,507 eggs. It can be seen
that the maximum percentage hatch (viz. 65.6 percent) occurred at 56.4 g.

Table 7
Egg weight less than -
Egg Weight 51-60 g. 50 g. er more than 60 g.
N Halch of N Hateh ¢ Difference
3103 66.6-+0.82 1314 58.64-1.36 8.04-159

ceg weight. The percentage hatch for all eggs amounted to 61.5 percent.
Deviations [rom optimum weight were, therelore, responsible for a loss
ol 1.95 percent of hatchability (65.6 being taken as 100}, While devia-
tioms from optimal egg weight unquestionably influence hatching ad-
versely, 1t s also evident that we are dealing with a munor [actor in hatch-
ability,

There is general agreement with regard to the reduced hatching
quality ol very large eggs. Further evidence for this conclusion was pre-
sented by Funk (1934 a), Warren (1934) and Scott and Warren (1941). On
the other hand, some doubt seems still to exist as to whether or not a
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Figure 17

The regression of hatching percentage on weight of L‘.ng. X: egg weight,
Y: hatching percentage (From Axelsson, 1932 a).

similar, if less pronounced, reduction of hatching quality is typical ol
eggs below mean weight. Warren, using White Leghorn and Rhode
Island Red material, presented the results shown in Table 8. There can
be little doubt that the coellicients, though small, are statistically signili-
cant, suggesting that in this material hatchability decreased with increas-
ing egg size, This is conlinned by a separate tabulation for the Rhode
Island Red group (Table 9).

Table 8
Hatechability
Egg size of fertile eggs G
Number Mean o o Coefficient of
Breed af birds g E. Mean p correlation
White Leghorn 222 53.7 3.7 715 17.2 —0.171+4-0.065
Rhode Island Red 161 56.5 4.6 6.0 194 —0.264-+-0.074
Table 9
Size group Range of ege weight Hatchability of Difference between
of eggs g fertile eggs in first and last grouf
Small 4519 69.1+ 3.0
Medium 52.57-9 594 17.3-4-3.9
Large 58-67.0 51.8+4-24




These results are similar to those l'cpnrlul by Jull and Haynes; they
stiggest, much more delinitely than the data given by the latter authors,
that small egg weight may be associated with high Imuhmg quality, Addi-
tional evidence lor this conclusion has been published by Obenko and

Autakow (1956),

Godfrey (1936) made an intcresting analvsis of hatchability as influ-
cnced by egg size. TTe used the eggs of 367 birds belonging to various
hreeds (100 Rhode Island Reds, 56 White Wyandottes, 53 Light Sussex,
21 White Plymouth Rocks, 17 Jersey Black Giants, 14 Barved PIym(:ulh
Rocks, 7 White Leghorns, and 96 ]msev Black Giant x White T.eghorn
crossbreds). T'he analysis of covariance of egg weight and haichability
led to the conclusion that egg weight does not have an appreciable linear
elfect on hatchability. On the other hand, the curvilinear trend (Figure
[8) was significant. There was a rapid increase of hatchability from egg
weight 46 g, (hatchability about 51 percent) to 50 g. (hatchability about
76 percent): within the 50 to 58 g. epe-weight range hatchability remained
nearly constant (near 75 percent), while above 58 g. it declined steeply.

Wilhelm (1939) found in White Leghorn material a correlation of
0.259 == 0.089 between egg weight and hatchability. We know now, how-
ever, that such correlation cocflicients are ol doubtful value since the
:e.ldtlon ol egg weight to hatchability obviously 1s non-lincar. Scott and
Warren (1941) conlitmed with White Leghorn stock that large cgg size
tends to reduce hatchability, but with regard o small egg size the evidence
was again conflicting; the groups of females laying the smallest eggs gave
the highest average hatchability in one year and the lowest in another,
Hebert and Laugier (1913) presented data in support of the conclusion
that hatchability is reduced in excessively small as well as in very large
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Figure 18

Relationship between percentage hatchability and average egg weight per
hird, based on the records of 367 hens and of one hatching season (From
Godfrey, 1936).
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cggs. Their results are not acceptable, however, since they are hased on
the total number of eggs rather than the number of [ertile eggs used in
their tests; for, a relation might well exist between egg size and fertility.
In the material ol Penionzhlkevich (1945) the largest and smallest eggs
hatched less well than those neaver the center of the weight distribution.
The same is true [or data presented by Skoglund, Tomhave and Momford
(1948), Kwmanaov (198) and Lerner and Gunns (1952).

Scott and Warren (1941) found that eggs in which the proportion of
white to yolk is approximately 2 : 1 have a better chance of hatching than
have eggs with wider or narrower ratios (see also Penjonschikewilsch,
1936). They observed, [urther, that eggs which are large in proportion
to the body weight of the hen producing them tend to hatch poorly.
Thas latter relationship presumably represents but the composite result
of a positive correlation between body size and egg size on the one hand
and ol the effect ol egg size upon hatchability on the other. Smith,
Abbott and Jones (1958) conlirmed, by C\p('rtmcnt.tl X-oray treatments,
that eggs with a reduced relative content of albumen hatched poorly.

Considering all available information, it can be said definitely that
large egy size decreases hatchability somewhat. With regard to small
egg size the evidence is conllicting. It appears certain that in some in-
stances small egg size also reduces hatchability to some extent, while other
data do not show such an effect.

Lerner and Gunns (1952) have justly pointed out that many ol the
discrepancies in the reports bearing on the relations between egg size
and hatchability are the result of imperfections and inadequacies of the
data of various authors, From their own carelul analvsis Lerner and
Gunns drew the following conclusions:

'The reproductive [itness ol birds laying eggs of internmediate
weight is greater than that ol birds characterized by smaller or larger
egg weight.”

“2. In flocks where some artificial selection for large cgg size is

practiced, maximum hatchability is obtained in cggs somewhat below
the mean egg size characteristic for the time of setting,”

“3. The oprimum egg size for haiching may be expected to vary
from population to population, and particularly [rom season to season
within a given [lock as the mean egg size varies.”

“4. Hatchability (or reproductive fitness in general), while related
to the egg size of euch individual egg (in the sense ol Dunn, 1922) is
nevertheless also a property of the bird's genotype [or egg weight (in the
manner established by Funk, 1934). The first of these relationships has
no doubt a physiological significance, the second forms an aspect of
genetic homeostasis,"

It is evident that we are dcaling with a very complex situation.
Some factors have a direct bearing on the relations between egg size and
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hatchability. This is true, for instance, with regard to the elfect ol
surface area on rate of water loss; it may also apply to the quantitative
relations of albumen and volk, as these vary with size of eggs. Other
factors, of a hereditary or environmental nature, inlluence egg size,
and thereby hatchability, in an indirect way. This is presumably true,
for instance, for current egg production (1o be discussed subsequently).

According to Byerly (1934) cgg weight is an important caunse of vari-
ation in length ol the incubation period, the heavier eggs generally
requiring a longer time for incubation than the lighter ones. Hays (1941)
failed to find such an association, but his comparison was anly befween
hens, and the relationship ol weight to hatchability for the eggs of indi-
vidual hens was not taken into account.

McNally and Byerly (1936) reported that in most eggs the heavier
they were the more advanced was embryo development after 48 hours
ol incubation (as judged by number ol somites), but that there was a
tendency lor small eggs 10 contain embryos which are developed [urther
than would be predicted [tom their weight (Figue 19). Tt was shown
by these authors that haichability is somewhat increased when the em-
bryo is at a more advanced stage at the end of 48 hours of incubation, but
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Figure 19

Rclaliunshi{) between average deviation from average somite number after
48 hours of incubation and average deviation from average egg weight
{From McNally and Byeriy, 1936).
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that it declines rapidly beyond an optimum (Figure 25, p. 125). The
slightly reduced hatchability of eggs below the mean weight, and the
more definitelv reduced hatching quality of eggs above the mean weight,
can both be referred to the association between egg weight and the degree
of development already attained at the tune of laying or reached soon
alter incubation begins. Scott and Warren (1936), however, found no dil-
[erence in degree of embryonic development between the first and second
eggs of the clutch of individual hens, though the fivst egg ol the clutch
is usually larger.

In connection with this discussion of the influcnce of egg size on
hatchability it should be noted that double-volked eggs rarely, if ever,
produce hatched chicks (Broca, 1862), although, as a curiosity, 1t 1s worth
noting that Claude Bernard (1850), the [amous physiologist, gave an
account (second-hand?) ol 18 vigorous chicks, hatched from nine double-
yolked eggs, all of which had been laid by one hen.

Shape

Benjamin (1920), working with White Leghorn eggs, and Jull and
Flaynes (1925), analvzing data from Barred Plymouth Rock and Rhode
Island Red eggs, failed to [ind any influence of the shape of eggs on
hatchability. Negative results with regard to the rclation of egg shape
to hatchability were also reported by Hays and Sumbardo (1926-1927)
and by Skoglund (1951). While there is no reason to question the cor-
rectness of this conclusion as far as the ordinary range ol variability in
length and breadth is concerned, some doubt remains with regard to the
extreme variants. Very long and narrow eggs (low shape index) in com-
mon experience rarely yield hatched chicks. The fate of such extreme
and relatively rare variants may easily escape attention if a large body
of data is analyzed statistically. In experiments with White Leghorn
stock Olsen and Haynes (1919) found the [ollowing haiching percent-
ages: 47 masshapen eggs 18.9%, 31 eggs with loose amr cells 3249 317
eggs with misplaced air cells 68.19%, 2494 conurol eggs 87.29; (sce also
Anghi, 1941),

Pearl and Surface (1914) made a comparison of the variability in
length and breadth of chicken eggs and eggs of wild birds (rook, English
sparrow, etc.). They found the coefficients of variation shown in
Table 10.

Table 10
Egg length Egg breadth
v v
Average for 12 wild species (unweighted mean) 448 298
Domestic fowl 4.29 8.79

The differences between wild birds and domestic fow]l were not
statistically significant, but the fact that the eggs of different species of
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wild birds similarly pointed to a greater variability in length and a
smaller one in breadilh than is found among chicken eggs would seem
to make a reinvestigation ol this problem well worth while. Pear! and
Surface concluded from their data that it is not essential to the survival
ol a wild bird that its eggs should be less variable in shape than those
ol domestic fowl.

Shell characters

The most obvious significance ol the shell is that of providing the
embryo with protection against external injuries of various kinds. In
addition to this, however, we know that the shell plays an important role
as a source of calcium for the developing embryo (the mammillary mem-
brane of the shell being, according to Sajner 1955, its principal source ol
calcium), and as the medium through which gaseous exchange takes place
between the egg contents and the surrounding air, It is to be expected
[rom a knowledge of these facts that structural changes in the shell are
reflected in the hatching quality of eggs.

Between thickness of the shell and hatchability Willielim (1939) [ound
in White Leghorn material a correlation ol 0.164 = 0.016. A low, but
significant, positive correlation was reported also by Leydolph and
Schneiderhihn (1952). Voitellier (1936) had earlier made the statement,
without supporting data, that thickness of the shell plays a role in the
hatchability of eggs. Rauch and Steinke (1953) in a study of the rela-
tions between thickness ol egg shell and hatchability found on a material
of 1434 eggs of Brown Leghorn hens, the data reproduced in Table 11.
Their results show clearly that there is a shell diameter that is optimal
for good hatching results. Data suggestive ol similar relations were pub-
lished by Znojilovd, Zoufaly and Patkova (1959). In view ol these data
it is astonishing that Rudy and Marble (1939) could not find a signilicant
correlation between weight of the dry shell and hatchability.

Table 11
Shell thickness tn mm 0.15-0.22  0.22-0.26 0.26-0.30 0.80-0.834 0.54-0.88 0.38-042
Number of eggs 18 168 GGR 4192 76 12
Percent hatch 61 79 28 30 58 50

During storage as well as during incubation eggs lose weight by
evaporation of water through the shell. This was first observed by
Geoffroy-Saint-Hilaive (1830). Before him it had even been thought pos-
sible that eggs might gain weight by absorbing essential substances from
the sitting hen’s “perspiratim‘:”; but it was ])t)inted out by the German
philosopher Christian Wolff (1725, 1757) that this was unlikely because
of the possibility of successful artificial incubation. It seems reasonable
to assume that the amount of water evaporated during a given period
and at a constant temperaturc is determined by the degree ol porosity
of the shell. The porosity in turn will depend on the number and size
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of the pares, and on whether or not the individual pores are open or are
obstructed by calcium or organic deposits. Furthermore, Marshall and
Cruickshank (1938) demonstrated that the cuticular areas (“plaques™)
surrounding the shell pore exit serve as evaporating surlaces, and this fact
must be kept in mind in future studies relating to shell porosity and
hatchability.

The lirst extensive inquiry into this problem was made by Dunn
(1922-1923; 1923-1924) at the Storrs Agricultural Experiment Station with
eggs [rom a [lock of moderately inbred White Leghorns. One result
which emerged from this work was that eggs with visibly porous shells
and a high rate of water loss showed a very poor perlormance with re-
eard to hatchability. This is evident [rom the data in T'able 12, obtained

Table 12
Weight lost Weight lost
during 20 days prer sy em. of Fertile eggs
storage surface Number of hatched
Hen number % 4. eggs incubaled %
146 3.99 0.0368 29 220
149 3.60 0.0323 18 47.0
287 4.28 0.0375 13 0.0
342 2.67 0.0214 25 32.0
Mean or normal eggs 1.96 0.0170 250 59.8
Range of normal eggs 1.30-2.79 0.0113-0.0229

from four hens which laid many eggs with very porous shells, recogniz-
able by a dead white or bluish color tint of the shell (perhaps identical
with the “mottled” eggs of Henderson; see below). The determinations
ol weight loss were made on one set ol eggs, the hatching records were
obtained on another set. Not all of Lthe eggs incubated were abnormally
porous, and the more nearly normal eggs were predominantly the ones
which gave hatched chicks. Hence, the hatching results do not picture
the full extent of loss of hatchability due to defectiveness of the shell.
Hen 287 in Table 12 laid exclusively eggs of the very porous type. In
two breeding seasons this hen left no progeny, all embryos dying before
the end of the incubation period.

If this evidence established the fact that extreme porosity of the
shell, and hence excessive loss of water by evaporation, acts as a barrier
to hatching, the question remained whether a relation between water
loss (porosity) and hatchability exists also within the more nearly normal
range of variability of eggs. Such a relation would be of far greater
practical importance since the extremely porous variants constitute only
a small proportion of all eggs. In order to obtain information about
this question eggs were weighed when fresh (on day of laying), and again
after 7 and 14 days ol incubation, respectively. The data for weights
taken after seven days ol incubation fail to show statistically significant
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differcnces in weight loss between infertile eggs, eggs which died during
the [irst week, eggs which died during the remainder of the incubation
period, and eggs which hatched. Still, it should be pointed out that the
highest hatching percentages were among the classes with lowest weight
loss, and, vice versa, the lowest hatching percentages were among the
classes with highest weight loss. The data obtained with relerence to
weight loss during the first two weeks of incubation were of a sunila
nature. Table 13 gives the results of the latter experiment.

The [irst two classes showed very similar percentages ol hatch, while
the third class (with the highest weight loss) gave a lower hatch. The
difference between the second and the third class was 20.91 += 13,28

Table 13
Hatch from eggs
Number of P{{g’s which had lvin
with lwing embryos Number of chichs embryas on 14th
Weight loss 7, one 14ith day hatched day %
6.00- 8.50 19 13 68 4241066
9.00-11.50 55 39 7091+ 612
12.00-16.50 IR 9 50.00+11.79
Total 92 61 66.30

percent. This difference is not statistically significant, The mean weight
loss of those eggs which died alter the fourtcenth day was 11.04 = 0.39
percent and that of the eggs which hatched was 10.49 = 0.24 percent.
These data did not exclude the possibility that with a larger material
the existence of a relationship between weight loss and hatchability might
be demonstrated to exist within the normal range of variability of eggs,
but it seemed unlikely that such a relationship should play a major role
as a causative agency in embryonic mortality. Funk (1934 a) could not
establish a difference in hatchability by grouping eggs into two classes
according to good or poor shell texture as determined by a candling
lamp. Hays and Sumbardo (1926-1927) found no consistent relation of
shell thickness or of number of pores per square millimeter to hatch-
ability; but since their material came [rom stock selected for high hatch-
ability, no general conclusion can be drawn from it.

An extensive study of weight loss as related to hatchability was made
by Axelsson (1932 a) who determined the loss of weight during the 24
hours following the day of laying (average storage temperature 22° C.;
average relative humidity 60 percent), and then incubated the same eggs.
This method has a great advantage in that the rate of weight loss was
determined under strictly comparable conditions for those eggs which
later produced hatched chicks and for those in which the embryos died.
The eggs [or these determinations came [rom White Leghorns, Rhode
Island Reds, Barnevelders, and crosses between these breeds. A sumn-
mary of the data obtained in 1931 is shown in Table 14. It was found
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that the cocflicient of comrelation between the percentage of hatch and
the average loss of weight amounted to - 0,734 == 0.154. This is certainly
a significant correlation, indicating that the lower the weight loss, the
better the hatch. A similar correlation value was found f[or the relation
of percentage hatch and standard deviation ol weight loss (r — —0.687
== 0.176), an expression of the fact that the periods with greater average
loss of weight and with lower average hatchability were also periods in
which loss of weight (shell porosity) generally was more variable.

Further data are given by Axelsson to show that during the early
part of the incubating season there was a general tendency for weight
loss (shell porosity) to increase, and for hatchability to decrease. From
the fact, however, that during a rest period (pause) the shell quality
improved (decrease of weight loss), while hatchability did not immedi-
ately increase correspondingly, it was concluded that other factors com-
plicated the picture. Tt was also found that alter a long and severe winter,
average and standard deviation of weight loss were higher than usual.
In general, the best hatching percentages were obtained for eggs which
during the 24-hour test period lost between 0.081 and 0.160 g. of weight;
no egg which lost more than 0.240 g. of weight produced a hatched chick.

Table 14
Date of Number of Loss af weight in g.
Numbey  setling fertile eges =— ~

af hatch PEgs set Hatch % M T
I {_an. 29 380 76.1 0.181 0.0151
I ch. 9 459 74.9 0.133 0(.0295
31 Feb, 19 404 765.0 0.136 0.0280
v March 3 478 63.6 0.140 (1.0370
Vv March 13 366 60.1 0.161 0.0543
Vi March 29 176 18.8 0.172 0.0527
Vil April 9 201 44.8 (.159 0.0405
VIt April 20 302 5.6 0.135 0.0805
X May 11 548 58.3 0,142 0.0285

M 63.0--3.80 0.145 4-0.0051  0.0358+0.0043

1145260 0.0152-0.0036  0.01300.0081

o

Judging from the results obtained during two consecutive years, it ap-
pears that in this material the loss of hatchability due to poor shell
quality amounted to approximately 8 percent ol all fertile eggs. It was
possible to demonstrate that eggs with low weight loss had a somewhat
heavier shell than those with high loss of weight. The shells of the
former contained 95.8 percent of substance soluble in acetic acid, while
the shells of eggs with high weight loss yielded only 91.6 percent ol
acetic acid soluble matter. Since calcium carbonate forms 93 to 91 per-
cent of the mineral substance of egg shells, it seems fair to assume that
the differences in acetic acid soluble substance are due to corresponding
changes in the amounts of calcium carbonate in the shells of ecggs with
low and high loss of weight. This is not necessarily the only difference
between these 1wo groups of eggs.



Axelsson’s data demonstrate clearly that weight loss (shell quality)
is a highly variable character, and that it is casily influenced by environ-
mental factors. Yet his observations show also that there are definite
differences between individual hens with regard both to loss of weight
and percentage hatch. This can be seen [rom the data of 'I'able 15.

Table 15
Average weight loss
of eggs of
indiwidual hens Number of hens Awverage hatching %
0.081-0.120 11 54,49
(L121-0.160 76 65.78
0.161-0,200 17 47.12
0.201-0,240 4 25.90
0.241.0,280 1 0.00

The eggs of hens belonging to the [irst two classes (average weight
loss 0.081 to 0,160 g.) had an average hatchability of 62.58 = 1.45 per-
cent, while the eggs of hens belonging to the last three classes (average
weight loss 0.161 to 0.280 g.) produced an average hatch of 41.12 = 3.04
percent. The diflerence between these two groups amounts to 21.46 =+
3.37 percent, and is certainly significant. Foitellier (1936) conlirmed that
water loss through the shell is an important factor in hatchability. That
increased loss of weight during incubation is associated with reduced
hatchability was also conlirmed by Shibata and Murata (1936) and Ax-
elsson (1954),

Additional extensive data on the same problems have heen provided
by Rauch (1952) and Rauch and Sieinke (1953). The results of measure-
ments on 1077 eggs of Brown Leghorn fowl are shown in Table 16, and
those for 813 eggs of Legbar fowl are reproduced in Table 17. The ob-
servations of these investigators indicate that a curvilinear relationship
exists between diameter of the shell pores and hatchability, eggs with
pore diameters of the shell below and above the optimum hatching less
well than those near the center of distribution. In addition, an interest-
ing difference was found between the two hreeds in the distribution of
the diameter of the shell pores. One wonders how the number of pores
per unit area was related to the size of the pores. Bouges (1923) had al-
ready earlier claimed that breed dilferences in shell quality exist which
alfect evaporation of water during incubation,

By determining loss of weight of eggs during 24 hours prior to the
beginning of incubation Rauch and Steinke could demonstrate a rela-
tionship to subscquent hatching results. These determinations were made
on 1560 eggs of Brown Leghorn [owl after storage for 24 hours at a tem-
perature of 217 G, (69.8° F.) and a relative humidity of 10 percent. The
results are summarized in Table 18,
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Table 16

Pore width in 0-6 6-12 1218 18-24 24-30 30-36 36-&.-":;

Number of eggs 0 48 168 41l 315 93 42

Percent hatch — 38 66 ]z 90 Bl 4
Table 17

Pore wndth in 0-5 5-10 10-15 15-20 20-25 25-30

Number of ecggs 15 a4 399 264 06 21

Percent hatch 40 7h 78 ol 55 20
Table 18

Weight loss % 005-0.10  0.10-0.15 015020 020025 025-080 0.30-0.85

Number ol cggs & 812 80t 372 a4 12

Percent hatch 50 h 77 72 56 25

Since the foregoing evidence shows that shell quality is, at Jeast in
part, an individual trait of hens, the question arises how this trait is
transmitted genctically. Axelsson secured interesting information bear-
mg on this problem, Table 19 gives data [or the three breeds which he
used and for [irst crosses between them. The fact that all values for
weight loss are higher for 1931 than for 1930 is, according to Axelsson,
due to the application of a dilferent correction factor for egg size and
also to the lateness of spring in 193] with a conscquent effect on shell
quality during the early part ol the incubating season. The differences
in magnitude between groups, however, are of similar order and in the
same direction in the two years.

Among the three pure breeds, the eggs of White Leghorns showed
the lowest, those of Barnevelders the highest loss of weight, and the dif-

Table 19
1930 1931

Average Average

actual loss aclual loss

of weight of weight

Breed or cross N per egg. g N peroegg. g
White Leghorn 914 0.127 a5 0,134
Rhode Island Red 336 0.137 288 0,146
Bamevelder 229 0.143 488 0,160
(Wh. Leghn. § x RIR. 2) F, 383 0.124 88 0.134
(RIR. § x Wh. Leghn. 2 F, 105 0.116 137 0.125
(Wh. Leghn, © x Barnev. 1) T, 119 0.134 93 0.156
(Barnev. 2 x Wh. Leghn, &) F, 66 0.181 281 0.131
(RILR, ¢ x Barnev, 1) F, 118 0.156 27 0.161
(Barnev. @ x RILR. ) Fy 136 0,130 95 0.145

[erence between these two breeds is statistically significant. The data
[rom F, birds of crosses between the three breeds suggest that the lower
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loss of weight (lower porosity or better shell quality) is incompletely
dominant to higher weight loss. Quinn, Gordon and Godfrey (1915) con
(irmed for White Leghorns that egg shell quality, as expressed by loss
ol weight of the eggs during the [irst two weeks of incubation. is a gen-
eLic trait.,

Axelsson's observation that the eges of Rhode Island Reds lose rela-
tively more weight during incubation than do the coes of White Leg-
horns has been conlirmed by Gadfrey and Olsen (1937) and Fladimirova
(1954). Godfrey and Olsen also established the existence of significant
chfferences in egg-weight loss during incubation between individual fe-
males within one breed.

Addirional evidence relating to the importance of shell texture
(weight loss) for hatchability was secured by Hays and Spear (1951) with
Rhode Island Reds. The observations on Rhode Island Reds and White
Leghorns do not support earlier statements, proferred with little sup-
porting evidence, that the rate ol water evaporation generally is greater
from whiteshelled than from brown-shelled eges (Giibert, 1895:McCue,
1900 b Laurie, 1911). A ¢ritical examination of this problem 1s wanting.
but the demonstration by Mayshall and Cruickshank (19438) that brown
cgas are less porous than white ones is ol interest in this connection. More
recent, but again rather inconclusive, observations by Godfrey (1917)
suggest that among breeds which lay brown cgps those with dark pig-
mentation of the shell tend o have better hatchability than the lightly
tinted ones. Godfrey believes that the lightly pigmented eggs have less
calcium in their shells and lose more moisture during incubation than
eggs with dark shells. Low positive correlation coeflicients were found
between intensity ol coloration of the shell and its thickness or its break-
ing strength (Godfrey, 119 a). Funk and Forward (1949 b, 1951} con-
firmed on eggs of New Hampshire fowl that those with Tightly tinted
shells produced fewer hatched chicks than did the eggs with dark brown
shells (55.0 and 74.1 percent, respectively), and that the eggs with light
brown shells tended to show a higher rate of water evaporation. Skog-
lund (1950) observed similar, but statistically non-significant, relations
between shell color and hatchability of New Hampshire eggs, whereas
Rosenberg and Tanaka (1951) came to the conclusion that intensity of
shell color has no bearing on hatchability. New studies by Raimo (1951)
have, however, produced results similar to those of Godfrey and ol Funk
and Forward. Raimo made observations on 4100 eges of New Hampshire
fowl by -:lividing them into five groups zu'r.:nn'ling o color of the shell,
the groups ranging from “very light” to “very dark”, lle found that the
epps with lightest colored shells hatched less well than those with more
cdleeply tinted shells. Shape ol the eggs did not seem to vary significantly
hetween groups, but the eggs with the lightest shells had a smaller mean
weight than the remaining ones (not evaluated statistically). This dif-
‘erence in weight of the eges may well be accounted for by the relations
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Table 20

Weight loss of eggs

(;ross B
Wh. Leghm. 2 x RIR. 2} I 0157 1 0.0013
(RIR. ¢ x Whe Leghu, 23 1 0.12% 400012
b
Diffevence 0.014=-00018;, — —7.7R
e (D)
iWh. Leghn. ¢ x Barnev, £} F; 0143 =-0.0029
(onev, § X Wh, Leghn. 2 F, 0131 +-0.0012
D
Difference 0012 = 0,0033: — =364
e (1D
(ROLR. @ x Barnev. ) Fy 0,157 +10.0032
(Darnev, 9 x RILR. 13 F, 0,150 40,0024
D
Difference 0.018 | 0.0040; — =150
e (D)

the eggs laid by Fy hens. The difference between the Fo, groups amounts
to 3,66 times the error.

Axelsson argues [urther that, if all inherited dillerences ol weight
loss were due to sex-linked Factors, the results of certain groups and
crosses should be essentially the same. The pertinent data are repro-
duced in Table 22,0 In all four instances the results agree with what
might be expected il, in addition to sex-linked lactors, autosomal ones
were aperative and in two cases the differences appear 1o be statistically
significant. Axelsson, therelore, assumes that both sex-linked and auto-

Table 21
Fa
Hatchability
Number of eggs o
Iy hens from matings in which the
hreed with lowest weight loss and
hughest hatching percentage was
o ternal B23 5784152

(Wh, Ieghn, x R.LR. Wh
Leghn, x Bamev: R.ILR. X
Barnev.)

Fy hens from matings in which the

breed with lowest weight loss and

Highest hatching  percentage  was

futternal 820 66.5
(ROLLR. x Wh. Leghn.; Barmev.
x Wh. Leghn.; Barnev. x R. 1R

L8

1.6

h

Difference  B.7-+ 2.58

somal factors influence weight loss (porosity of the shell), and that both
kinds of genetic agencies influence the results in the same divection
‘complete dominance of low weight loss). Further evidence is presented
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between degree ol coloring ol the shell and its diameter {and structure),
as reported previously and as confirmed by new studies of Godfrey
(1949 ). Godfrey Tound highly significant correlations (with P<.01)
hetween color intensity and breaking strength of the shells (- .363) as
well as between degree ol coloring and diameter of the shell (| .372),
depth of color increasing with thickness and strength of the shell. It is
interesting to note that in this, as in many other situations, the discrep-
ancies between the results and conclusions ol various investigators appear
to have been a conseauence of dissimilavities between [locks in the vari-
ance ol the trait under mvestigation. No doubt remains, al any rate,
that in [locks which show a wide varviation in intensity ol shell color the
eges with the Tightest eoloring hatch least well.

Another elaborate inquiry into the problems related to loss of weight
ol eggs during storage and incubation was undertaken by adimirova
(1951, with references to other Russian literature), Her principal con-
clusions were Lhe following: 1. The smaller the loss of weight during
storage the better is subsequent hatchability. 2. Winter eggs tend (o
lose less weight than summer eggs. 3. The rate of weight loss of eggs
decreases with advancing age of the laving hens. 4. Large eggs lose rela-
tively less weight than small eggs. 5. A direct relation exists belween
porosity and diameter of the shell on the one hand and loss of weight
on the other. 6. Loss of weight during storage is positively correlated
with loss of weight during incubation. 7. Eggs with a low rate of weight
loss show a higher electrical conductivity ol the albumen (all layers) than
those with a high rate ol weight loss. For many of her data ladimirova
unfortunately did not give a statistical evaluation. Some ol her conclu-
sioms agrec well with what had been known, others are new and, il con-
lirmed, may have considerable importance. Vladimirova's claim that the
rate of weight loss decreases with advancing age of the lavers is difficult
to reconcile with the observation that shell porosity is greater during the
second than during the first laying year (Bolton, 1957), and in a com-
parison of eggs from pullets and old hens Bolion did, in fact, find that
the eggs laid by the old birds lost weight at an appreciably higher rate
than those laid by pullets.

It is interesting to make comparisons between Axelsson's data (for
1951) from the F; females oul of the several reciprocal crosses. The val-
ues of weight lnss are corrected for egg size (Table 20). In each ol the
three instances the F; females of reciprocal crosses are significantly dif-
ferent with regard to weight loss of their ¢ggs, and in each case weight
loss was higher in that I, in which the father belonged to the breed with
higher weight loss ol the eges. Such results are expected il we are dealing
with sex-linked inheritance. Further support lor this conclusion can be
seen in the data presented in Table 21, Since the responsible genelic
factor or Taciors act through the mother's organisin, the results ol sex-
linked inheritance become apparent only in the F, generation, that is,
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in support ol this conclusion, though admittedly the problem deserves
continued study,

Table 22
Weight loss of r'gg;
Cross -
Rhode Island Red 0.144-+ 0,0022
{Wh. Leghn. ¢ x RILR, 5} F, 0187 --0.0013
o D
Diffcrence 0.007 400026, — —=2.69
e (D)
Barnevelder 0160 +0.0018
(Wh. Leghn, @ x Bamev. 3\ F, 0.143 4+ 0.0029
D
Difference 0017+ 0.0031; — =500
e ()
Barnevelder 0.160+0.0018
(R.ILR. @ x Barnev, )T, 0,157 +-0.00%2
D
Difference 0008 - 0.0037; —  =0.8I
e (D)
(Barncv. § x Wh. Leghn. 2) F, 0,151 4-0.0012
(RILR. @ «x Wh. Leghn. 2 Iy 0.123 400012
D
Difference 0008 +00017; — =471
e (D)

On the whole, the evidence that has been reviewed supports the
conclusions that (1) excessive porosity of the shell is a definite barrier
to hatching; and that {2) a more general relation exists between shell
porosity (weight lossy and hatchability, resulting in reduced hatching
quality of cggs with a shell porosity above the optimum.,

Shell texture is influenced by genetic and environmental factors. A
high degree of mottling of the shell increases, according to Henderson
(1941), the amount of water lost during incubation, and in another re-
port Henderson (1942 a) showed that poor shell quality significantly de-
presses the hatchability of eggs.

Mueller and Scott (1940) made a new study of the relationship be-
tween loss of egg weight during incubation and hatchability. Thev used
White Leghorns. A summary of their results is given in Table 23. These
data fail to show any significant relationship between shell porosity and
hatchability. Negative results (although with a trend similar o that
observed by Axelsson ) were also recorded by Eriksson (1951). The reasons
for these discrepancies remain obscure. It seems possible, however, that
the explanation must be looked for in dilferences ol incubation tech-
nique. In modern incubators, which have provisions for regulating hu-
midity, weight loss is unquestionably less variable than it is in machines
with more primitive humidity control. T'he less favorable atmospheric
environment of old-type incubators is likely to bring into sharper reliel
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the role ol shell porvosity. Tor, under adverse humidity conditions eggs
with varving degrees ol shell porosity may lose water in signilicantly dif-
[crent amounts, wheu,.m such results may be lacking when more optimal
humidity prevails. Such an interpretation is in agreement with the fol-
lowing facts: (1) an excessive rate of evaporation is delinitely harmlul
Lo the embryo; (2) there is a positive correlation between weight loss of
ewgs (evaporation) during incubation and porosity ol their shells (Alm-
grust and Holst, 1931 Bryant und Sharp, 1931) and also between thickness
ol the shell and rate ol evaporation (Muwrray, 1925); (3) the relation of
shiell porosity to evaporation tends to disappear at optimal humidity
levels  (Stewart, 1933); (1) Dunu, Axelsson, Rauch and Steinke, and
Iladinurova used still-air incubators, whereas Mueller and Scott em-
ployed a forced-draft mmachine.

Table 23
Porosity index*
Mean percentage
Range Mean ,\r:mbcr of hens hatchability
(.99 and below .25 80 70.0
.00 — 7.99 7.35 64 G9.5
.00 and above 8.89 50 69.6

*I'he "porosity index” equals the 24-hour loss of egg weight in milligram per em? of
surface area.

Muelley and Scoll found in their observations that large and small
cges did not differ significantly with respect to the degree of shell porosity
and that eggs of one and the same hen were remarkably constant in their
extent ol shell porosity.

An interesting, though unforiunately very incomplete, report ¢on-
cerning the probable existence of hereditary shell delects and their un-
[avorable influence on hatchability is due o R. E. and A. S. Serebrousky
(1926). They found that in the Pawloff breed of fowl extremely poor
hatches are frequently encountered and believe that the cause 15 to be
lound in improper shell formation with consequent excessive desiceation
during incubation.

Mussehl and Halbersleben '1923) determined [or 802 fertile eggs the
correlation between “specific gravity” of the whole egg and hatchability.
The coefficient was found to he 0.204 +- 0.034; small, but signilicant.
The “spectfic gravity” of the shell is twice that of the egg contents (aver
ages of 2,11 and L1.07, respectively), and the authors assume that varia-
tions in “specilic gravity” of the whole cgg are most likely due to varia-
tions in thickness of the shell, and that the observed correlation is the
expression of a slight increase in hatching quality with increasing "spe-
cilic gravity” of the shell.

The problem of “specific gravity” of eggs, as it rclates to thetr hatch-
ability, has received further attention by the work of Munro (1910),
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Determinations of “specific gravity” were made on large numbers of
White Leghorn and Barred Plymouth Rock eggs by immersing them in
salt solutions ol different concentrations and by noting the concentration
at which they [loated just beneath the surface of (he solution. These
observations were analyzed with relerence 10 subsequent hatchability ol
the eggs.

It is not immediately clear just what is measured by such determina-
tions. "The relative amount of shell material bears an inverse relationship
to egg size, and this geometrical factor unquestionably complicates the
meaning ol the results which Mwniro obtained by his procedure, The
same criticism applies to the work of Mussehl and Halberslehen. In any
event, it was found that there is a distinct curvilinear relationship be-
tween the floating character of the eggs and their hatching quality (Fig-
ure 20). A breed difference was reported: the critical point below which
hatchability was very poor being 1.078 for Barred Plymouth Rock eggs
and 1.086 for White Leghorn eggs (not tested bt;llIsUt.'ﬂl}). It was also
found that the lloating quality of their eggs is a distinct trait of indi-
vitdlual hens, Additional observations (Munro, 1942) indicated. however,
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Figure 20

Relation of “specific gravity” of the egg to hatchability. Solid line: Barred
lymouth Rock eggs; broken line: Leghorn cggs (From Munro, 1940;
modified).
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that in some [locks no relationship could be discovered hetween the
[loating quality of the eges and hatchability. This occurred in flocks in
which the variance ol [loating quality was exceptionally low. Mme
recent observations by Svensson (1957) on egps of White Leghorn, Rlade
Island Red and New Hampshire fow] led the author to the conclusion
that a “specilic gravity” between 1.075 and 1.080 was optimal lor hatch-
ability. A low, but significant, correlation between “specific gravity”
and loss ol weight of eggs was found in one year, but in another year
the two traits were completely independent.

It should be added here, that shell defects leading to reduced hatch-
ability may be brought about by withholding calcivm from the diet, T his
was shown by Buckner, Martin and Peler (1924-1925). In their experi-
ment three groups of White Leghorns were kept under identical condi-
tions, except that group I had grass range and ovster shell ad libitum,
group Il had no range but oyster shell, and group 111 had neither range
nor oyster shell. The experiment was begun November 1. When incu-
bation was started on March 1 ol the lollowing year, the averaec din
weight of the egg shells in the three groups amounted to 5.2, 51 and
3.5 g., respectively: that is, in group TIT dry weight ol the shell was
strikingly reduced.

The results of incubating egps [rom the three groups are shown in
Table 24. The lollowing conclusions seem justified. Lgg production was
much reduced when calcium was withheld, Fertility was not interlered
with. The hatching quality of the eggs became progressively lower, and
embryo mortality tended to shilt from the Tinal w earlier periods ol
development,

The cruaal confirmation was obtained when, subsequent to these
tests, oyster shell was supplied to group [T and withheld from groups
I and IT. Hatchability decreased in groups I and 1, while in group 111
it rose to 20.7, 32,5 and 36.1 pevcent, respectively, in three successive -
cubation trials. The loss in hatching quality of the eggs as a consequence
of calcium deficiency in the diet is probably caused, at least i part, by
mcreased weight loss (increased shell porosity); but it 15 possible that
other factors, such as inadequate calcium supply to the embrvo, play a
role. In a later communication, however, Buckner, Martin and Petey
(1929) made the [ollowing statement: “While the absence of calcium
carbonate from the diet is accompanied by marked decrease in the weight
of the egg shell, this circumstance does not appear to be connected with
the loss of hatchability, The cause seems to be decper scated and prob-
ably should be sought in connection with the metabolism ol the mother
hen.”

I'his conclusion seems chiefly to be based on the observation that
inlertile eggs [rom the lot without range and without calcium supplemeni

did not lose more weight during I8 davs of incubation than did cggs
from the control group. But data from mfertile eggs scarcely furnish a

87



lair basis [or judgment. It must be Kept in mind that the embryo removes
calcium {rom the egg shell, and in thin-shelled eggs this mayv lead to
an increased rate of evaporation. The fact that hatched chicks from the
calcium-deficient group showed a reduced dry weight of the carcass rela-
tive to the initial weight of the egg, may well be due to stunted growth
as a consequence of increased evaporation of water,

Table 24
Mortality Mortalily
Date when Nisher  Imfertile ta 18th after 18th Hatched
egas set Grouf of eggs a riu_v “h da}- % L/
March 14 1 76 10.5 7.9 15.8 65,8
11 64 16.0 16.0 295 40006
It 19 .3 31.6 421 21.0
Misch 28 I ns 12,1 12.1 12,1 63.8
I 44 7.1 214 35.9 35.7
111 17 11.8 294 41.2 17.7
April 11 I 7R 14.1 17.9 244 43.6
Il 50 0 208 220 7.6
111 18 16.7 61.2 2.2 U

Stuart and Hart (1938) tested the effect which different levels ol
calcium intake have on shell strength and confirmed that inadequate
calcium r:tm:-ilunplitm reduces hatchability, Axelsson (1932 b) found that
addition of cod liver oil, sprouted grain, or vigantol (a vitamin-D prep-
aration) to the diet of hens decreased, in the order named, the loss of
weight of their eggs. Excessive calcium content of the diet also has a
detrimental effect on egg shell formation (Tyler 1945), and hence, pre-
sumably, on hatchability.

The signilicance ol other shell qualities for hatchability, for example
variations in the formation of the outer shell coating, has not as yet been
investigated.

Studies by Penjonschkewitsch (1937) call attention to the possible
importance of the inner shell membrane for hatchability. In contra-
distinction to results reported by Ferdinandowv (quoted by Penjonschhe-
witsch) the author found that the water content of the inner shell mem-
brane increascs with progressing incubation, and that desiccation of this
membrane leads to increased permeability [or gases. Since it appears
that there arc breed differences in thickness of the outer as well as ol
the inner shell membrane, their relationship to hatchability deserves
[urther attention. Penjonschhewitsch may be right in contending that
drying out of the inner shell membrane cannot lead to suffocation of
the embryo, as Ferdinandov had supposed, but there can be little doubt
that the parchment-like condition of the inncr shell membrane, frequently
caused by low humidity, may [orm a mechanical obstacle to hatching.

Albumen characters
The imporiance of the amount of albumen in eggs on their hatching
quality was studied by Godfrey (1936). His matenal consisted of eggs

88



Irom 115 birds (Rhaode Island Red, Light Sussex, Wyandotie). The eggs
ol these hens, produced during a period ol ten weeks, were incubated to
determine hatchability, and subsequently about ten eggs ol each hen
served lor vartous measurcments. A low but mgmllcanL negative cor-
relation was found between weight of total albumen per egg and hatch-
ability, and also between weight of thick albumen and hatchability. In
general, then, the less total albumen there is in an egg or the less thick
albumen it contains, the better are the chances that it will produce a
hatched chick. No signilicant dilference in this respect could be estab-
lished beiween the three breeds used. The relation between total albu-
men weight and Iuchubility is cdosely similar to that between egg weight
and hatchability (Fiom‘e 21}, and it seems likely that the latter is partly
or wholly an expression ol the [ormer. Observations by Scott and Warren
(1941), becumg on these problems, have already been discussed (p- 72).
These relations presumably hold only within certain limits. In experi-
ments by Smith, Abbotl and Jones (1958) the quantity of albumen was
reduced (but also its (]Lmhlv allected) by prior X-ray nrradiation ol the
albumen-producing region ol the oviduet of laying llens such eggs had
a high early embryo 11101"1,411[} and reduced hatchability.

The relationship to hatchability of the “score ol the condition™ ol
the lirm albumen, i.e., of the degree to which the lirm albumen will
preserve its shape around the yolk when the egg is carelully hroken upon
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Relationship between percentage haichability and: A, average egg weight;

B, average amount of albumen per egg: G, average amount of thick albu-

men per egg; D), average percentage thick of total albumen. Data from 115
birds during one hatching scason (From Godfrey, 1936).
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a suitable surface, has been studied by a number of investigators. It was
first reported by van Wagenen (1935), van Wagenen and Hall (1936) and
Hall and van Wagenen (1936) that this physical trait of the [irm albumen
had an influence on hatchability, the eggs with a high score of the albu-
men hatching better than those with a low score, but subsequent investi-
gations [ailed to conlirm the existence ol such a correlation (1Wilhelm
1939, Rudy and Marble, 1939),

In studies with White Leghorns Rudy and Marble (1939) found a
significant correlation, for the data of one year, between the amount of
firm albumen in percentage of total albumen and hatchability, but the
material of another year did not conlirm this result. Other studies also
failed to show a signilicant assoctation between these traits (Godfrev,
1986: Hall and van Wagenen, 1936; Brockhwizen, van Albada, A]Jpea’mm%
and Ubbels, 1952).

The cohesive quality of the albumen and the height of the firm
albumen apparently are not related to hatchability (Rudy and Marble,
1939). The same seems 1o be true [or the relative amount of outer thin
albumen (Hall and van Wagenen, 1936). The percentage of solids in the
albumen, as determined by the refractive index, also has no influence on
hatchability (Bronkhorst, 1933; Bronkhorst and Hall, 1935 b), though
in a general wav the observations ol these authors tend to confirm the
conclusion that eggs with low hatching quality show greater variability
in relative amounts of solids in the albumen than do eggs with high
hatching quality (Powell, 1925). According to Foitellier (1936) water
content of the albumen is a factor in hatchability, but no details are
oiven in support of this statement. That organic constituents of the egg
white are important for embryonic development, beginning with early
stages of incubation, has been shown by Schmidt (1937).

Yolk characters

With the possible exception of vitamin content, to be discussed sub-
sequently, there is little evidence available tending to demonsirate that
yolk qualities play a role in hatchability. No relation was [ound between
the amounts of solids in the yolk and hatching quality of eggs (Bronk-
horst. 1933; Bronkhorst and Flall, 1935 b), nor between the shape index
of the yolk and hatchability (Hall and van Wagenen, 1936), nor between
volk weight and hatchability (Rudy and Marble, 1939).

Since a large part of the yolk is not utilized by the embryo until
fairly late in development, it is not surprising that it should be ol less
importance [or survival than the albumen, though it is important to
keep in mind that the thin yolk beneath the germinal disk forms the
source of nourishment of embryos in early stages of development. Pen-
jonschkewitsch (1936) presented evidence for the conclusion that efli-
ciency of yolk utilization by the embryo may be a significant factor in
hatchability.
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Barancheev (1936) studied the relation between yolk color and hatch-
ability in White Leghorn eggs. All eggs came [rom a [lock which was
kept under uniform conditions. Only eggs weighing between b0 and 60 ¢g.
were used for incubation. By comparison with standards, the eggs were
divided into three groups according to the intensity ol yolk color. Group
I contained the eggs with the darkest colored yolk, group IIT those in
which the yolk color was lightest. There were 107 Teriile egas in group I,
285 In group [T, and 280 in group IIL Halldl:illilit}‘ amounted to 77.6%;
m group I, 54.47% in group I, and 37.9% n group I Moreover, the
percentage of strong chicks among those hatched decreased [rom group
I (96.67%) to group TIT (84.29). Similar results have been reported by
Kirsanoff (1935) lor goose cggs. It was shown by Bishey, Applely, Weis
and Cover (1934) that therc is a relationship between color of the yolk and
its richness in carotene and xanthophyvll, the color being darker if the
amount of these pigments is greater. But it remains to be investigated
whether the relationship between yolk color and hatchability is only an
expression of vitamin A concentration (see below) or whether still ather
factors play a role.

Yolk mobility of unincubated eggs may give some clue with regard 1o
the potential hatching value of eggs. This was first demonstrvated by
Byerly and Haynes (1938) and subsequently studied in greater detail by
Henderson (192 b). Yolk mobility 1s the relative speed ol the yolk
shadow as an cgg is rotated in [ront of a candling lamp. Henderson col-
lected data on the relation of yolk mobility to hatchability by scoring the
eges on an arbitrary scale, ranging [rom “17 (no visible or very slow
mc'n't:nu'n[) to “5" (highly mobile), and by analyzing these scores with
reference to subsequent hatchalality. A signilicant relation was found,
the eggs with highly mobile yolks hatching less well than those with
slight or no mobility. Yolk mobility increases with pre-incubation age of
cges and is probably an expression of physical properties of the albumen.
Broekhuizen, van Albada, Appelman and Ubbels (1952) could not detect
a relation between strength of the yolk sac membrane and hatchability.

With regard to cgg contents as a whaole, Cross (1912) failed to lind
a correlation between the amounts ol proteins and fats in eggs of certain
hens and the hatching quality of their eggs. Negative results of this Kind
do not exclude the possibility, of course, that the presence or absence of
definite kinds ol proteins may be a significant factor in hatchability.

NUTRITIONAL FACTORS IN HATCHABILITY

A variety of substances are indispensable for normal growth and de-
velopment of the chicken embryo. If such substances are lacking in the
fertilized egg or are present in insufficient amounts, death of the embryo
may occur sooner or later, It 1s true that an inadequate diet will fre
quently lead to decline and cessation of cgg production rather than to
the laving of deficient and unhatchable eggs, vet there 1s abundant evi-
dence that nutritional factors of various kinds affect the hatching quality
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ol eggs via the organism of the mother. No complete survey of the perti-
nent literature will be attempted here. Additional literature on the rela-
tions of maternal nutrition to hatchability can be found in a book by
Heuser (1955).

Little is known concerning hereditary dilferences which influence
the economy of utilization of various foodstulls, and, thereby, alfect the
hatching quality of eggs. It was shown, however, by Lillie, Olsen and
Bird (1951) that general physiological conditions, possibly relating to ab-
sorption [rom the digestive tract or to other mechanisms mmvolved in the
transfer of nutrients [rom mother to egg and embryo, may produce sig-
nificant variations between mothers in hatchability of their cggs; in two
groups ol birds hatchability could be differentiated in a similar manner
by dietary deficiency in either riboflavin, vitamin By, or manganese.
Hereditary inadequacies of maternal riboflavin transfer to eggs will be
reported below. No evidence scems to be available which would suggest
that nutritional deliciencics in the diet of cocks influence the hatchability
ol eggs lertilized by them.

Vitamins and hormones

The presence in eggs of sufficient amounts of vitamin A is necessary
for normal hatchability. Holmes, Doolittle and Moore (1927) demon-
strated that low hatching quality caused by a diet delicient in vitamin A
could be improved by supplementing the leed with cod liver oil as a
source of this vitamin. Within certain limits hatchability increases in
proportion to the amount of vitamin A supplied with the {eed. This was
demonstrated by Sherwood and Fraps (1932) in tests in which the effect
of a white corn, a mixed white and yellow corn, and a yellow comn diet
(white corn lowest, yellow comn highest vitamin A content) were com-
pared with each other.

No similarly direct relation was found between the vitamin A con-
tent of the yolk and the hatching quality of cggs produced by the hens
of these three experimental groups; but when the two groups which re-
ceived the highest and lowest amounts of vitamin A with the leed, and
whose eggs had the highest and lowest hatchability, respectively, were
compared with each other, it was found that in every one of four tests
the eggs of the group with high hatching quality contained more vitamin
A in the yolk than did the eggs of the group with low hatching quality.
Similar results were obtained in a test in which allalfa leaf meal served
as supplementary source of vitamin A (Sherwood and Fraps, 1934). The
results of this experiment are given in Table 25. Though by far the
greatest part of vitamin A is found m the egg yolk, it is quite possible
that the fraction contained in the albumen is more important as far as
hatchability is concerned.

Additional extensive evidence concerning the necessity of vitamin A
for the developing embryo, and the need for its presence in the feed of
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hens which produce hatching eggs, was [urnished by the work of Payne
and Hughes (1933), R. M. .Smuh (1983), Sherwood and Fraps (1935, 1‘11[)\
Russell, Platt, Taylor and Chichester (1936), Almguist aned Mecchi (1939),
Polk and Sipe (1910), Hart and Stuart (1944), Temperton and Dudley
(1916-1948), McClymont and Hart (1918), Kofgtaj (1957) and  others.
Bearse and Miller (1937) presented [uuhu data showing that an nnprove-
ment of the hatchability of eggs takes place as the level of vitamin A
(alfalfa) is increased in the ration. With only 0.5 percent of allalla in
the ration (62.5 Sherman units! of vitamin A per 100 g. of [eed) cggs
did not hatch; with 1 percent of allalfa hatchability amounted to 68.3
percent and with 4 percent alfalla (500 Sherman units) 95.8 percent ol
all fertile eggs hatched. No [urther increase of hatchability was obtained
with higher levels of vitamin A intake. Fertility was not affected by the
vitamin A content of the ration. The amounts of vitamin A in the yolk
of eggs increased with a greater intake of this vitamin by the layi ing hem
There is evidence suggesting that excessive amounts of tllf'tan vitamin A
may lead to a condition of hypervitaminosis with increased embryonic
mortality (Temperton and Dudley, 1947), but the evideuce [or this con-
clusion is not critical. The lower the level of vitamin-A intake or the
more severe the depletion of the body ol laying hens, the earlier during
incubation is embryo mortality said to oceur (Temperton and Dudley,
1946).

Studies by Williams, Lamprman and Bolin (1939) led to the conclu-
sion that vitamin A deficiency depresses hatchability only il it is sulfi-

Table 25

No-alfalfa  A%-alfalfa  B9%-alfalfa
group: 224 group: 336 group: 411 Estimated units of vitamin A

unilsvila-  unitsvita- unilsvita- frer gram of egg yolk
mindfed mindfed minAfed
Date per day per day per day  Ne-alfalfa  49-alfalfe B -alfalfa
af hatch Hatch 9 Flatch Hatch g, group group groufs
May 1. 1933 13.8 31.% 33.% 1l 13 14
June 9, 1933 47.0 50.2 60.2 8 15 14
Average 384 46.0 524 9.5 14 14

ciently severe to interfere with health and normal physiological functions
of the laving hens. Rubin and Bird (1912) similarly stated that more
vitamin A is needed for maximum production than for optimal hatch-
ability. According to Lissot and Caridroit (1941) the minimum amount of
vitamin A i an cgg, necessary for hatching, is 350 international units.
Boelhemn (1948) cstimated that the daily minimum requirement ol Brown
[Leghorn pullets [or good hatchability is 400 units of vitamin A, and

1. Sherman and international units of vitamin A arc not directly comparable.
It has been found that the factor for converting Sherman units into inter-
national units may vary between (0.8 and 2.5,
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Taylor, Steyn, Russel and Junghery (1947) recommended a minimum of
2,000 international units ol pro-vitamin A per pound of feed.

Thiamine (vitamin By) is so plentiful in all cereal grains that a
deliciency in it is unlikely to occur in the nutritdon of fowl. This ts not
saying, of course, that thiamine is unimportant in development of the
chicken em!n\-u By injecting thiamine analogs into developing eggs
Naber, Cravens, Baumann and Bird (1951) could produce typical symp-
tomms of thiamine defictency and high L-mbr‘_.u mortality.

Bethke, Record and Kennard (1933, 1936) have shown that riboflavin
(B.) is essential for normal embryonic development. This was confirmed
by Davis. Norvis and Hewser (1938 by and Selnwonacher and  Fleuser
(1939 a). 1t was [urther demonstrated that the ribollavin content of egps
is influenced by the yanion led to laving hens (Heiman, 1935; Bethhe,
Record and TVilder, 1936), With regard to what has been said before
concerning the relative importance of albumen and yolk for hatchability,
it s interesting to note that vitamin By was found 1o he confined to the
egg volk, while riboflavin is present hoth in albumen and volk. Further
evidence for the necessity of ribollavin [or high hatchability was presented
by Norrvis, Heuser, Ringrose, TV ilgus and Heiman (1934), ,\nrns Wilgus,
Ringrose, Hetman and Hr wser (1936) and Sergeev and Kudriavtsew (1911).
The results of Novvis, Wilgus, Ringrose, Heiman and Heuser are graph-
wcally shown in Figure 22 wluch demonstrates that up to a certain con-
centration of ribollavin in the leed there is a nearly divect proportion-
ality ol increase in hatchability with increase in ribollavin intake by the
laying hens, while alter a satisfactory level has been reached, no further
iEprovement yesults.

Further data concerning the effect of riboflavin deficiency on em-
bryonic mortality and hatchability were given by Dawvis, Norris and Heus-
er (1938 a). These authors demonstrated also that riboflavin deficiency
leads to a retardation of embryo growth.

Investigations by Lepkousky, Taylor, Jukes and Almquist (1938) show-
ed that the characteristic embryonic abnormalities produced by ribo-
flavin-deficivnt diets consisted of edema, commonly found in embrvos
dying between 9 and 14 days; of degeneration of the embryonic Wolltian
bodies, generally observed in embryos dying between 17 and 21 days: ol
“clubbed" down and dwarling in body size.

Apparently ribollavin deliciency plays also a role in producing em-
brvonic anemia, though still other agencies may be at work in this re-
spect. According to Rozenbalh (19411 Romanofl and Bawernfeind (1912)
and McClymont and Hart (1947) embryvonic micromelia is another symp-
tom of riboflavin-deliciency. The disnibution of embryve mortality on
rations with and without riboflavin is shown in Figure 23. Ronmianolf
and Bauwernfeind (1942) obtained a similar curve ol embryonic mortality,
but made the important observation that riboflavin depletion occurred
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I'he quantitative relationship between intake of vitamin Be (G) by laying
hens and hatching quality of their eggs (I'rom Norris, Wilgus, Ringrose,
Hetman and Hepser, 1936),

at different rates in different hens and that, to an appreciable exient, the
three peaks of mortality amoeng the progeny represent a composile pic-
ture, the highest peak of embryo mortality being shilted the more 1o
earlier incubation stages the greater is the riboflavin depletion of the
maternal body and, as a consequence, of the eggs. The occurrence of
myelin sheath degeneration of the peripheral nerves was shown by Engel,
Phillips and Halpin (1910) in a large percentage of embryos developing
in riboflavin deficient eggs,

In order to obtain eggs with good hatching quality the feed of lay-
ing hens must contain at least 220 to 230 micrograms of riboflavin in
cach 100 grams (Hunt, Winter and Bethke, 1939). Under somewhat dif-
[erent experimental conditions such an amount was found cuite inade-
quate by Petersen, Lampman and Stamberg (1947). According to thesc
investigators 360 micrograms per 100 grams ol feed was marginal, anv
higher L'rmccntr'ltinm giving satisfactory results. Obscrvations hy W, O.
Brouwn (1951, 1952), by Hill, Norris and Scott (1954), Coles and Cumber
(1955) and IJ}' Movimoto, Hizthuro and Arivoshi (1957) led to similar
conclusions. Hill, Norvis and Scott veported, in addition, that for normal
development the yolk ol eggs must contain at least 2.5 1o 3 micrograms/
oram ol ribollavin. Further imformation concerning the role ol ribo-
Havin in practical breeding rations may be [ound in a publication by
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Cravens, Halpin and MeGibbon (1916). There 1s a possibility that heredi-
tarv factors exist which influence the requirements and/or utilization of
rrbnﬂ.um, and thereby influence the quantitative importance of this
vitamin [or hdl{hdl.‘ulll_\. (Dawvis, Novvis wed Hewser, 1938 by Lamoreux
and Hutt, 1918; Oregon Agricultural Exfreviment Station, 19500, AMay-
freld, Odland, Page and albrook (1953) observed dilferences between
individual hens in the riboflavin content of their cggs, independent of
rate of production. Maw (1954) lound evidence in a flock of White Leg-
horns that certain females were unable to deposit adequate amounis af
riboflavin in their eggs. The embrvos in such eggs died between the
tenth and fourteenth dav of incubation. Injection inta these eggs ol a
sufflicient amount of ribollavin led to normal development and the
hatching of viable chicks. Preliminary data suggest that this “metabolic
error” of the mothers is a hereditary wrait, Further work seems to have
established that the trait is due to a single recessive mutant gene (rd),
Buss, Boucher and Maw (1959) have reported the [bllowing values, in
mcg/g, for [ree vibaflavin content ol the volk ol cggs, laid by hens of the
three genotypes: RdRd 4.30, rdRd 2.50 and vdrd 641, Injection into
eges of rdrd mathers of 60 meg tibollavin at 10 days of incubation led to
a 96 percent hatch. Furthermore, it is very interesting that this metabolic
error does not interfere with the production ol normal amounts of flavin
adenine dinucleotide and [lavin mononucleotide of laying rdyd hens.
For free riboflavin of the bload of laving bivds Bowcher. Buss and Maw
(1959) found the [ollowing concentrations in meg/g: RARd 00434, rdRd
0.272 and rvdrd 0.008. The [rce ribollavin level in the bload of laying
rdrd hens is identical with that of the non-laying birds ol the two other
genotypes. A briel veport by MeNary and Bell (1957) suggests the possible
existence ol a similar situation in an inbred [amily of fowl. The discrep-
ancy, as far as embryo malformations are voncerned, between the ellects
ol ribollavin-deficient maternal diets and the consequences of the mutant
condlition which prevents the rise in blood riboflavin level at sexual ma-
turity and hence storage of sulficient amounts of the vitamin in eggs,
remains to be elucidated,

Pantothenic acid (the so-called antidermatosis vitamin or [iltrate
factor component of the vitamin G complex) was believed by Lephovshy,
Taylor, Jukes and Almquist (1938) to have no ellect on ]muhabllm
The investigations of Bauernfeind and Noivris (1939 a and ), Taylor,
Thacker and Pennington (191) and especially those ol Gillis, Heuser
and Norris (1912 a and b; 1917, 1918) have shown bevond doubt, however,
that the presence of pantothenic acid in the diet of laying hens is essen-
tial for the production of hatchable eggs. The latter authors found that
the pantothenic acid requirement for goad hatchability is hetween G50
and 1000 micrograms per 100 grams of dict. On pantothenic acid defi-
cient diets the embryos die late in incubation without showing char-
acteristic abnormalities. It was also found that the effectiveness of panto-
thenic acid is increased by adding heated Tiver extract to the diet. Accord-
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ing to Balloun and Phillips (19571 3 mg/lb. leed ol pantothenic acid are
adequate for satisfactory hatchability if the diet of laving hens contains
sutficient amounis of vitamin Byo, but more than 4.5 mg/lbh, are needed
on a Bys-delicient diet. It was found that on a dict low in pantothenic
acid, added amounts ol vitamin B, appreciably increased the deposition
of pantothenic acid in the eggs. Hence the authors see in this interesting
relationship a confirmation of an hypothesis advanced by Foans, Gro-
schhke ane Butts (1951), according to which vitamin B, aids in the wans-
ler of pantothenic acid from the liver to other parts of the body. An
analog of pantothenic acid interfered with embryonic development (Rim-
wra and Aiviyama, 1959),

Briggs, Groschhe and Lillie (1916) demonstiated that nicotinic acid
(vitamin B;) 15 indispensable [or hatchability, "The amount required in
a ration depends on the amino acid balance ol the leed, The presence
of an excessive amount of a protein low in wyptophan (e.g., ossein) in a
purified, nicotinic-acid low ration produced nicotinic acid deficiency
which led within three weeks to complete failure of any eggs to hatch.
Following the addition of 50 mg. ol nicotinic acid to cach 100 g. feed
hatchability improved vapidly. Hansborough (1917) yeported that an ex-
cess of nicotinic acid, !s!.l]]])!itll by injection into the albumen of eggs, led
to the occurrence of abnormalities in the nervous and vascular systems
of chicken embryos, hut it remains to be determined whether or not these
deflects were specific responses, On the other hand, it was shown hy
Ackermann and Taylor (1948} that injection into the yolk sac at 96 hours
of incubation of 3-acetvlpyridine, a niacin antagonist, was responsible
for hypoplasia of the skelctal musculature, sometimes accompanied by
shortening of the upper beak, and generalized edema. When nicotin-
amide was injected together with 3-acetylpyridine, the embryos developed
normally. Tt is interesting that another niacin antagonist, 6-aminonico-
tinamide, has quite different teratological eflects (Lanedawer, 1957 d)
Injection at 24 hours is responsible for a high incidence of rumplessness:
treatment at 96 hours produces embryos with micromelia and parrot
beak. As in the case ol J-acetylpvridine, supplementary nicotinamide
provides complete protection against the teratogenic action of G-amino-
nicotinamide. Moreover, the effects of both 3-acetylpyridine and 6-amino-
nicotinamide can be [orestalled nearly completely by the simultaneous
injection of either 3-hydroxyanthranilic acid or uyptophan.

A deficiency of the feed in vitamin B, (in diflevent forms known as
pyridoxal, pyridoxamine and pyridoxine) has, according w Cravens, Se-
besta, Halpin and Hart (1043, 1946), a much more adverse effect on cgg
production than on hatchability, and its influence on the latter 15 for
this reason not easily tested by the usual methods. It has been shown,
however, by Cravens and Snell (1949 a and b) that early embryonic de-
velopment of the chick is inhibited by desoxypyridoxine, a metabolic
antagonist of vitamin By, and that this inhibition can be prevented by
simultaneously injecting into the eggs adequate amounts of vitamin Bg.
These conclusions have been confirmed by Karnofsky, Stock, Ridgway
and Patterson (1950) on the basis of tests with methoxypyridoxine.
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Studies by Tavlor ([947) first indicated that folic acid (pterovl-
glutamic acid) was uulrs]wnsdhle lor good hatchability.  This is supported
by the earlier observations ol Cravens, Sebesta, Hn!{uu and Hart (1942 b)
concerning the effect on hatchability of the so-called Lactobacillus casei
lactor, now known to boe identical with svuthetic folic acid. The {luauti-
tative requirements of dietary lolic acid appear, however, to be very
slight  (Schweigert, German, Peavson and Sherwood, 1918). On an un-
supplemented diet hatchability dropped to zero by the end of the sixth
week, but retwrned to a normal level when 0. to 0.8 mg. ol the vitamin
were added to each kilogram of feed (Couch, German and Pearson, 1949;
Couch and German, 1930). Similar resulis were obiained by Sunde,
Cravens, Bruins, Elvelijent and Halpin (1950}, whereas slightly lower
estimates of the critical level of folic acid needs weare made by Lillte.
Combs and Briggs (1950). Bends in the tibiotavsus, syndactylism, parrot
beak and other beak deleets have been deseribed as mmphu]:wu al symip-
toms ol folic acid defliciency, The majority ol delicient embrvos, how-
ever, died toward the end of the incubation period without showi I gTOss
defects. The time of death varies with the degree of deficiency. The
appearance ol deliciency symptoms can be prevented by injecting folic
acid into the eggs (Sunde, Cravens, Elvehjem and Halfpin, 1950 b).
Folic acid antagonists produce a general stunting ol embryvo growth and
the occurrence ol developmental abnormalities (Wagley and Morgan,
1948; Karnofsky, Patterson and Ridgway, 195 Snell and Cravens, 1950).

Biotin is of great importance [or hatchalality (Gravens, Sebesta, Hal:
pin and Hart, 1912 a: Couch, Cruvens, Elvelijem and Halpin, 1947).
When biotin concentrare was added 10 a basal diet which had led o the
cdeath of nearly all embrvos, the hatching quality ol eggs rose to 8O per-
cent in the course of three weeks. Tn eges produced on a biotin-delicient
diet peaks of excessive embryo mortality were tound on the thivd day
of development and toward the end of incubation. The occurrence ol a
micromelia, similar in appearance to and probably identical with spor-
adic chondrodystrophy (which will be discussed later), seems 1o be a
characteristic feature of biotin deficiency  (Cravens, McGibbon and
Sebesta, 1944; Couch, Cravens, Elvelijern and Flalpin, 1M8 a). Normal
hatchability of eggs produced on a biotin-deflicient diet can be restored
by injecting into the albumen approximately 10 4 of crvsialline biotin,
This must be done at the beginning ol incubation, the effectiveness de-
creasing to zevo by 120 hours of development (Couch, Cravens, lveljem
and Halpin, 1949).

On a synthetic diet containing sucrose as the source ol carbohydrate,
hatchability fell to zevo within three weeks. "There was a simultaneous
reduction of hiotin in the yolk from 510 10 18 micrograms and in the al-
bumen from 65 to less than 15 micrograms per gram of substance. 'When
biotin was added to this diet (200 4 per kg.) hatchability returned to a
normal level, With dextrin instead of sucrose as the carbohiyvdrate, hateh-
ability and biotin content of the eggs declined less drastically, These
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results suggest that the occurrence or non-occurrence of intestinal biotin
svnthesis depends on the available dictary carbohydrates (Cravens and
Couch, 1947; Couch, Cravens, Elvelijem and Halpin, 1948 h).

Vitamin By, is essential for good hatchability (Lindstrom, Moore,
Petersen and Wiese, 1949; Petersen, Wiese, Lampman and Dallstrom,
1950: Lillie, Denton, Olsen and Birvd, 1950; Oleese. Concl and Lyman,
1949, 1950; Olcese and Couch, 1950, Carver and MeCGrnis, 19507 Mizlli-
gun and Combs, 1950; Petersen, Lampman and Wiese, 1950; Couch, Ol-
cese, Sanders and Halick, 1950; Black, Geily, Coates, Harvvivon and Kon,
1950; Savage, Turner, Kempster and Hogan, 1952; Petersen, Wiese, Dalil
strom and Lampman, 1952; Petersen, Lampman and Wiese, 1952; Sunde,
Halpin and Cravens, 1952; Berg, Bearse, McGinnis and McGlary, 1952:
Mehring, Titus and Waddell, 1954, Arscott, Shorb and Boggs, 1955).

Vitamin B, appears to be identical with the previonsly unidentified
hatchability [actor in fish meal (Lindstrom, Petersen, Wiese and Moove,
1919) and other animal proteins, including that in cow manure (Lillie,
Olsen and Bird, 1919), to be discussed below (p. 110). It has, in fact, now
been shown that an all-vegetable protein ration, when properly supple-
mented with a source of vitamin By, will support very satislactory
hatchability (Skinner, Quisenberry and Couch, 1951). Hill, McConacliie,
Gartley and Branion (1950) observed that on a diet deflicient in vitamin
Bis the maximum embryo mortality occurred between 8 and 14 days of
incubation. The principal deficiency symptoms were edema about the
cyes, shortening of the beak, curled toes and poor leg muscle develop-
ment. Olcese, Couch, Quisenberry and Pearson (1950) veported that the
peak of embryvo mortality on a vitamin B,,-deficient diet occurred be-
tween the sixteenth and cighteenth day of development and that mvo-
atrophy ol the legs and hemorrthages were the principal gross symptoms.
There is marked dwarfing and edema (Ferguson, Rigdon and Couch,
1955). The thyroid is enlarged, the walls of the digestive tract are thin,
and about half of the B, ,-delicient embrvos had a fatty liver and a di-
lated, irregularly-shaped heart (Ferguson and Couch, 1954 a, b). Liver,
brain and spinal cord contained focal areas of necrosis and the amount
of fat was increased in the parenchymatous tissues (Ferguson, Rigdon and
Couchi, 1955). In the spinal cord of Bjs-deficient embryos the number
of myelinated [ibers was markedly reduced, as was the size and number
of multipolar cells in the ganglia ol the spinal cord and the sympathetic
trunk (Ferguson. Alexandey and Cowuch, 1956). With eges produced on
B,,-deficient diets hatchability can be improved by injecting vitamin
B, into the volk sac¢; injection into the albumen has no elfect (Kdllai,
Aros, Biszhup and Kralowdnszky, 1956). Analogs of vitamin B, interfeve
with normal development (Coates, Davies and Harrison, 1960).

Experiments conducted by Peeler, Miller, Carison, Novris and Heuser
(1951) demonstrate, however, that after prolonged vitamin By, deliciency
of laying hens, embivo mortality may occur so early as to simulate in-
fertility. Vitamin B;,-deficiency is responsible for a marked decrease in
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phospholipids, especially cephalin and sphingomyelin, in the cmbryo
(Yesairr, MeOsher and Danitel, 19549), and the level of vitunin Bi,-intake
atfects the storage of folic acid in the yolk of eggs (IWeich, Pevrett, Clem-
ents and Couch, 1954), On a vitamin B free diet the addition of peni-
cillin raised hatchability from zero to 39 percent (Elam, Gee and Couch,
1951; Elam, Jacobs and Couch, 1953, also Miiller, 1958). Sizemaore, Lillie
and Bird (1952), Sizemaore, Lillie, Denton and Buod (1953) as well as
Havermann and Wegney (1958) and  Gerriels (1960) reported  similar
results after using aureomvcin supplements in the vitamin Bj.«le
licient diet ol growing chicks and Marviakulandar, Myt and  Me-
Ginads (1952)  oblained  an improvement of hatchability with  terra-
mycin supplements, but other experiments with  added  antibiotics
led 1o negative vesuls  (Litlie and  Brd, 1952) or 10 inconsistent
eflects (Bentley and Hershberger, 1954). The advantage devived [rom
aurcomycin supplements given to growing chicks may persist in the
hatching results of the second laying vear (Sizemore, Dillie, Bivd
und Denton, 1955), On complete rattons, supplements ol antibiotics
had no effect on hatchabilivy (Smith, Delaplane and Wiley, 1952; 1Waibed,
Sunde and Cravens, 1952; Shevwood and Milby, 1951 Gardon, Chubb
and Stacey, 1954; Heywang, 1956, 1959; Thornton and Morveng, 1958;
Carlson, 1959: Saxena and Kumar, 1959). The bencelicial cffects ol anti-
biotics in combination with vitamin Bydelicient diets are presumalily
the result of changes in the intestinal flora and a consequent stimulation
of vitamin B,.-svnthesis,

Studies by Yacowttz, Miller, Norris and Hewser (1952) led 1o the
conclusion that on an all-vegetable diet containing 25 percent protein the
vitamin By, requirement for good hatchability is about (L2 4 per 100
grams of feed, and that the embryos needed approximately 2.5 4 per gram
of yolk. On the basis of tests with New Tampshires Milligan, Arscolt and
Combs (1952) reported similarly that the requivernent for nonnal hatch
ability 1s about or slightly more than 2.2 o /kg. feed, but Mariakulandar
and McGinnes (1953) estimated the need as not over | /kg. As might
be expected, the requirements vary with different methods of manaye-
ment. Petersen, Wiese, Milne and Lamfimean (1953) found, for imstance,
that on built-up litter about 1.7 y/kg. vitamin By, are required, hut that
in laying cages or on raised wire {loors as much as 3.3 (o 1.4 4 /kg. may be
needed. On a vegetable diet Jofinson (1954) found that 110 2 y/kg. added
vitamin B, sulliced. Chin, Anderson, Milley, Norris and Heuser (1058)
reported for White T.cghorn hens that in the presence ol adequate
amounts ol riboflavin the By, requirement was 005 to I y/kg. feed, but
as much as 2 o 4 - /kg. il the available riboflavin was inadequate. There
were great (genetic ?) differences between hens in the amounts ol vita-
min By, which they deposited in their eggs.

Dehydrated alfalfa leat meal was reported by Jacobs, fdam, Quisen-
berry and Couch (1953) 1o contain an unidentified factor promoting
hatchability. Jensen and McGinnis (1957) suggested that vitamin K was
the responsible agent, but no experimental evidence is yet avatlable in
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Table 26

U.SP. units of vitamin D fed frer 100 g. of feed

10 19 39 58 73 116 155 0 39
frunge) {rang)
Average weight of eggs in g.
71982.1033 51.0 50.9 51.7 59.7 52.3 52.7 523 53.1 52.9
1934-19358 43.1 46.2 48.4 49.8 50.7 50.5 51.2 51.0
Avevage blood serum calcium of laving hens.
Calcium in mg. per 100 cc. blood serom.
195219358 18.7 21.14 24.5 24.7 25.5 26.0 252 26.6 250
193:4.1935 21.2 21.9 23.3 24.5 26.2 25.6 27.3 28.2
Average shell weight in ¢ of
total egg weighi
1932-1933 6.7 7.0 8.7 8.9 8.8 Q.0 92 9.1 9.0
1984-1935 6.1 7.3 8.1 g5 8.9 88 9.1 9.9
Average ash content of egg shell in ¢
19321353 52.1 594 530 53.3 532 58.2 53.2 33.2 53.1
1934-1935 817 2.6 £3.0 53.2 53.4 53.5 334 53.3
Total number of eggs incubated
1982.1033 131 284 500 500 200 B} 20 500G 500
1984-1935 41 111 191 200 247 300 300 300
Average 9, hatch of fertile eggs
1932-19353 6.4 445 74 ] 8490 881 87 R 91.0 83.3
[934-1935 11.1 278 774 i 79.6 74.2 865 irn|




support of the conclusion that vitamin K influences embryo survival
and hatching,

The presence of vitamin 1) in eggs s necessary for normal hatch-
ability, and in order to be deposited in the eggs in sulficient quantities,
vitamin D or its precursor must be supplied to laving hens through the
feed, or the hens must be exposed 1o direct sunlight or to ultraviolet va-
diation. Out of the many publications bearing on these questions, refer-
ence is here made only to the work of Hughes, Payne and Fatshauw (14F24-
1925), Hart, Si’f’t’nbﬂuﬂ. Lephkovsky, Kletzien, Hm'}mr and folmson (1925),
Haolmes, Brown, Smith, Treadwetl and Whitelock (1925-1926), Martin
and Insho. [r. (1929, Mavtin, Ervtkson awd Iusko, Jeo (1930, Gralierir,
Sith and McFarlane (1931), Murtin and Insko, Jr. (1935), Pm'm' and
Hu‘g?m.s‘(]ﬂ?i%}, :\ff.n'/:hy., Hunter and Knandel (1951). Carver, Robertson,
Brazie, Johnson and St. John (1934), and Insko, Jr.and Lyons (1936), Fuar-
ther literature will be found in these publications.

Nestler (1937) veported that the addivion of 2 percent cod liver oil
to an otherwise complete all-mash ration, or the exposure ol the conlined
laying hens o ulwavielet irradiation lor 15 minutes daily (carbon are,
distance 3 leet, mtensity 3400 o 4000 Angstrom unitsy gave comparable
hatching rvesults. Hens appear 1o require somewhat higher amounts of
vitamin D than pullets for equal hatchability ol theiv eges (Couch, James
and Sherwood, 1917).

In laying hens which receive inadequate supplies of vitamin D the
blood calcium falls below the normal level. Such hens lay small eggs with
shells which are reduced in total relative weight as well as in ash content
{calcium); hatchability of these egps is decreased. Al this s illustrated by
the data of Table 26, giving the results of Murphy, Hunley and Knangdel
(1936) from two years’ experimentation with White Leghorn females
which had been kept on dicts with varving vitamin I content,

It was demonstrated that embryos developing in eggs which hael
been produced an dicts delicient in vitamin D were unable to obtain the
normal amounts of calcium and phmphmut. (Insho, fr. and Lyons, 1936).
This is shown by the data in Table 27. The experimental birds were
confined to a chick house with the sunshine liltered threugh window
glass, One group received no cod liver oil, while 2 percent of cod liver
0il was added to the feed of the other group. As incubation proceeded,
the embryos in the D-delicient group [ell increasingly behind the normal
ones in caleium and phosphorus content. The apparent recovery at the
endd of the incubation period is unquestionably explained by the fact
that the embryos most deficient in the two substances had hed by then,
since according to Insko and Lyons the peak ol mortality Iell on the
cighteenth and ninetecnth day. Duaring the lirst two weeks of incubation
vitamin D deficiency apparently does not cause an increase in embrvonic
death rate, but during the last week morality is much greater than
normal (Figure 24).
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Table 27

Calcium G Phosphorus o
Day of No eod 2% rod No rod 20, cod
mrubation fiver oil liver oif liver ol ltver oil
15 0.79 091 131 1.54
5] 0.82 0.97 1.14 1.20
17 0.03 1.20 1.13 1.25
18 .11 I a1 1.11L 1.29
19 1.18 1.44 1.16 1.31
20 .37 1.55 1.28 1.38
21 1.07 1.34 0.96 1.01
50
40
=
k
.
?t] 30
"
9
Y zo
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Figure 24

The distribution of embrye mortality in two groups of pen-confined White
Leghorns, Shaded: 2 percent cod  liver oil; black: no cod liver oil
(From fnsho and Lyons, 1936),

Factors other than shell quality and calcium metabolism may alfect
the hatching quality of eggs as a consequence of vitamin D deficiency.
Heuwser (1927), with reference to feeding expertments with cod liver oil
mnd yeast, raised the question whether or not mereased hatchability,
lollowing the addition ol one or the other of these substances to the
diet, is due to a delinite vitamin or to an improved general physiological
sondition of the birds, He found that eges from hens which at the time
were gaining in body weight showed 71.6 percent hatchability; those
from hens with a constant weight had 66.2 percent hatchability, and
those from hens which were losing weight hatched only 61.2 percent.
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While these relationships are interesting, they hardly offer a basis for
conclusions since ellects of vitamin deficiency may well be rellected simul-
taneously in the physical condition of the hens and the hatching quality
of their eggs.

Dinitrieva (1935) reported that irradiated yeast was a more effective
supplement [or D-deficient diets than cod liver oil. She observed that
birds on a D-delicient ration laid many abnormally shaped eggs, and
also that the incidence of “chondrodyswrophy™ was much increased. With
repard to the latter statement, it is Iikef} that some other Tonm ol micro-
melia had occurred, possibly the one thar is bhrought on by manganese
deficiency.

‘The fact that the presence of the Creeper trait causes an earlier
appearance and more severe expression of the symptoms of vitamin 1)
deliciency in growing chicks (Landawer, 1934) suggests that the vitamin
D needs [or the production ol eges with high hatching quality may vary
with the presence or absence of certain genete factors.

An excess of vitamin 1) in the diet leads 1o a decline of hatchability,
with a drop to zero in case ol extreme overdosage (Branian and Smith,

1932 Titus and Nestler, 1935 Heywang, 1914 a).

With regard 1o what is known concerning the importance of vitamin
D for hatchability, it is interesting to inquire if exposure of cggs either
to direct sunlight or to wltravielet radiation will alfect their hatching
quality. Fronda and Belo (1028) obtained a signilicant improvement of
hatchability by exposing cggs to direct sunlight before they were put into
the incubator and either every day or every third day thevealter until
the cighteenth day ol incubation. A number ol studies have been made
concerning the effect of ultraviolet radiation on the hatching quality of
egas. Hart, Steenbock, Lepkouvsky, Kletzien, Halpin and Johnson (1925),
Boyd (1928), and Kudera (1928, 1929) [ailed to observe a beneficial effect
ol nradiating eges, but Jeuele and Mitamuwra (1928), Choleoduk (1929),
and Sheard and Higgins (1928/1929, 1930) found that hatchability in-
creased somewhat when eggs were exposed to ultraviolet radiation. Ac-
cording to Sheard and Higgins treatment was especially effective when
incubation conditions were unfavorable on account of high humidity,
Romanoff and Ludlum (1918) lound that repeated exposure of incubating
eges to ultraviolet radiation [ailed to improve hatchability, but it pro-
duced an acceleration ol development, resulting in somewhat earlier
emergence ol the chicks [rom the shells.

Experiments which were carried out at the Storrs Agricultural Fx-
periment Station sustained the conclusion that ultraviolet ireatment of
hatching egps during the incubation period may increase hatchability to

g €8y 2 I } )
a certain extent (Landawer, 1932 ), This 15 shown by the data in Table
28 which were obtained with cges [rom inter se matings of Creeper fowl,
28 g I
The experiments represented by groups I and IT were run simultancously
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with stock of the same ancestry: the dilference in hatchability of the eges
of these two groups amounted 1o 12.9 + 1.91 percent in favor of the
irradiated lot. Groups ITI and IV are one and the same mating, first
used as control (111 and subsequently for irradiation ol the egos
(1V}); the difference in hatchability between groups 1 and IV was 8.5
1.87 percent, again in layor of the group in which the eges had been ir-
racliated. lhexc can be no doubt about the statistical signiflicance afl
these dillerences. T'he gencrally low hatchability in these experiments
is explained by the [act that we are dealing with birds carrying o lethal
mutation, and that mortality of the lethal embivos was not alfected by
the ultraviolet treatment. The increase in hatchability was shared in
similar proportions by the heterozvgous Creeper and norimal embryos
which were segregating in these matings.

Table 28

Number of Fertile epps
Goroup I reatmenl fertile eggs hatched 9
I none 793 4741418

11 Repeated irradiation of eggs with Cooper
Hewitt lamp 875 60.3+1.21

111 Parents treated with sunbamp: eggs not
irradiated 171 419 ﬁiﬂ {34
v Repeared irradiation of eggs with sunlamp 345 S50 1015

In still other experiments it was shown that the hatchahility of cggs
of Frizzle fowl was not improved by uliraviolet treatment. To this we
shall refer later, In general, it may be concluded that, at least with the
cggs of some stocks, ultraviolet treatment during the incubation period
will improve the hatchmg quality of eggs. It is also true, however, that
this improvement is velatively slight in extent, T'his may be due ta the
[act that only small quantities of ultraviolet energy penetate through
the egg shell. There is reason to believe that uluaviolet trradiation ol
epgs does not serve as a source of vitamin D for the embryo, but thal
its benelicial results are due 1o a more general elfect on metabolism and
growth, More recent observations in Russia and Hungary tend to con-
firm the conclusion that sinall, hut signilicant improvements of hatching
may be obtained by pre-incubation exposure of eggs to ultravioletr rays
{Kodinecz and Lacza. 1954: Kadinez, 1955, Gudkin, Nwnsidze and Smir-
nov, 1959). The feeding of a gamma-irradiated diet, on the other hand,
may be responsible [or a rise in embryvo mortality during the last weck
of incubation, probably on account of the destruction ol vitamin 1)
(Burns, Brownell and Eckstein, 1956).

The presence of vitamin E is also necessary in eggs in order 1o obtain
normal hatching results, and this vitamin must be supplied to the laving
hens with the [eed so as to enable the birds to deposit the needed amounts
in their eggs (Card, 1928-1929; Card, Mitchell and Hamilton, 1930;
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Barnwm, 1935; Ender, 1935 Barbas, 1936). In the experiments of Card,
Alitchell and Hamilion Rhode Island Red pullets, alter they had veached
the age ol cight wecks, were raised on a diet in which vitamin E had
been destroyed by treatment wich lervic chloride. These [emales later on
were used lor matings; the males in the matings were supplied with
vitamin E. Out of 317 fertle eggs, only 41 developed beyond the ninth
day of incubation, and none hatched.

During the latter part ol the hatching season only nine embryos
among 192 [erttle eggs survived the sixth day and these died at later
stages. When vitamin I, in the form of wheat germ oil, was administered,
hatchability in successive settings became 32,6, 61.7, 61.7, and 69,4 percent,
respectively, \When vitamin E was discontinued once more, the hatching
quality of the eggs declined at once and, within two weeks, dropped to
almost zero, It was [ound that the embryo mortality caused by vitamin
E deficiency has its peak between 81 and 96 hours ol incubation. As
carly as 24 hours aflter the starting of incubation the embryos showed
retarded development, both in growth and wm dilferentiation.  Iemor-
rhages and other disturbances in the circulatory system seem to he the
principal direct cause of death (Addamstone, 1931), though the carly de-
velopmental retardations may m turn be responsible for these symploms,
It should be noted, however, that, when an otherwise complete ration s
fed to laying hens, the addition of wheat germ oil may not improve
hatchability significantly (Dols, 1937),

According to a veport by Heyn (1951) certain preparations of vitamin
1" improve hatchability. This is a vitamin which Gaetsch [irst found in
extracts ltom termites. Hevn's data are not very convincing and his
techniques leave much to be desired. espectally in regard 1o the hasal
dlicts used. Further observations must be awatted, and one hopes that the
possible relationship of vitamin T to members of the B-group will be
studied.

It has been claimed that the [eeding of follicular hormone to layving
hens materially increases the hatching quality of eges (Koch, 1985, 1936,
1937; Westermayer, 1936). Extensive tests by Priifer (1936) and by Ebbell
(1938) failed, however, to substantiate any such elfect ol follicular hor-
mone. Simon (1939) found that the Itcdms_. ol follicular hormone im-
proved hatchability in some instances, but that in the majority of cases
no such response was obtained. Negative results were also recorded by
ddams, MeGibbon and Casida (1951). Subcutaneous implantation ol a
single pellet (12 or 15 mg.) of dicthvistilbestrol at the age of cight or nine
weeks had no eflect on the hatd haln]u\ ol eggs laid subsequently (Fraps,
Sohn and Olsen, 1956; Talmadge, 1959), but multiple pellets allected
hatchability adversely to at least [80 days aler implantation. Stefant
(1986) reported that the injection into eggs of small amounts of prostate,
follicular or testis extracts diedd not alter the length of the incubation
period.
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Proteins and fatty acids

Various experiments have been made with regard to 1he elfect of pro-
teins of different origin on hatchabilivy. It is difficulr, however. ta evalu-
ate the available evidence, since in many cases it may only be a question
of how good a source a particular animal protein is for vitamin By, or
other vitamins. Reservations ol a similar nature seem to apply 1o much
of the experimentation in this field. A proper balance of proteins and
other nutrients is unquestionably important for the production of eggs
with good hatching quality (e.g. Sherwond, 1957). An excessive amount
of protein in the feed may, according to Sergeev and Kudriavisen (1911,
lead to the production ol eggs without shells. For a general review of
earlier work se¢ Heuser (19411). Fat-free diets do not prevent the produc
tion of hatchable eggs (Reiser, Gibson, Cary and Tamjp, T95]).

In using buttermilk powder, fish meal, tankage or meat meal as
I)I‘(JL(‘.‘il’l !iup]ﬂmneuls to the diet MeFarlane, Fulmer and [ukes | 193{}"} oh-
tained wide variations in the batching quality of eggs and in the stage ol
development at which the highest mortality occurred. But chemical anal-
vsis did not reveal significant differences between the eggs of high and
low hatching groups with regard to the relative amounts of total nitro-
gen, total amino-nitrogen, tyrosine, tryptophan and cystine in the egy
contents. The source of origin or methods of manufacture appear to
play a considerable role with regard to the value (lor hatchability) of
protein supplements. Thus, in the experiments to which relerence was
just made, tankage as a protein supplement produced a very low hatching
quality, while this was not true in experiments carried out by Francisco,
Chan and Fronda (1931). Similar experiences were recorded by Byerly
and his associates, Ingram, Cravens, Elvelyem and Halpi (1950) found
that on diets delicient in Ivsine and tryptophan no changes occurred in
the tryptophan, lysine, cvstine or methionine content ol the eggs and
hatchability was not altered.

Tilus, Byerly, Ellis and Nestler (1936) lound definite ifferences in
the value for hatchability of different tvpes of beel products: for ex-
ample, ground and dried lean meat or blood meal were inferior to all-
beef scrap. Call and Wilcke (1939), comparing the effect of different
grains in [ceding rations, reported best hatching results with wheat, Jess
satisfactory ones with oats, and still lower hatches with corn, bul even
rations with high wheat content are inadequate Tor good harching re-
sults, presumably on account of riboflavin deficiency (M¢Clymont and
Huart, 1947). According to J. B. Smith (1934) there is a dilference in the
degree to which sunshine (via the body of laying hens) improves the
hatching quality of eags, depending on the kind ol protein supplement
used in the feed. Hammond (1942) reported on the value of milo and
hegari (types ol sorghum) [or the production of hatching egus. Olsen
(1912) found that laying hens fed on acorns of white oaks produced eggs
with olive-colored volks and the hatchability of such eggs appeared (o
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be reduced. The hatching power of eggs sulfers also greatly by the
addition to the dict ol beta-aminopropionitrile, a compound found in
the seeds of the sweet pea. Lathyyus vdoratus, ol the chick-pea, Civel
avietinum, and of certain other vetches (Baruett, Richey and Morgan,
1957). Rosenberg (1957) [ound that this compound is responsible for the
appearance of malformations if injected into developing eggs on the
[ourth ar seventh dayv of incubation. The toxicity of beta-aminopropioni-
trile can be partially reversed with supplementary calcium pantothenate
(Naber and Duwnn, 1959).

Lupine seed is reported by Skwatow (1957) to contain an ingredient
that reduces hatchability when the seed is added to the leed of laving
hens.

The investigations of Ringrose, Morgan and [Fease (1911) and ol
Naber and Morgan (1957) have shown that cottonsced oil contains cer-
tain fatty acids which reduce hatchability when the oil is used as a
supplement to otherwise satisfactory leed mixtures. An addition of 3.6
percent of cottonseed oil to the ration produced a decline in hatchuability
from 80 percent to less than 30 percent. Excessive amounts of cotton-
seed eal (20 to 30 percent) or of cottonseed (334 percent) in the diet
ol laying hens have an adverse eflect on hatchability, apparently on ac-
count of the toxic action of gossypol (Heywang, Denton and Bird, 1919,
Heywang, Bivd and Altschul, 1950y, Tt is not entirely clear whether o
not the noxious principles in cottonsced oil and cottonseed meal are
actually separate entitics. Moreover, cottonsewd meal 1s probably deli-
cient in vitamin B, and lysine (Heywang and Bird, 1950; Heywang,
Bird and Kupperman, 1952).

Contradictory results have been reported for the effect of soybean oil
meal on hdl(hab:l:ly. Wilgus and Gassney (1941), Wilgus and Zander
(1941 and Bird, Rulin, Whitson and Haynes (1916) observed a lower-
ing ol batchability when soybean meal was added 1o the diet ol laying
hens, Carver, McGinnis, McClary and Evans (1946) [ound similarly that
soybean oil meal, when used as the only protein supplement, had a detri-
mental effect on the hatching quality of eggs. On the other hand, Ceard
(1942), Heywang (1942), Heuser and Novris (1944), and Clark and Cun-
ningham (1945) observed no lowering of hatchability as a consequence
ol feeding soybean mcal supplements. These discrepancies may possibly
find an explanation in peculiarities of the residual dicts which were used
in the various experiments. There is no doubt. at any rate, that raw
sovbeans (all varieties?) contain a growth-inhibiting substance (Klose,
Hill and Fevold, 1916, Potter and Kummerow, 1954). Furthermore, sovy-
bean oil meal was found to 'be delicient in a llalrh*lhilit}-‘ [actor which is
present in meat scraps, menhaden fish meal and, in lessor amounts, in
dried skim milk, casein and dehvdrated allalla meal (Bethke, Record,
Kennard and Chamberlin, 1916; Peusack, Bethke and Kennard, 1949)
and which is, at least in part, now identified as vitamin B,,.
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The harmful elfects on hatchability of large amounts of soybean meal
in a diet which does not contain animal protein can be counteracted by
adding b to B percent of dried cow (or steer) manure to the feed (Whit-
son, Titus and Bivd, 1916 a and b Bivd, Rubin, Whitson and Huaynes.
1946). Experiments with an acid precipitate of a water extract ol cow
manure suggested that the same dietary factor in cow manure influences
hatchability as well as growth of chicks (Bird, Rubin and Groschke,
1947: Rubin, Groschke and Bivd, 1947). As a practical application of
these observations Kennard, Bethke and Chamberlin (1948) have re-
ported that built-up lloor litter is a potent source of these dietary factors.
More recent observations by [lillie, Olsen and Bird (1949) have shown
that vitamin B, is the effective ingredient in cow manure,

Certain fats, if added 10 the diet, produce a discase in which hydro-
pericardium and other edematous symptoms are particularly obvious.
The toxic constituent of such fats is located in the nonsaponiliable
[raction of the ether extract. In laying birds toxic fats will reduce hatch-
ability of their eggs (Edgar, Bond, Melius and Ingram, 1958, Naber,
Bletner and Touchburn, 1958; Dunahoo, Edwards, Sclonittle and Fuller,
1959),

Dictary choline defliciency, by some included among the B-avitamin-
oses, mav, according to Jukes (1910) and Hogan, Richarvdson, Patrick and
Kempster (1941, be responsible [or skeletal abnormalities of the embrvo
similar to those resulting [rom manganese defliciency (see below). Lucas,
Norris and Heuser (1016) found, however, that laying hens apparently
can synthesize adequate amounts of choline. According to Ballown (1956)
the choline requirement ol breeding hens does not exceed 500 mg./1b.
of diet. Further information will be needed to clarify whether or not
dietary choline deficiency has an appreciable effect on the hatching qual-
ity of eggs. Diets which were deficient in leucine and either tryptophan
or methionine reduced egg production drastically, but had no cffect on
hatchability. It appears that, as long as eggs are produced at all, they
are supplied with these amino acids (Cravens, 1948). Yet, Mehving, Titus
and Waddell (1954) observed some beneficial effect of methionine on
hatchability when the amino acid was used as a supplement to a corn-
soybean diet. "The existence ol hereditary dilferences in methionine
utilization (MeDonald, 1057, 1958) may provide interesting material for
further studies.

Youngner, Ward and Salk (1950) [rom observations that cannot be
discussed in detail, are led to believe that chicken embryos require
guanine (an amino purin¢ of nucleic acids) and that they mav be unable
to synthesize it. An unidentified [actor promoting hatchability has been
reported repeatedly (e.g., Kurnick, Svacha, Reid and Couwch, 1956) from
experiments in which a synthetic diet was supplemented with liver prep-
arations, fish solubles or fermentation products. But it has also been
observed that certain samples ol fish meal have a depressing ellect on
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hatching (Coles, 1956 a). Supplementation of feed with the antimicro-
bial compound N-(b-nitro-2-furfurlvidene)-3-amino-2-oxarolidone (Furaz-
olidone) had no eflect on hatchability (Francis and Shaffner, 1955; Dean
ard Ste phenson, 1958).

Minerals

The importance of calcium in feed as a (actor in hatchability has
already been discussed in connection with the role which the egg shell
plays in hatchability and in relation to the importance of vitamin D, Tt
should here be added, however, that Titus, Byerly, Ellis and Nestler
(1937) observed a decrease of hatchability when the calcium level ol the
dict was high. The increase in embryonic mortality concerned chiefly
the last three days ol incubation. The dewrimental clfect of a high eal-
cium level appeared 1o be more pronounced when the phosphorus intake
amounted to 0.9 instead of 1.2 percent. These authors found also that
calcium carbonate led to more satisfactory hatchability than calcium
sulphate. Calcites of dafferent origin and containing varying amounts of
impuritics may differ significantly in regard to their effect on hatch-
ability (Little and Thom pson, 1947). Experiments reported by O'Rourke,
Bird, Phillips and Cravens (1954 a, by have demonstrated that an intake
of 0.19 percent phosphorus is inadequate for maintaining normal hatch-
ability, When sullicient Ca HPO, ® 2H,O was added 1o the ration to
raise the level of phosphorus to 0.30 or 0.35 percent, hatchability re-
turned to a normal level, Traces of zinc in the maternal diet are prob-
ably necessary for good hatchability (Blamberg, Blachwood, Supplee and
Combs, 1960; Yates and Schailbfe, 1960).

The importance of manganese for development of the chicken em-
bryo was discovered by Lyens and Insko (1937), Laying hens which con-
sumed insufficient amounts of manganese produced eggs with very low
hatchability. The peak of embryo mortality occurred just before the
end of the incubation period. Those embryos which survived the tenth
day of development were characterized by very short extremities, an ab-
normal conformation of head and beak, retarded growth ol the body
as a whole and abnormally-formed down feathers. In many cases edema
was present. Addition of mangancse to the diet or injection of manganese
into the egg albumen, previous to incubation, prevented the occurrence
of abnormal embryos.

The dewrimental effect of manganese deliciency on hatchability was
conflirmed by Gallufpr and Norvis (1937, 1939) and by Caskey, Norris and
Heuser (1941). The latter authors observed a congenital ataxia, in addi-
tion to micromelia, in chicks hatched [rom cggs that had been produced
during manganese deliciency of the maternal diet. A general review ol
the subject was given by Wilgus, Norris and Heuser (1939). A develop-
mental abnormality obviously identical with that described by Lyons and
Inska, had been reported previously by Byerly, Titus and Ellis (1933 a and
by and by Byerly, Titus, Ellis and Landauer (1035). A histological study
of the bones of abnormal embryos of this type was carried out at Storrs.
Extensive disturbances in structure and formation of the shaft of the
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long bones were found (Landauer, 1936). The histological features
sharply differentiate this nutritional micromelia from chondrodysirophy,
though grossly the two types of abnormalities are practically identical.

For equal hatching results the requirements ol dietary manganesc
appear to be somewhat greater in hens than in pullets (Couch, James
and Sherwood, 1947). The occurrence ol breed or strain dillerences in
manganese requirements, as far as hatchability is concerned, was demon-
strated by Golding, Sihaibile and Davidson (1940). In a comparison of
Barred Plymouth Rocks and White T.eghorns these authors found that,
i order 1o give good hatching results, their Barred Plymouth Rock stock
needed signilicantly greater manganese supplements than did their Leg-
horn stock. Chubb (1951) obtained discordant results in work with
Barred Rock and Brown Leghorn fowl. He reported that hatchability
was reduced by a low dictary level of manganese, but he [ailed to [ind
either micromelia among the embryos that had died in late stages of
development or ataxia among the hatched chicks. The explanation of
this discrepancy has not been made clear.

Christiansen, Halpin and Hart (1939) observed the peculiar fact that
low hatchability due to manganese deliciency may be improved consider-
ably by exposure of the layving hens to longer hours ol direct sunlight.

A number of studies have been made relative to the importance of
iodine for hatchability. Scharrer and Schropp (1932) and Zajtay (1934)
reported that the additon of small amounts ol potassium iodide to the
feed of hens increased the hatching quality of their eggs. Johnson, Pilkey
and Edson (1935), like the former authors working in a goitre district,
and Pfaundler (1940) did not obtain benelicial effects. It seems possible
that the results of such experiments depend to a certain extent on whether
or not the grain used in the feed of the experimental birds had been
grown in an iodine deficient region. Rogler (1958) obscrved that hens
which had been raised and maintained [or an extended period (more
than 2 years) on an iodine-delicient diet produced eggs in which hatching
was delayed and its perceniage reduced. The injection of 20 micrograms
ol iodine, as potassium iodide, into the air space of such eggs, between
12 and 20 days of incubation, led to a dramatic improvement ol their
hatching quality. Rogler found, on the other hand, that in hens which
had been on an adequate diet, hatchability of their eggs remained un-
affected even alter a period of 35 weeks on an iodine-deflicient dict. A
further account of this work was given by Rogler, Parker, Andrews and
Carrick (1959). Extensive observations at the Colorado Agricultural Ex-
periment Station led to the conclusion that a level of 0.1 mg./Ib. jodine
in the feed satislies the requirements ol normal hatchability, and also
that levels of 22.7 mg./lb. or more will interfere with normal hatching
(Wilgus, Gassner, Patton and Harshfield, 1953). The latter is probably
the result of interference with thyroid activity, Investigations by Grosso-
wicz (1946), Wheeler and Hoffmann (1948), McCaviney and Shaffner
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(1H9}, Savage, Turner, Kempster and Hogan (1952, Rogler (1958), Rog-
lev. Pavker, Andrews and Carrick (1959, by and Sinha, Ringer, Coleman
and Zindel (195%9) have shown that chicken cmbryos respond 1o such
substances as thiouwrea and thyroprotein with enlarged and poorly fune-
tioning thyvroid glands and delayed hatching.

Certain mineral substances ingested with the feed may be deposited
in eggs and may affect hatchability, Franke and Tully (19335, 19363 dem-
onstrated that this is the case with seleniam as 1t is found in grain grown
on certain soils in areas ol the north-central Great Plains. Thus two lots
of eggs from a South Dakota farm on which such grain was used for
chicken feed gave only 3.9 and 11.8 percent hatches out ol 127 and
136 [ertile egps. respectively. The great majority of embryos (70 w 74
percent) died during the last days of incubation or were sull alive at the
end of the incubation period but were unable to hatch. Many of these
embryos showed striking mallormations ol the head, wings and legs, Simi-
lar abnormalities were obtained by injecting selenium solutions imto eggs
(Franke, Moxon, Poley and Tully, 1936).

Poley, Moxon and Franke (1937) reported that on a balanced ration
containing 15.15 parts per million of selenivin no normal chicks hatched
alter seven days of feeding and alter 13 days hatchability dropped 1o
zevo, Six davs of feeding a ration [ree of selenium restored development
and hatching to normal. A laying ration containing 2% parts per million
ol selenium did not appreciably alfect hatchability, with a content of b
parts per million hatchability was slightly reduced: with 10 parts per
million no chicks hatched (Poley and Moxon, 1938). A summary ol most
of the selenium work has heen given by Moxon (1937).

The detrimental action ol feeding selenium-containing grain, with
regard to embryonic mortality and the origin of developmental abnor-
malities, was confirmed by Landauer (1940). In this work at Storrs a
comparison was made of the effect which feeding of toxic grain has on
eggs laid by Creeper hens and by their genetically normal sisters, It was
found that the presence of the Creeper mutation exaggerates the selenium
cffect (earlier average mortality, more extreme abnormalities). Westfall
(1938) observed that the simultancous injection of sodium selenite and ol
glutathione or sodium monosulfide into eggs prior to the beginning of
incubation reduced mortality and the incidence of defermed cmbryos.
This protective action of certain sulphur compounds is probably related
1o some basic cellular or metabolic activity.

More recently Moxon and Welson (1914) found that arsenic counter-
acts to a certain extent the toxic effects of selenium. Sufficient seleniler-
ous wheat was used in their experimental ration to give a concentration
of ten parts per million. Either 25 or 5 parts per million of sodium
arsenite were added (o the drinking water. The resulis for an expert-
mental period of ecight weeks are shown in Table 29. Tests during an-
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other year gave similar results. Arsenic at the level of five parts per
million was more elfective than the low concentration, but did nov
completely restore normal hatchability. The lesser toxicity of seleniwm
alone, in comparison to carlier tests, was not explained, Gruenwald (1958)
made a histological study of embryos whose mothers had received a diet
containing 8 p.p. million of selenium. He found in 2% to 5 day embryos
a remarkably constant pattern of tissue necrosis, This occurred regularly
in certain well-defined areas of the brain and spinal cord, in the nptic
cups and lens vesicles, in the mesenchyme ol the limb buds and, 1o a
slight degree, in somites of the tail region. These necrotic events pre-
simably are responsible for the gross mallormations scen in older em-
bryos.

Table 29
Number of Halelt
Treabiment fertile egas %
o Control 409 72.9
Selenium 509 19.6
Selenium 4 arsenic 419 69.2

AGE AND REPRODUCTIVE ACTIVITY OF PARENT STOCK
AS FACTORS IN HATCHABILITY

Age

Much atiention has been paid 1o the question whether there is a
difference in the hatching quality of eges which are laid during the [irst
or during the second laying year of chickens. The most extensive data
were obtained by Axelsson (1932 a). These are shown in Table 30. Within
each of his six groups the eggs produced during the first laying year
hatched better than those laid during the second year. For the whole
material the dillerence in hatchability between the two years amounted
to 4.6 £ 1.49 percent. In view of the consistent behavior of all groups,
this must be considered as the expression of a significant, though small,
difference in hatchability in favor of the eggs laid during the pullet
vear, If the comparison is based on eggs from the same hens, laid during
the first and second vear, the average hatchability for the first year
amounted to 68,3 &= 35.21 percent, and for the second year it was 46.8 —
4.52 percent, with a dilference of 21.5 = 5.54 percent between the two
years.

These data confirm the earlier vesults of Hays and Sanborn (1924)
who, in a comparison of the hatching records of 253 Rhode Island Red
females as pullets and as hens, had [ound an average hatchability of 56.8
=+ 1.68 percent for the pullet year and of 47.9 + 1.93 percent for the
second laying vear, with a difference of 8.87 == 2,55 percent in favor of
the pullet year. This dillerence is also statistically significant. A simila
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trend was indicated by the observations of 1Warren (1934). Funk (1934 a),
Jull (1985), Insko, Lowry and Caldwell (1951) and Goodwin, Lamoreux
and Dickerson (1960). On the whole, there can be no doubt that the
hatching quality ol ¢ggs Taid during the first laying year is to a slight
but significant degree superior o the hatching quality of those produced
during the second laying year. Since the dilferences are small and since
hatchability varies considerably, it is not surprising that some authors
were unable to verily these results,

Does this downward trend ol hatchability with age continue alter the

Table 30

First laving yr-m-_ Second Taving year
Nao, of Fertile cggs No. of Iertile egps
Breed or cross Cegs hatehed 9 Fuus hatehed %
Rhode Island Red 931 76.0-=1.40 472 69.5+2.12
Barnevelder 796 6L 4173 144 5074417
White Leghorn RGA 60.8 -+ 1.66 47 104 4-7.16
Wh. Leghn. x R.IR. 713 60.6 4 1.843 R0 575226
Wh, Leghn. x Barnev, 212 35.2-4-8341 #( h25—-—5h3
R.LR. x Barnev, 871 GdA4--2.50 *75 A3 1—3.01
Total 3891 63.6-40.77 1498 50.0 + 1.27

second laying vear? Observations by Hyre and [Tall (1932) and Green-
wood (1932) demonstrate that it does, On three groups ol White Leg-
horns Ifyre and Hall collected the observations shown in Table 31, For
34 females hatching records were available through the sixth laying vear.
and for this group the [ligures for hatchability in consecutive vears, be-
ginning with the second year, were as follows: 64.8, 57.5, 57.6, 56.4, and
47.8 percent. It appears further [rom these observations that variability
of the hatching quality of eggs increased with age of the mother. Martin
and Insko (1934), working also with White Leghorns, obtained different
results. Their data are given in Table 32, In this case the figures for
hatchability represent the vesults obtained with a steadily decrcasing

Table 31
Number
Groufs  of 2ud year Srdd year 4th year bth year
Jemales
1 638 Mean
hatehability <, 61 44-0.00 58.24-0.07
Coetficient
of variation 318 4-1.10 16.9 1-0.07
1 219 Mean
latchability % 62,1+ 1.22 54 84185 163 +0.18
Corflicient
of variation 3494185 H40+197 54.8+-3.29
(11 B5 Mean
hatehability %, 62.0—237 KhO0—+—233 57.9-=2.356 46.5-+2.89
Coefficient
of variation 344301 35.6-=-9.18 40.0+-3.62 h72—5.65
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Table 32

Fertile eggs

Age in years Number of hens No.of egys sel hatched Y
2 159 58492 5.8
3 Oy 3408 58.5
4 31 2292 6.1
5 G} 1067 68.2
6 39 707 74.0
7 i1 220 70,0
] 3 43 815

number of hens. Such a procedure ol comparison is of doubtful validity.
It would lack justilication, lor instance, il there should be a positive cor-
relation between longevity of individual hens and hatchability of their
eggs. The same is nue lor data reported by Neef (1942). The actual ex-
istence ol such a relationship has been demonswated by Insko, Steele
and Wightman (1947). With reference to the relation between life ex-
pectancy and hatchability these authors made the following interesting
staetment: “Hens capable of qualitying for several years gave to their
eggs in their early years of lile something which hens able to qualily for
shorter periods did not give to their eggs. "This is apparent in considering
embryonic mortality in pullet eggs lor each ol the respective age-groups,
Iirst-year embryonic mortality was delinitely lower for pullets in pro-
gressively older age-groups. A similar relationship was observed for em-
bryonic mortality in the second vear in the progressive age groups; and
likewise in the third year, and in the fourth vear. Essentially the same
relationships pertain for mortality in any one week [or the respective
years." In more general terms lnsko, Steele and Wightiman conlirmed
that hatchability decreases progressively with increasing maternal age.
Additonal evidence [or this conclusion was published by Hays and Tal-
madge (1949), Lerner (1950), Tomhave (1956), Meivelles de Miranda
(1956) and Baranovskaja (1957), but the further claim of Hays and Tal-
madge that “males used in successive years exhibit some decline in hatch-
ability” (see also Hays, 1927-1928) is not critically supported by their
own data. Baranovskaja lailed to detect any direct relationship between
age ol sires and hatchability of their mates’ cgges.

The first eggs laid by pullets produce, according to Tur (1907), a
high incidence of malformed embryos. These findings deserve further
study, In experiments with White Leghorn pullets and cockerels Sunde
and Bird (1959) demonstrated that [ertility and hatchability of the eggs
laid at the beginning ol production were low, but reached a normal
level within aboul six weeks. The evidence of Sunde and Bird, unfor-
tunately, does not discriminate crivically between the ages of the pullets
and the cockerels as the responsible source of variation. For the occur-
rence of some malformations, on the other hand, increasing age ol the
mother may be a predisposing factor. This is suggested, though not
critically proven, by the observation that the incidence of various types
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of body duplications tends to rise in the course of the laving vear (Land
aner, IQIJ) More direct evidence for a rising rate of malformations
with advancing maternal age was presented by Meivelles de Muanda
(1956).

Antecedent and current egg production

It is of considerable interest to know whether the intensity ol egg
production previous to the time when eggs are used lor incubation has
an ellect on hatchability, Tt secms that this question was first studied in
some detail by Lamson and Card (1920), working at the Storrs Agricul-
tural Experiment Station. They found that theve was no significant cor-
relation between number ol eggs laid by White Leghoins during one
vear and hatching quality of the eggs of the same birds during the fol-
lowing spring, the coelficients for two successive trials being —0.117 =
0.095 and —0.208 = 0.128, respectively. Similarly, winter egg production
as well as production during a period of 90 days immediately preceding
the hatching period failed (o show a signilicant correlation with hatch-
ability. Comparable results were later obtained by Knox (1927) with
White Plymouth Rocks, by Jull (1927-1928) with Barred Plymouth Rocks,
Rhode Island Reds and White Leghorns, by Rronkhorst (108 33) with
White Leghorns, and by Funk (1934 a) with W hite and Barred Plymouth
Rocks, Rhode Island Reds and White Leghorns.

An carly record by Pearl and Surface (1909) suggesting the possible
exisience of a slight negative correlation between winter egg production
and hatchability during the following spring was plausibly explained by
Funl on the basis of the unsatisfactory housing and feeding at that time
which may have led to a vitamin D depletxon of the [mcly of the layers
with heaviest winter production and, subsequently, impaired hatching
quality of their eggs. Data which are somewhat at variance with those
discussed above were prescnlcd by Warren (1931), who found in Rhode
Island Red pullets a correlation coellicient of 0.332 -1 0.068 between the
number of eggs laid previous to the incubation period and hatching qual-
ity ol the eggs laid subsequently, suggesting the existence ol a slight rela-
tionship. He did not [ind a similar association, however, for White
[ eghorn pullets, nor for hens of either breed.

Between the length of period of production (lirst egg to March 1)
and hatching quality of the cggs laid later, Warren obtained the [ollow-
img correlation coefficients: White Leghorn puallets —0.229 =+ 0,087,
Rhode Island Red pullets 0.248 - 0.086, White Leghorn hens -~ 0.209
- 0,064, and Rhode Island Red hens 0.031 + 0.095. The inconsistent
nature of these relationships makes it appear likely that all the veported
associations are spurious. On the other hand Warren's material suggests
that a pause in production previous to the hatching season may improve
hatchability (Table 33). Among the White Leghorns as well as among
the Rhode Island Reds st: atistically significant differences existed hetween
pausing and non-pausing pullcm- Nn significant corvelation was lound,

117



however, between the length of the pause and the mean percentage hatch-
ability.

Table 33
Halchability
%o
White Leghoin

pausing pullets 7248 +-1.30
non-pausing pullets 66.87 =+ 1.90
Ditference 6,11 --2.350

Rhode Island Red
pausing pullets G6.15+-2.08
non-pausing pullets 5484187
Dillerence L1.814-2,79

1t antecedent egg pr()ductlon does not have any influence upon
hatching quality, there is convincing evidence that current egg pmclu(lmn
does influence it in such a fashion that with increasing intensity ol pro-
duction (dwring the hatching season) the average percentage ol hatch-
ability tends to improve to a slight but signilicant extent. Lvidence
bearing on this problem was prcsvnted by Jull (l‘}iiﬂ 1031), Byerly, Titus
and Ellis (1933 a), and Funk (1934 a). In a (rnnl)duwn ol the mean cur-
rent egg ploductmn in relation to hatchability, above and below the
mean respectively, of the females of each pen {Lhc data being based on
the number of eges laid during each of the six ycars’ breeding scasons ol
50 days cach), Jull obtained the results shown in Table 34. Among the
Rhode Tsland Reds and White Leghorns the differences, though slight,
appear to be significant.

Table 34

Mean current egg pro-  Mean current egg pro-
duction per  pen of  duction  per  pen of
group showing hatch-  group showing hatch-
ability above mean per  ability below mean per
eent hatchabitity of the  cent hatchaliliiy of the

Breed females of cach pen  females of each pen  Difference
Barred Plymouth Rocks 235+ 1.0 21.7--0.9 16413
Rliode Island Reds 250 +0.1 236-1-04 1.4-4-0.6

259+ 0.4 244 -4-0.4 15406

White Leghorns 2

Similarly, Byerly, Titus and Ellis (1933 a) compared the relationship
between intensity ol ege production during the months of March and
\pril and the hatching quality of eggs during the same period, and found
a correlation ol 0.30 == 0.061. The authors concluded that “hens able
to lay eggs at a high rate on a particular diet will, in general, produce a
lughcr percentage of hatchable eggs than those able to lay only at a low
rate on the same diet." Coles and Underwood (1954 b) have reported
evidence ol the same nature,
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Funl vecovded the correlation cocllicients shown in Table 35, The
“heavy™ breeds were White and Barred Plymouth Rocks and Rhode
Island Reds. As in the marerial of Jull and of Byerly, Titus and FEllis,
the data secured by Fun/k suggest the existence of a shght, but sigmificant,
correlation between current  (spring) egg production and hatchability.
Again, similar to previous investigations, no correlation was found De-
tween antecedent (winter) egg production and hatchability. Between
annual egg production and hatchability the cocllicients were not signili-
cant for the two Leghorn groups, but suggest the existence ol a 5lip,].:t
correlation in the heavy breeds. Hm's(1943). however, did not [ind :
:ﬂgmfuant correlation between annual ]Je:smcms (during the [iva Iu-
ing year) and subsequent hatchability in a [ock of Rhode Island Red
fowl.

In an analysis of the relation between current egg production and
hatchability in White Leghorn matings, Bernier (1947) and Bernier,
Taylor and Gunns (1951) obtained for one vear a signilicantly highet
hatchability in the group with production above the median as compared
with the low producers, but this relationship did not hold in another
vear. Such correlations, if and when they exist, may reflect the ellect ol
agencies which act simultaneously on production and hatchability, but
they may also be the result of other factors, such perhaps as a tendency
of cocks to mate more olten with high than with low-producing females
with a consequent difference beltween the two groups in age ol spenmn
cells at fertilization (see below). A wrend ol declining hatchability to-
ward the end ol the first year of production was reporied by Havys and
Talmadge (1919) and Tombave (1956, 1958) and may be correlated with
a similar trend in production.

Table 35
Spring ege produe
Numhber Lion (Marelt to June) Annual egg proviuction

Stock wused of hirdy wred Natelability and hatchabilily
Leghom hens 120 .19+ 0.09 0.09 4 0.00
Leghorn pullets 72 (+22—4-0.12 0.184+0.12
Heavy hens 169 021007 0.20-4 0.07
Heavy pullets 2146 0134006 (0201 (06

The time of day when eggs are laid

An interesting question was brought into the discussion of hatcha-
bility problems when Hutt and Pilkeey (1929-1930) reported that the hateh-
ing quality of eggs laid during the afternoon was somewhat poorer than
that of eggs laid belore 9 am. In the data which the authors analyzed,
this dilference was greatest in March, and was not found after the middle
of April. The wend of the relation between time of laying and hatch-
ability was similar in data obtained from two different sources. The
combined results are shown in Table 36. There were statistically signifi-
cant group differences as follows: C—A = 4.69+1.30; D—A — 3,14+ 1.28;
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(C-|-D) — (A-B) = 2.95-£0.87; and (C4-D) — A — 3.89+1.10. Further-
more, 1t was observed that the mcidence of mallormed embryos was high-
er in eggs laid during the afternoen than in those laid during the early
morning or forenoon.

Table 36
Numbier of Embryonic mertality
Groufs Hours of laying fertile eggs %
A To 9 am. 3105 32.00+0.83
B 9:056 2.am. to 12 m. 5042 33.714-0.67
C 12:05 pm. to 2 p.m. 2221 36.64-1-1,02
D After 2 pm. 2362 35.144-0.98

Results very similar to those of Hutt and Pilkey have heen reported
by Pritsker (1940 a). His data are shown in Table 37. Among eggs pro-
duced during March and April those which had been laid before noon
hatched better than those which had been laid between noon and four
o’clock in the afternven. No comparable dillcrence was [ound among
eggs laid during August. Pritsker did not give a statistical analysis ol his
material, but stated that the two seasonal groups consisted ol three set
tings each, and that, within the seasonal groups, the trend ol hatchability
was the same in each setting.

Table 37

Mortality during
incubntion davs m G

Hours of Total no,  Infertile Fertile vgus

Season laving of epds % 1-6 7-14 15-21 hatched €
Ta 10 a.m. 15385 1.7 2.8 25 8.0 86,7
March and 10—12 1585 5.2 [.4 24 7.5 87.8
April 12— 2 1586 5. 29 2.7 14,1 aL.3
2— 1 13G7 hl 24 2.3 140 B1.3
To 10 am, 023 0.7 2 2.1 h.B 89.6
1—12 873 7.1 2.3 1.0 25 894
Augusi 12— 2 G15 30 2.1 1.6 a8 a0.b
2— 4 730 1.1 22 2.0 42 91.6

Other investigations lailed to yield results similar to those recorded
by Hutt and Pilkey and by Pritsker. Nicolaides (1933) found a mean em-
bryonic mortality for alternoon eggs of 27.87-1 587 percent and for
morning eggs ol 2242+ 3.88 percent, with a dillerence of 545+ 7.04 per-
cent. This difference is not statistically significant. Necolaides Turthe
observed that eggs laid hetween 7 and 9 a.m. gave a somewhat highey
mean embrvonic mortality than those laid between 9:05 a.m. and 12 m.

Bernier (1947) and Bernier, Taylor and Gunns (1951) arvived at ve-
sults very similar to those of Nicolaides. They found that eggs laid be-
tween 9 aam, and 2 p.m. gave better hatching results than those laid
either earlier or later. The dilferences were statistically significant when
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the analysis was based either on eggs of all clutch positions (N — 819)
or on those laid subscquent to the first egg of cach clutch (N = 640).
Eggs produced belore 8 a.m, had a poorer hatchability than those laid
at any other time of the day.

Careful observations relating to these problems were made by Funk
(1934 b). His results for 1931 are given in T'able 38, Data [or two more
vears gave closely similar results as is shown by the averages lor the entire
season ol each of these years (Table 39). The chi-square test applied 1o
the hatchability of eges laid in the morning and in the afternoon for the
combined data of 1952 and 1933 gave a value of 11.396, where 6.635 was
significant, the alternoon eggs showing a somewhat higher hatchability.
In another summary of lis observations Funk (1934 a) made a comparison

Table 38
Tr'm.e of d_a-)' Number Infertile Fertile f&;‘gs_ o
Season of laying of laying of eggs set % hatched
January 135 to
February 7 Before 9 a.an, 605 Pl 76.9 .
9 am. to 12 m. 382 259 72.8 754
12 m. to 2 pam. 432 22.7 794 78.6
After 2 pa. 180 28.9 76.6 L
February 8 to
February 28 Before U aam, 770 15.1 79.9
9 am. 10 12 m. 448 18.5 80.8 80.3
12 m. 102 p.m. 485 17.9 82.9
After 2 pm. 225 15.6 76.9 80.95
March | to
March 21 Before 9 am, 758 15.7 69.4 &
9 aun. 1o 12 m, 509 175 72.1 70.5
12 m, 10 2 pm. 447 16.1 77.3 6.7
After 2 pm. 192 20.8 7542 ’
Table 39
Heatchability of fertile eggs in G
Eggs laid Eggs laid
Eggs laid frem 9 am. lo from 12 m. to Eggs laid
Date sei before 9 a.m. 12 m. 2 pim. after 2 p.m.
January 15 1o - -
March 18, 1932 23 714 757 71.3
January 13 1o

March 4, 1933 4.2 73.3 76.6 76.8

ol 1the hatching quality of morning versus alternoon eggs for four dilfer-
ent seasons (Table 40). These ligures were, in part, based on the same
material as that of the two previous tables. The author concluded that
eges laid in the alternoon hatched slightly better than eggs laid in the
morning. This is the opposite of the [indings by Hutt and Pilkey and by
Pritsker.
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Table 40

Morning eggs Afternvon eggs Difference in
Javor of
Number of Fertile eggs Number af Fertile eggs afternoon
Year vggs set hatched o, eggs sel hatched 9 egygs o,
1981 3472 757 1961 78.8 5.1
1952 4108 71.5 2826 6.5 2.0
1935 2589 5.8 2383 6.7 2.9
1454 3204 G3.0 2093 744 6.4

Flays (1937) found that in his material embryonic mortality and
hatchability were independent of the hour of the day at which the eggs
had been laid. Kuwmanov (1948), similarly, obtained negative results with
White Leghorn eggs.

Hutt and Pilkey made the assumption that embryonic abnormalities
and lowered hatching quality result from an arrest of (lcvclnpmcnt when
embryos are chilled at a critical period ol ontogeny, viz., prior to gastrula-
tion or early in that process. They made the [urther assumption that
such arrests are less likely to occur in eggs laid carly in the morning since
many of these eggs supposedly were held in the mother’s body for a pro-
longed period during the night, with the consequence that the embryos
were past the danger period at the time of laying. The authors saw
further support for this explanation in the observation that the dillerence
in hatching quality of morning and afternoon eggs decreased in their
material with advancing spring and finally disappeared entirely, pre-
sumably parallel with the lessening of the degree ol chilling of the cggs
at the time of laying because of higher air temperatures.

This explanation meets with difficulties inherent in the original dara.
For, it was reported by Hutt and Pilkey as well as by Pritsker that eggs
laid during the late [orenoon showed the same hatching quality as those
laid early in the morning. A direct attempt to test experimentally the
hypothesis advanced by Hult and Pilkey was made by Funk (1931 ). Fgus
which had been collected immediately alter being laid at 11 am. were
held at 101° F. (38.3° C.) for six hours. The eggs were then cooled and
held in storage until put into the incubator. Out of 761 fertile eggs thus
pre-incubated 77.2 percent hatched, while out of 255 fertile control cggs
71.9 percent hathed The difference between the two lots was not statis-
tically signilicant. Finally, it was demonstrated by Scott and Warren
(1936) that the break in a laying cycle and the initiation of a new clutch
are not associated with the Imlt[mg ol an cgg in the oviduct, but are
chiefly due to a delay of ovulation. Tt should be noted, however, that
Scoti and Warren’s data do suggest the existence of a slight prolongation
of the period of formation of the first cgg in a clutch as compared with
later ones. These first eggs of a cluich are generally laid in the carly
morning. They tend to be larger than succeeding wvnes. The average
weight of early morning eggs consequently exceeds that of those laid later
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in the day (Atwood, 1926-1927; Funk and Kempstey, 1934). In a personal
communication Dr. F. B. ITutt has suggested that excessive size of early
morning eggs may account for the poor hatching results which these eggs
showed in the experiments of some investigators. This view is supported
by the observations ol Bernier, Taylor and Gunns (1951) on the relalions
between time of laying and blastoderm size in newly-laid cggs. and,
particular, by the [inding of the latter authors that in eggs laid bef ne
8 am. (predominantly lirst eggs of a clutch) blastoderm size is more vari-
able than it is in eggs lail at oLher hours of the day.

Further observations which have a bearing on the problem of the
relation between tme ol laying and hatchability were made by MeNally
and Byerly (193G). They studied the relation between the time of the
day eggs had been laid and the stage of embryo development, as ex-
pressed by somite numbers, after 48 hours of mmcubation; and, on the
other hand, they made observations on the hatching quality of eggs
according to the time of day they had been laid (Figure 25). It was
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Figure 25

Relationship (o) between degree of development (number of somites)
alter 48 hours of incubation and time of the dav when the cggs were
laid; and relationship (x) belween percentage hatchability and time of
the day when the eggs were laidl (From McNally and Byerly, 1936).

found that the average somite number, in general, was smaller when the
cges were laid later in the day, an especially rapid decrease occurring from
8 to 9 a.m. As in the data presented by Funk, cggs laid in the alternoon
showed a slight trend toward improvement in hatchability over those
laid in the morning. MecNally and Byerly, grouping hens according o
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the average number of somites shown by embryos after 48 hours of in-
cubation, found that the hatching quality of eggs gradually increases to
an optimum (average ol 20 somites alter 48 hours ol incubation) and
rapidly decreases for the eggs ol those hens which show higher average
somite counts at that time (Figure 26).

These observations, together with information relative to the effect
of the ume interval between laying of eggs on developmental stage at
time of laying, and on hatchability (to be discussed below), seem 1o
justify the authors’ conclusion that “il the egg is only 21 or 25 hours
in the oviduct, the embryo is too young to stand the variations in en-
vironment it must undergo,” and “if the egg is held over 27 hours s
hatchability 1s reduced.” 'This implies that the developmental stage
after two days of incubation is an indication ol the degree of develop-
ment at the time of Taying, and that the embryonic stage reached at lay-
ing is a function of the time which the egg spent in the body of the hen.
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Figure 26

Relationship between percentage hatchability and degree of development
(mumber of somites) after 48 hours of incubation (From McNally and
Byerly, 1936).

Scott and Warren (1956) found that clutch position (to be Turther
discussed below) has no bearing on somite number alter 38 hours of in-

cubation; but they observed also that, irrespective ol clutch position, the
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degree of embrvonic development tended to vary with the time interval
between laying, i.e., [or intervals of 24 1o 830 hours between laying, the
eggs which had been laid after a longer interval generally showed more
advanced development when incubated for 38 hours. According to Ber-
nicr (1947) and Bernier, Taylor and Gunns (1951), however, blastoderm
size at laving and number of somites alter 38 hours ol incubation are
significantly greater in cggs of the [irst and second clutch positions than
in later ones and the coefficients of variability are higher. Further refer-
ence to these observations will be made below.

It is impossible at present to give a satislactory explanation for the
conflicting results which are on record with regard to the relationship
between time of laving and hatchability, It seems likely that the time
interval between laying has an influence on the hatching quality of
cges, and that this ume interval, in wurn, is influenced (in regard 10
clutch position) by methods of management. Such an explanation is in
harmony with the observation of Funk (1931 b) that the use of all-night
lights in the pens, with a consequently longer period of activity and of
food consumption, tends to minimize the differences in hatchability
which exist between egps laid at different hours of the day.

Time interval between laying of eggs. Position of egg in clutch.
McNally and Byerly (1936) studicd the relationship of time interval
between successive eggs ol a clutch to average somite number of the em-
bryos alter 48 hours of incubation. They found (Figure 27) that il the
time interval between eggs was [rom 24 to 27 hours the average somite
number of the embrvos alter two days of incubation increased with length
of interval, but that a slight decrease occurved if the time interval was
more than 27 hours. A relationship of a similar nature was observed for
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Re]ationshi}: (0) between degree of development (number of somites) after

48 hours of incubation and time interval between laying of eggs; and

relationship x) between percent hatchability and time interval between
laying of cggs (From McNally and Byerly. 1936).
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the time interval between the laying ol eges and hatching quality. Hatch-
ability increased up o the 27-hour interval and decreased thereafier
(Figure 27). Havs (1936) reported most satisfactory results for the eggs
of hens which laid at mean time intervals of from 25 to 26.5 hours, where-
as individuals with mean laying rates above, and possibly also below this
mterval produced eggs with poorer hatchability.

Observations by Bernier (1947), Bernier, Taylor and Gunns (1951)
and Moore (1959) arc in essential agreement with those of MeNally and
Byerly and of Hays. That the degree of development after a short pertod
of incubation, and presumably already at the time of laying, is inlluenced
by the time interval between successive ceggs was conlivmed by Scoft and
Warren (1936). In a study of eggs, all of which were second in the
clutch, and which had been incubated for 38 hours, the authors obtained
the data shown in Table 41. It can be seen that there is a definite trend
for the eggs laid alter a longer interval to show a more advanced stage
of development.

Table 41
Time interval in Tours between suceessive egas
2¢ 95 26 27 28 29 30
Number of eggs in class 5 10 29 19 34 29 3
Mean somite number 6.0 74 7.7 7.6 9.0 Bg 10

On the whole, there can be little doubr that developmental stage at
the time of laving is influenced by the time interval between the laying
of eggs. In unincubated eggs these differences probably are difficult to es-
tablish, but they can be observed relatively easily alter a short period of
mcubation.

Funk (1939) [ound that eggs laid as one-egg clutches do not hatch as
well as eggs laid in two- to six-cgg clutches. Again, significantly better
hatching results were obtained from eggs belonging to four- to six-egg
clutches as compared with eggs from two-egg clutches. This has been
confirmed by Lamereux (1940), On the other hand, the position of an
egg within a given clutch did not influence the hatching result. This
agrees well with the observations by Scott and Warren (1936) to which
reference has been made above, Funk’s and Lamoreux’s observation that
eges [rom one-cgg clutches appear to have a lower lertility than those
laid in multiple egg clutches is of interest with regard to the relation-
ship between fertility and hatchability to be discussed below. Contrary
to Funk's vesults, Bernier (1947) and Bernier, Taylor and Gunns (1951)
found that eggs occupying a cluteh position intermediate between the
first and last egg, hatched significantly better than the last eggs and this
relationship was apparently independent of the rate of egg production.

In an analysis of winter eges laid Ly 47 Rhode Island Red pullets
Huys (1938) obtained the data shown in Table 42 for time interval be-
tween clutches as related 1o hatchability of the egas.
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These observations suggest that “birds producing clutches of cggs at
frequent intervals are likely to produce eggs of high hatchability," and
that with lengthening of the interval between clutches there was a
tendency for hatchability to decline. "The data, however, admittedly need
verilication. Tt is likely, moreover, that some of the results on 1ime in-
lerval between clutches, as allecting hatchability, are mervely another ex-
pression of the relation between intensity of current egg production and
hatchability, discussed earlier.

Table 42
Time Detween efulchies Numrbier af Fatchability of fertile
(liours) birds epos in O
11.5 5 59.5
44.5 15 61.9
47.5 8 4.9
50.5 8 47.3
585 7 56.9
56.5 2 3h.5
65.5 2 27.8

Fertility and age of sperm cells

Several investigators have studied the question of the influence of
[ertility on hatchability. The results are summarized in Table 13. Monte-
mayor (1936) has presented data for White Leghorns, Rhode Island Redls
and Cantonese fowl which suggest that some relation between fertility
and hatchability may exist in these breeds during certain pares of the
vear. No statistical analysis was made.

Table 43
Coefficient of car-
relation between
fertility and
Author Material hatchability
Pearl and Surface (1909) Barred Plymouth Rock
110 pullets (1908) 0417—+-0.05%
146 pullets and hens (1009) 0.142—0.055
Hays and Sanborn (1924) Rhode Island Red
758 pullets 0.067 —0.024
Knox (1926-1927) Whirte Plvimouth Rock
892 pulleis (.59 -+-0.06
Jull (1927-1028) Barred Plymeouth Rock 0.276-+-0.078
Rhode Island Red 0.025 -~ 0.048
White Leghorn 0.012 4+ 0.040
Hyre and Hall (1932) White Leghorn
801 hens 0.056-1-0.024
Munra and Kosin (1945) Barred Plymonth Rock 0.3321
White Leghorn 0.2652
Hays (1951 b) Rhode 1sland Red

848 hens 0.202 +0.022

‘Significant at 1% level;  2Significant at 5% level.
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In a small group of Brown Leghorn fowl Biyth (1945) could show
that both lllfenllm and cmbryonic morality rose lﬂ'“r“(!‘! the end of
the laying season. “There was a strong and signilicam correlation be-
tween the monthly means ol the two conditions and a lesser bhut still
significant correlation between the bird means.”

The most plausible explanation for the occurrence of correlations
between fertility and hatchability may be seen in an influence of age
of the sperm cells ar the time of lertilization on the chances of eggs to
])l‘oduce hatched chicks. For, with a reduced [requency of matings, an
increase in average age of the spermatozoa at the time of fertilization
and a decrease in fertility of the eggs will occur simultancously.

An eflect of excessive age of sperm on viability of the embryvo was
already suggested bv observations ol Lau (18941), Barfurth (1893), Gilbert
(1904, 1905), Philips (1917-1918) and Crew (1926), but only studies by
Nalbandov and Card (1913) have established this bevond doubt. In fact,
evenn apparently contradictory data (Dunn, 1927 a: Warren and Kil-
patrick, 1928-1929) now scem to fall in line with this conclusion.

Nalbandov and Card gathered their data by removing cocks from
pens of hens and recording the hatchability of eggs laid during subse-
quent five-day periods. A summary of their results is given in Table 41
The three different ways in which the eggs were handled prior to incu-
bation had no significant effect on hatchability and will not be con-
sidered here. The data show clearly that later than two weeks alter
mating the chances decline rapidly that spermatozoa will produce viable
zygotes, Not a single chick hatched from 41 eggs which had been ferti-
lized 21 or more days alter mating. Furthermore, it was found that there
was a delinite relationship between the age of sperm at [ertilization and
the age at which embryos died, the average age at death declining rapidly
beyond the tenth day after mating. This is shown by the figures in Table
45. No relationship was observed between age of sperm and incidence
of malformations (but see below).

Confirmatory evidence for the influence of sperm age on embryo
viability was reported by Kosin (1947) and Cooper and Rowell (1958).
Genetic variability appears not to have any cllect on the relationship
between fertility and hatchability (Bernter, Taylor and Gunns, 1951).

The causes of high mortality after fertilization of eggs by stale sperm
were studied by Dharmarajan (1950). He conlirmed the findings of earli-
er investigators (on lower animals) in regard to the rising incidence of
malformations with increasing age of the sperm. Dharmarajan found
that defects of the head end are most common in such embryos, abnor-
malities of the tail end being next in [requency, Mallormations of the
nervous system manifested themselves as irregular swellings ol the wall
of the brain and spinal cord, irregular [oldings of the brain, overgrowth
and faulty (or even lack of) union of the neural folds. Hypertrophy ol
the embryonic blood vessels and heart and hemorrhages are other fea-
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Table 44

Relation of age of sperin to hatchabilily

Number of days after removal of male frem femalvs

15 610 115 1620 2125 2680 BL%
Eggs warmed to 100°F Number fertile eggs -4 2% i2 7 l i 3
for onc hour dajl} d]u’- l"lat( feed '-'5 T R - e "')83 .1-30 5UU 143 H U )
ing siorage lor. seven _ Number fertile eggs .... . 1 84 53 2 g l___ =
days at 55°-60°F, — — =— - — = S
Hatchied % .. ... .. 69.2 #3.1 774 33.3 0 O —
Eggs st daily Number fertile eggs ... .. 66 63 31 7 — 10 3
" Hatcned 5 .ddB ild 325 ih — S0 t
Number fertile eggs . ... 60 50 42 9 6 2 5
(Ef}%; SLZ“:ag:f_‘]‘if o " Hawhed % . .. ... 783 680 288 0 0 0 0
F. Number fertiie epgs . .. {4 81 58 9 ] J

Hatched % oo oo v 400 54.3 60.3 778 0 —




Table 45

Age of sperm in relation (o mean age al death of those embiryos which
died during the incubalion period.

Number of days
alter removal
af cocks L-5 6-10 L1-15 16-20 21-25 26-30 31:35

 Mea u_age at
death 124 11.0 5.0 3.5 1.6 1.0 1.0

tures of such embryos. Dharamarajan behieved that “sperm, by its so-
journ in the genital tract ol the female belore fertilization, becomes toxic
to the zygote.” This conclusion is somewhat hazardous unless the waord
“toxic” is not used in its pharmacological connotation, but simply as
signilying a noxious influence. Furthermore, in view of recent observa-
tions ol Sjodin (1957) it appears likely that at least some ol the abnom-
malities reported by Dharmarajan were in reality post-mortem changes.
Allen and Champion (1955) found a correlation of .72:£0.018 hetween
motility rating ol spermatozoa and hatchability. Kamar (1960) confirmed
this and, in addition, repm-[t:d significant ImsiLi\'e correlations between
sperm concentration and hatchability and between ejaculatory respon-
siveness and hatchability. All of these various conditions may become
effective by affecting mean age of the spermatozoa at the time of ferti-
lization.

Observations by Parker (1945, 1950) suggest the possibility that en-
vironmental [actors, acting on the sperm cells, may influence the hatch-
ing quality of eggs. Parker artificially inseminated groups of Rhode
Island Red pullets at different times of the day (morning, noon and
afternoon), using semen of the same males [or the dillerent groups. Hatch-
ability was determined for the eggs laid between the second and four-
teenth day after insemumnation. The following hatching percentages were
found for the three groups (weighted means): 79.9% alter morning in-
semination, 79.87 following noon insemination, and 91.7% in the group
which had been inseminated during the afternoon. The differences be-
tween the last and the first two groups were statistically significant. No
physiological explanation of these peculiar observations is available,
The author believes that it is possible to increase hatchability “by re-
stricting the mating of chickens to the alternoon.” Such an application
ol Parvker’s resulls should, however, await their verilication by [urther
tests.

Gowe and Howes (1956) made experiments in which thyvroxin was
added to semen prior to artificial insemination, They believed that in
a group of Broad Breasted White fowl that had shown relatively low
fertility, hatchability was improved by this procedure during the first
week after insemination. The statistical significance of the differences
between control and treated groups was, however, not established beyond
doubt.
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There is a possibility that conditions of the egg as well as of the
sperm may be implicated in corvelative changes of fertility and hatch
ability. An analysis of Wyandotte records led Munro (1916) to the con-
clusion that a parallel trend of fertility and hatchability may be brought
about by such nutritional factors as the depletion of the body of laying
hens in an essential metabolite, e.g., vitamin B.. No evidence was pre-
sented, however, which would exclude the possibility that the nutritional
regime had an effect on the [requency of matings and, therefore, on age
ol sperm cells at [ertilization. No correlation seems o exist between pre-
oviposital and later embryonic mortality (Bernier, Taylor and Gunns.
1951). Interesting data on a correlation between fertility and early em-
bryonic growth rate m inbred lines of Brown Leghorn [ow] are due to
Krzanowska (1959).

THE METABOLISM OF LAYING HENS
AS A FACTOR IN HATCHABILITY

An interesting eflect on harchability caused by disturbances of metal-
olism has been observed in Frizzle fowl. Due to an incompletely domi-
nant mutation, chickens helonging to this hreed have wavy (heterozygous)
or curly (homosvgous) feathers (Landaver and Dunn, 1930 by Hutt,
1930). The feathers break off easilv, leaving the body bare. A detailed
study of the physiology of Frizzle chickens was made at the Storrs Agri-
cultural Experiment Station. It was shown that such birds, on account of
their defective plumage, lose miuch more body heat than normal fowl,
and that as a consequence metabolism is much increased (Benedict,
landauer and Fox, 1932).

This initial alteration in the economy of the body is lollowed by
complex adjustments and rearrangements in the structure and function of
different organs and systems (Landauer and Upham, 1936; Landauer,
1942 b). The less pronounced plumage abnormality of heterozygous
Frizzle fowl] causes less loss of body heat than the more extreme disturb-
ance of protection in homozygous Frizzles, and consequently all changes
are less extreme in the heterozvgous animals, Frizzle fowl responded
favorably to anv changes in the envivonment (temperature) or in feeding
(caloric value) which promote the preservation of body heat. With re-
gard to halchability in Frizzle matings, it was [ound that the hatching
quality of eggs laid by homozygous Frizzle hens, even if bred to normal
males, is much reduced, and that, to a lesser degree, the same is true of
eggs from heterozvgous Frizzle hens, whereas hatchability seemed to be
normal in the reciprocal matings (Landauwer and Dunn, 1930 b). Hutt
(1930) did not observe reduced hatchability in eggs from heterozvgous
Frizzle females, but subsequent work at Storrs tended to confirm the
carlier findings (Landauer, 1932 ). The fact that dilferences in hatch-
ability were obtained in reciprocal crosses, or example, 412.7 percent in a
cross of homozygous Frizzle hens hy a normal cock, but 75.3 percent in a
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Figure 28

The effect of sudden drops in outside temperature on hatching results.

Data of a commercial hatchery during four years. Hatchability is based

on Lthe number of all eggs incubated (From Funk, 1934 a). Solid lines
temperature; broken lines hatchability,

mating of normal hens with a pure Frizzle male, suggests that the differ-
ences are due to peculiarities of maternal physiology.

In view of the evidence as a whole, it seems most likely that because
of the excessive loss of body heat and the resulting disturbances of tem-
perature regulation and of metabolism (associated with abnormal thyroid
activity) Frizzle hens cannot always deposit in their eggs all substances
necessary [or normal embryonic development, and that this in turn leads
to increased embryo moriality. Somewhat similar observations have been
recorded by Abbelt and Asmundson (1957) on eggs of the almost bare
chickens which are homazygous for the “scaleless” mutation and by
Smyth (1951) for eggs laid by turkevs with the “hairv’ plumage delect.
It has not yet been determined whether eggs laid by Frizzle hens are de-
[icient chielly in one substance, possibly indine, or whether their abnor-
mal composition involves several substances. Similar events, viz.,, metab-

182



olic elfects mediated via the thyroid, were presumably at work in the

lowering of hatchability by about 25 percent, observed by MeCastney and

Shaffrer (1949, 1950) alter leeding thiouracil 1o New Hampshive hens
a level of 0.3 percent and for four weeks.

Since the cffect ol [rizzled plumage on the hatching quality of eggs
abviously 15 not directly determined by the Frizzle gene, but is only a
secondary consequence ol excessive Joss ol body heat associated with
frizzling, 1t may be expcected that any other agency producing similay
heat loss will also lead to a decline in hatchability. It seems likely that
observations by Lewrs and Thom pson (1915), Mussehl and Bancroft (1924
1925), Warren (1934) Funk (1934 a) and Fickers (1936), concerning the
elfect of periods of very low environmental temperature on hawchability,
are instances ol this kind, Figurc 28 shows the clfect of a sudden drap
ol outside temperature on hatchability as found by funk in the reconds
ol a commercial hatchery during four consccutive years. Hatchability in
this case was based on the number ol all cges set. Similar observatons,
hut with hatchability calculated on the basis of the number ol lervle
eges, were reported by TWarren as shown in Figure 29. It is evident [rom
both sets of observations that perioads of severe cold led to a decline of
hatchability, and that there was a tendency for the maximum loss in
hatching quality ta occur in those eggs which were laid a short time after
the mintmum temperature had been reached.

Infertility, due to depressed mating habits, is excluded as a possible
cause since Warren showed that carves with closely similar trends were
nbtained when hatchability was based on the number of {ertile cggs or
on the total of all eggs put i the incubator. Chilling of the cggs also
seems to be ruled out as a possible explanation; not only because we
know that eggs can be exposed [or relatively long periods to low tempera-
tures without harm to their hatching quality, but especially because, in
both sets of data, the maximum effect of low temperature appears to lag
behind the occurrence of the minimum temperature. Thus, the plausible
explanation. already considered by Wanen as a possible cause, appears
te be the ellect of extremely low temperature on the bedy of the laving
hens {excessive heat loss). The resulting disturbances ol temperatwe
regulation and metabolism may be assumed to be essentially the same
as those found in Frizzle fowl, with a similar mechanism lcadmg in both
instances to reduced hatching quality of the eggs, On the basis of this
explanation it is not surprising that some data will not show an eflect
ol low outside temperature on hatchability, since it may be expected that
adequate protection of the layers (insulation or heating ol pens, caloric
value ol feed, etc.) will minimize or prevent the occurrence ol disturh-
ances in body temperature regulation, and hence ol reduced hatchability.
According to Melendy, Qgasawara and Wilson (1959) induced, transitory
hyperthermy of laving hens has no obvious elfect on hatchability, but
a critical study of this problem, taking into account possible response
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rigure 29
the etlece of sudden dvops in outside temperature on hatching vesults.
Data from White Leghorns and Rhode Island  Reds. Comparison  of
hatchability based on the total of all eggs incubated with hatchability
based on the number of fertile eges  (From Warvren, 1951, modificd).

diflerences during the passage of eggs through the reproductive rac,
is lacking.

The possible existence of another type ol metabolic ellect on hatch-
ability is perhaps indicaied by data on blood sugar which Brovkhorst
(193838 and Bronlkhorst and Hui’f(]ﬂ% a) reported. In comparing two
uroups of White Leghorns, one consisting ol hens with an averags indi-
vidual hatchability of their eggs below 50 percent, the other one with
individual hatching averages above 75 percent, they lound thar hens ol
the low hatching group had a mean blood glucose content of 155.08 -
2,46 mg., while the hens ol the high hatching group had 148.18 + 242
mg. glucose per 100 cc. of blood. The difference amounts to 6.90 =
344 mg. The authors righdy doubu if this difference 1s significant since
no adequate perind of starvation had preceded the time when the tests
were made. Yet, a further study of this and similar praoblems would be
ol interest.

Payne and Ingram (1926-1927) believed that frost injury 1o the comb
ol mated cocks led to a temporary drop in hatchability ol the eggs ferti-
lized by them. This conclusion, however, is open to sertous doubt since
the experimental procedure was complicated by the feeding of deficient
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diets to most groups; another complicating lactor is the Tikelihood of
increased sperm age on account of a lowered [requency ol mating.

Intestinal toxins, circulating in the body of laving hens, can probably
act as a cause of abnormal embryonic de\elnpmem and of low hatch-
ability, This conclusion is suggested by observations made at the Stores
Agricultural Experiment Station, and ol which a short account will be
given here (Landauer, unpublished). In a Barred Plymouth Rock chick
{ ¢ 6765) with posterior duplication, the accessory legs were removed at
hatching time and the bhird was raised 10 maturity, The anatomical
features ol this case, as is most common in such instances, consisted of
two extra legs, partial duplication of the pelvis, two cloacae and three
coeca. T'he Vsshaped colon opened into the two cloacac. Throughout
its life ¢ 6765 experienced frequent periods of physical unlitness which
seemed (o be brought on by accamulations of large masses ol leces in
the abnormally-shaped colon, A lowering or cessation ol egg production
usually coincided with these periods of ill health. During her first
ldymg year this hen was inseminated with sperm from an unrelated
Crecper cock. The results ol incubation were as [ollows:

.'Hurra[fr_\! during incubation drl}'ﬁ' in O

Fertile
cggs -6 7-18 [4-16 17-29 Hatched
23 174 60.9 4.3 L7.4 0

Out of 23 fertile eggs none hatched. Many ol the embryos showed
an extreme shortening ol the wings and legs and abnormally small cves,

During her second laving vear 2 6765 was inseminated with sperm
of two Leghorm cocks. The resulting incubation data were as [ollows:

Murtality during incubation days in ¢,

Fertile
eges 1-6 7-13 14-16 17-22 Hatched
3G 278 5.5 I.1 278 25.0

Only 25 percent of the 36 fertile eggs produced haiched chicks. Dur-
ing the two vears ol her lile ¢ 6765 layed 59 lertile eggs, and ol these
only 15.39% hatched. No cases of posterior duplication occurred either
in the F, generation or in three generations of subsequent inbreeding.
Hatchability was quite satisfactory in all matings of the (normal) de-
scendants of this female. It was observed that complete loss of hatch-
ability occurred at those times when ¢ 6765 was in poor condition (con-
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gestion ol colon) and egg production was low; conversely, the [ew eggs
which hatched were laid at umes when the hen was in good condition
and laid relatively many eggs.

When a cock with a (low grade) posterior duplication (& 703; ac-
cessory legs removed at hatching time; single cloaca, no duplication of
colon) was mated to normal hens, hawchability was satisfactory (73.37
out of 304 [ertile eggs). All these observations point to the conclusion
that in 9 6765 toxic substances were resorbed from Lhe intestinal canal
during the periods ol congestion of the colon, and that these toxic sub-
stances were responsible for ill health, low fecundity, abnormal embry-
onic development and very poor hatchability.

Hays (1941) published some data which suggest that length ol the
incubation period may be slightly shorter carly in the breeding season
(first half of March) than later (middle of March to late April). These
observations need verilication and [urther analysis. Metabolic lactors
may be involved.

For the control of coccidiosis in growing chicks Nicarbazin has
found wide use. Nicarbazin is a complex of 1,4-dinitrocarbanilide and
2-11}-‘{1]‘0X\-‘-'1_.ﬁ-(]in1(.'1‘[1}'[1‘)}’1‘i11_1idint::. When this ding was added 1o the lecd
of laying fowl, hatchability of their eggs dropped (Otl, Kuwna, Porter,
Cuckler and Fogg, 1955, 1956; Sherwood, Milby and Wiiz, 1956; Lucas,
1958), With a (1(.).‘;Elg(: of 0.005 Lo 0.0125 percent the loss in hatchability
was about 50 percent, and a slight adverse elfect was noticeable with as
little as 0.0006 percent. ITigh mortality during the first week of incuba-
tion was the principal cause of reduced hatchability. Within two weeks
ol omitting the drug from the leed, hatchability returned to its normal
level. Appearance and composition ol the yolk were especially allected
by feeding of Nicarbazin (Baker, IHill, van Tienhoven and Bruckner,
1957). No unfavorable elfect was observed on the reproductive functions
of cocks (van Tienhoven, Crawford and Duclaine, 1957). The evidence.
mainly negative, concerning the influence of glandular preparations or
of chemicals with effects on endocrine activity has been reviewed be-
tore (p. 107).
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GENETIC FACTORS AFFECTING HATCHABILITY

Lethals and other harmful genetic factors

[Lethal mutations, that is, hereditary lactors causing death ol the
developing chick belore the end ol the incubation period, probably are
ol widespread occurrence among various breeds of fowl.

The lirst lethal mutation in poultry was found by Dunn (1923 a) at
the storrs Agricultural Experiment Stanion. It was discovered on account
ol its close or complete linkage with the gene [or recessive white plumage
in Wyandottes. In a cross of White Wyandotte lemales with a Pit Game
male all the Fy olfspring were colored, as expected. But, when some of
the F; males were crossed each to his own mother, abnormal segregation
with regard to plumage color occurred n two sibships. One ol these cocks
(3 104) was bred to all his available female relatives. The resulws ol these
matings are shown in Table 46, The upper part of the table gives the
results of matings between ¢ 104, heterozygous lor the gene [or recessive
white, and a daughter, a half-sister and a niece. Sullicient ollspring was
obtained from every one of these [emales to make it probable that normal
segregation occurred with regard to plumage color.

Table 46
OFFSPRING
R - Actual Expected

Geno- Colored White
Muate type (C) {cc) Total Colored Wiite
Daughter 258 Ce 18 5 23 17.8 5.7
Half-sister 44 Ce 24 3 34 255 8.5
Niece 199 ce 10 10 o0 14,0 10.9)
Total 57 20 77 52.8 240
Mother 8 € 19 8 27 135 13.5
Aunt 2 o 17 8 25 12.5 125
Aunt 14 cC 2 1 3 15 1.5
Cousin 505 cC ] 5 14 7.0 7.0
Cousin 519 o 1 2 3 1.5 1.5
Cousin 523 ce 10 8 18 9.0 9.0
Total a3 32 490 45.0 45.0

The lower part of the table shows the result of matings of this cock
to his mother as well as to all other available relatives. These latter were
all pure Wyandottes, belonging to the mother’s [amily. It is evident that
there is a marked deficiency in recessive white olfspring. I a recessive
lethal gene was present, closely or completely linked with white, for which
both the male and the lemales were heterozygous, the expectation in these
matings would be two colored to one white olfspring. The actual data
(58:52) agree very well with this interpretation.
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Support for the assumption that a lethal gene was present in the
stock may be seen in the fact that embryo mortality was excessive in the
Wyandotte family which was used in the experiment (average hatchability
about 30 percent), while in outcrosses hatchability was high (92 percent).
The ratio of colored to white chicks among embryos dying after the
sixteenth dav of incubation was similar to that found at hatching time,
indicating that death of the missing white chicks occurred relatively early
in development. The stock became extinct belore further stucies could
be made.

Some additional evidence on probably the same [ethal was obtained
by Warren (1933), With regard to his own and Dunn's observations on
this Wyandotie lethal, Warren points out that they are of “special inter-
est since this variety of fowl] is in somewhat ill repute lor the hawching
quality of its cggs.” The poor reproductive capacity of White Wyan-
dottes, however, scems to be due, in part at least, 1o low levuilivy (Hult,
1940; Cochez, 1951). Claims by Ponsignon (1951) lor the existence ol a
lethal factor in White Wyandottes, linked 1o the gene for Rose comb,
are unconvincing.

The second lethal mutation in poultry was [ound in the breed known
as Creeper fowl, The characteristic external rait ol Creeper chickens is
the shortness of their extremities. The histological features ol the long
bones indicate that the Creeper condition belongs to the category ol
skeletal abnormalities known as chondrodystrophy.  Cutler (1925) ob-
served that Creeper fowl are always heterozygous tor their charactenstic
breed features and suspected lethality of the homozygotes. In extensive
studies, conducted at the Storrs Agricultural Experiment Station, it was
confirmed that the offspring of Creeper matings always show segregation
for the Creeper and normal traits (Dunn and Landauer, 1926; Landauey
and Dunn, 1930 a). True-breeding Creeper chickens do not exist. This
was a strong indication that the Creeper mutation is lethal when homo-
tvgous, Though outcrosses to normal stock showed that the Creeper
trails are due to a dominant mutation, inter se matings of Creepers pro-
duced Creeper and normal offspring in the ratio of 2:1 (actual data
1197:567), instead of the expected 3:1, suggesting that the class of homo-
zygous Creepers is lacking. Confirmation of this conclusion was obtained
from the records of embryonic mortality and hatchability (Table 47).

Table 47
Mortality during incubation 9
Number of
Mating fertile eggs 1-6 7-16 17-22 Hatched %
Crecper x normal 1136 (.9 4.6 19.6 68.9
Creeper x Creeper
(same lines) 1444 28.5 4.4 26.7 40.4
Creeper x Creeper
(different lines) 1714 253 3.6 16.6 56.6
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It can be scen [rom these data that in crosses of Creeper by Creeper,
hatchability 1s much lower than in crosses of Creeper by normal. It is
also evident that in Creeper by Creeper matings a peak ol mortality, not
present in outcrosses, occurs during the first week ol incubation.

Observations on early embryonic development showed that most of
the homozygous Creeper embryos die after three days of incubation
(Landauer, 1932 a.) In comparison with normal emnbryos of the same age,
they are much retarded, especially in the region of the head and of the
limb buds (Figure 30).

A few of the homozygous Creeper embryos continue development
beyond this early critical stage, and die towards the end of the incuba-
tion period; none ever hatch. The late homozygous Creeper embryos
(Figure 31) show extensive abnormalities of the eves, the head generally,
and especially the extremities (Landauer, 1933).

Figure 30
A normal (lefty and a homozygous Creeper (right) embryo after 72 hours
of incubation.

Whereas in matings of ordinary Creeper fowl homozygous embryos
survive to late developmental stages only on rare occasions, survival of
the lethal embryos to such late stages occurs much more conmmonly in
vges of Japanese Bantam fowl, a breed which carries the Creeper mutation
(I andauer, 1988, 1942 a). In addition to its lethal elfect on all homozy-
gous embryos, the Creeper mutation is also responsible for an increased
embryonic mortality of the heterozygotes. This is shown by the data in
T'able 48. In outcrosses as well as in initer se matings there is close agree-
ment of actual and expected figures if the total of hatched chicks and of
classiliable dead embryos is taken into consideration. But if these two
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Table 48

Hatched n Dead in shell Tolal

Mating Creeprer  Normal Creeper  Normal Creeper  Norm al
Creeper outcross with normal o

Actual 910 1122 766 539 1676 1661

Expected 1016 1016 652.5 652.5 1668.5 1668.5
Creeper inter se

Actual 412 227 3G3 161 70 88

Expected 426 213 349.8 174.9 775.8 887.7

Figure 31

A homozygous Creeper embryo at the age of 19 days. Note that the
head has an abnormal shape, the eyelids are rudimentary. and the ex-
tremities show a condition known as phocomelia.

groups are studied separately, it is found that there are too few Creepers
among the hatched chicks and too many among the embryos which died
towards the end of incubation. It follows that the mortality ol heterozy-
gous Creeper embryos is somewhat greater than that ol normal embrvos
from the same matings.
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A comparison of the results of reciprocal matings between sibs of
Creeper and normal [ow| [tinished proof that the presence of the Creeper
mutation aflccts the chances of embryo survival in still another way. In
cggs produced by Creeper [emales, enlht\n mortality during the last stages
ol development is slightly, but significantly, higher than in eggs laid by
their noymal sisters (Landauver and Biiss, 1943). The causes of this “ma-
ternal” ellect of the Creeper mutation have not been definitelv estab-
lished. but are probably to be found in abnormalitics of cgg shell forma-
tionn which, in turmn, find their explanation in the skeletal defects (inace-
quate calcium depots). Maternal elfects on egg shell [ormation had
carlier been demonstrated by Taylor and Lerner (1939) in White Leghorn
stock.

Finally, unusual malformations sometimes occur in the Creeper stock
which may involve heterozygous Creeper as well as genetically normal
embryos (Landawer, 1935 a).

A third lethal mutation was found at the Storrs Agricultural Experi-
ment Statton in Dark Cornish lowl (Landauer, 1935 b). Similar to the
Crecper mutation, the Cornish lethal in heterozygous condition has a
shortening ellect on the long hones of the extremities. T'he homozygous
embryos die durmg the last days of incubation or are alive within the
shell at hatching time, but are unable to hatch. These lethal embrvos
have markedly shortened extremities and a quite abnormal, short and
broad head with bulging eyes (Figure 32). Table 49, combining the
results of several matings, gives the data of embryonic mortality, hatch-
ability, and incidence ol abnormal embryos [or hens which did (group 1)
nw did not (group II) produce deformed embryos when mated to roosters
which were heterozygous [or the mutation.

Figure 32
A lethal embryo from Dark Cornish fowl, Age 21 days,
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The frequency of occurrence of deformed embryos in group T is suf-
ficiently close to 25 pereent (o justify the conclusion that we are dealing
with a recessive lethal mutation produced by a single factor difference.
In the largest of the several matings, summarized in group I, 25.4 percent
deformed embryos occurred (456 fertile eggs), Hatchability in group I1
was also relatively low. From available cvidence it seems unlikely that
this is, to any large extent, accounted for by a heterozygous lethal effect

Table 49
Number Mortality during incubalion %
of fertile Deformed
Group eggs 1-6 7-16 17-22 Flatched 9 embryos 7
I 1135 35 5.0 36.2 h5,3 23.1
11 359 5.6 5.9 19.2 69.5 1]

of the mutation in question. It seems more likely that still other genes,
detrimental to survival of the embryo, have been accumulated in the
Cornish stock. When cocks heterozygous [or the Cornish lethal were out-
crossed to unrelated normal females (Leghorn, etc.), the average hatch-
ability rose to 83.2 percent (631 fertile eggs). The Creeper and Cornish
lethals, though in many ways similar in expression, were [ound to be in-
dependent of each other genetically: four matings between Creeper and
Cornish fowl, with a total of 902 fertile eggs, gave hatches of 81,1, 87.9,
88.3 and 89.0 percent, respectively, and no deformed embryos occurred.
The Cornish chickens used in these matings were known to carry the
Cornish lcthal.

The occurrence of a sex-linked lethal in a [lock of White Leghorn
fowl was reported by Upp (1934 and Upp and Waters (1935), but the evi-
dence is scarcely sulficient to support this claim,

A [ourth lethal mutation in poultry was found by Asmundson (1936).
[t occurred in an inbred strain of White Leghorns. The lethal-type em-
bryos showed abnormal maxillae. The maxillae were absent or much
reduced in size, while the pre-maxillae were present, though at times
somewhat smaller than normal (Figure 33). In some cases the nasal bones
also were smaller. The upper beak was frequently bent to one side. Other
facial bones may be affected and the eyes appeared to be slightly smaller
than normal in some of the lethal embryos.

These deformities did not seem to reduce the viabilitv of the em-
bryos appreciably, but hatching occurred only in one instance. This
chick, as well as seven others which had been helped out of the shell,
died within one week. The abnormal embryos occurred among the
progenv of one hen mated to a son, and among the progenv of some
daughters of this hen bred to the same male, their full brother. The
breeding data indicate that we are dealing with a recessive mutation duc
to a single gene difference (Table 50). Sex has no influence on the
occurrence of the malformed embryos. In the whole material there were
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I'73 normal and 58 abnormal embryos, with an expectation of 173.25:57.75
[or a 3:1 segrecation.
Table 50
o Normal upper mandible Abnormal upper mandible
Female Sex un- Sex un-
No. Meles  Females known  Teotal  Males Females knoun  Total
13 1 17 0 81 6 1 1 8
K 12 ] 1 0 H 1 1 0 2
K 86 5 14 0 19 3 2 2 7
K 46 § 1 3 7 | 0 1 2
K 68 28 18 1 47 11 8 2 21
K 91 5 4 4 12 2 0 2 4+
K 93 B 6 2 13 1 2 0 3
K 100 17 20 2 39 4 6 ] 11
Total 78 84 11 173 29 20 9 58

The data on embryonic mortality and hatchability for the cight
heterozygous hens (group I) and for five other hens which produced only
normal progeny (group II) are shown in Table 51. Group I includes 14
cmbryos which died too early to be classified. It is evident that the chief
cliffcrence in mortality occurred at the end of the incubation period

Table 51
Embryanic mortality in percent a
Number of o - Hatched
Group fertile eggs 1-7 days 8-14 days 15-21 days Yo
I 245 5.0 9.0 37.1 40.0
11 67 15.4 9.0 14.9 62.7

(failure to hatch). Hatchability in the control group was also low, prob-
ably on account of inbreeding, Malformed embryos of the same type
have been observed in the material of the Storrs Experiment Station and
elsewhere (Waters, 1945), suggesting that this lethal mutation has a wide
distribution among flocks of White Leghorn fowl.

In White Leghorn stock Cole (1939, 1942) discovered the fifth, so-
called "talpid”, lethal of fowl (Figure 34). The distinguishing features
of this mutation are an extreme form ol polydactylism, involving both
pairs of extremities, a marked reduction in length of the proximal long
bones of legs and wings, ectopia viscerum and abnormalities of the face,
esp(‘ti'lllv the mandible. The feet of such embryos may have as many
as nine or ten digits which are very poorly differentiated and [used with
cach other or webbed. The wings also show multiple digit primordia.
The entire vertebral column is shortened, There is subcutaneous edema,
often resulting in large blebs over the thigh region and on head and neck.
Development of the feather papillac is retarded. The talpid embryos
generally dic at the age of eight to ten days, but one was found alive at
17 days of incubation. The abnormalities are recognizable on the fourth
day of development. '
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Figure 33
Lethal embryo with deformed maxillae of upper mandible from White
Leghorn stock. Age 21 days (From Asmundson, 1936},

The talpid syndrome owes its appearance to a single autosomal, re-
cessive gene substitution. In matings ol heterozygous animals in which
the number of unclassifiable embryos did not exceed 5 percent, the inci-
dence of talpid embryos was 23.6 percent (98 out of 415), a result which
agrees satisfactorily with the expected 25 percent, It is true, however, that
the records of all matings of heterozygous parents showed an incidence
of only 16.6 percent of the lethal-type embryos. This deficient ratio is
presumably an indication of preferential mortality of the recessive hom-
ozygotes before they become classifiable. A study by Imman (1946) of
homozyvgous talpid embryos revealed additional and extraordinary ab-
normalities. Rathke’s pouch, the primordium of the pituitary, is either
missing altogether or involved in the formation of supernumerary ectopic
lenses; no normal pituitary is [ormed. In almost all talpid embryos epi-
physis-like evaginations of the rool of the forebrain were observed and
in some of them there were, in addition, diverticula of the hypothalamus.
In about half of the talpid embryos Inman [ound that the tail bud had
split in an early stage, leading to the [ormation of two axial structures,
one of which was in the normal position of the tail, whereas the othe
one protruded into the cloacal cavity. There was evidence ol necrotic
degeneration in certain areas of the body wall, the mid-gut region and
the cloacal lining, and /nman believes that a lesser amount ol such de-
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generation can also be ohserved in embryos which are heterozvgous for
talpid.

The sixth lethal mutation of chickens was found at the Stors
Agricultural Experiment Station in stock of Houdan crossbred ancesiry
(Landauwer, 1941 a). This mulation pmducm a variable reduction in

Figure 34
A 17 day embryo with lethal polydactyly (From Caole, 1942).

length of the upper beak (Figure 85) and a shortening ol the long bones
of the extremities. The reduction in length alfects the bones of the legs
to a higher degree than those of the wings. The majority ol “short upper
beak™ embryos die during the last days ol incubation, but in the original
material about 13 percent of them hatched, suggesting the presence ol
modilying factors.

The multiple characters of this mutation are brought on by a single,
autosomal, recessive factor, This is shown by the data in Table 52. When
one ol the parents in the matings was genetically normal, hatchability
was high and no “short upper beak” embrvos occurredi when both parents
were heterozygous for the trait, 25.5 percent of all embryos surviving the
eighteenth day of incubation were “short upper beak" (N=(52); when
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Figure 35

Four different degrees in expression of the “short upper beak” lethal
in late embryos.

heterozygous females were mated to a homozygous “short upper beak”
male 47.6 percent of the embryos which reached the end of the eighteenth
day had the “short upper beak” characteristics (N=119). Subsequent
studies (Landauer, 1946) adduced proof that in the absence of maodifiers
the “short upper beak™ mutation is completely lethal. It was also shown
that by continued selection the morphological features of the mutation
as well as its lethal effect can be suppressed to a large extent. Unpub-
lished observations have shown that the combined presence of the Cor-
nish and “short upper beak” lethals has no cumulative effect on either
morphological expression or viability.

Hereditary chondrodystrophy, as described by Lamoreux (1941, 1942),
represents the seventh lethal mutation of fowl, The mutation was found
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Table 52

Enmbryo mortality
during incubation days in gf

Number of

Type of mating fertile eggs 1-6 7-18 19-22
Nowmal § % x o

heterozygous 3 675 5.0 4.6 LbA
Heterozygous

inter se 742 7.] 5.0 333
Normal 2 9 x

hornozygous g 73 9.6 5.6 6.8

Heterozygons 2 2 X
homozygous 3 294 6.5 85 16.3

Hatched
Norniad “Short s pe
£l lreak® %
7h.9 G
51.6 3.0
78.1 0
3. 5.4

BPead embrvis

(19-22 days

Novwral “Short w|ipei

o ek ¢
14.5 ) 0 .
13.9 19.4
6.8 a
112 35.0




Figure 36

The skeleton of a chondrodystrophic cmbrvn of the extreme type (left)
and of a normal embryo (right) after 21 days of incubation, (From
Lamoreux, 1942),

in an inbred strain of White Leghorns. Its phenotype is variable. In its
most abnormal form of expression the external appearance of such em-
bryos and the histological structure of their long bones bear close resem-
blance to sporadic chondrodystrophy (see p. 194). The beak is parrot-
like and the extremities are shortened (Figure 36). The long bones of
the legs are more reduced in Iength than those of the wings; some of the
bones are bent. According to Lamoreux the abnormalities frequently
are less pronounced, however, and may be so slight as to be barely dis-
tinguishable. These “"modilicd” chondrodystrophic embryos and the ex-
treme ones were reported to belong Lo two distinet groups.  Chondrodys-
trophic embryos ol the sporadic type regularly die prior to the end af the
incubation period. In the hereditary ft)1111 of chondrodystraphy, as de-
scribed by Lamoreux, the abnormal c’mlmm frequently are still alive on
the lx«emy-sectmd day of development and even some of the exireme
variants may hatch on occasion (Figure 37).
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The following segregation data (lable 53) were obtained, for em-
bryos of more than ten days incubation, from heterosvgous parents which
had produced progeny with the extreme lorm ol chondrodystrophy. The
total incidence of chondrodystrophic embryos amounted to 225 percent.

Table 53
(fhumf_md}'?mphir N
Number of Number of Normal l!:'\:rrrmr Modified Total

Year maothers offipring % o % T
1936 [ 38 84.2 10.5 5.3 158

1957 B 253 77.9 154 6.7 22.]

1938 15 482 76.2 17.3 6.5 238

1989 0] 217 74.7 11.5 13.8 25.3

1940 33 525 78.4 14.0 7.6 21.6

Total (§1§] 1715 77.5 14.5 8.0

22,5

Figure 37
Chondrodystrophy of the extreme type in a newly-hatched chick (From
Lamoreux, 1942),
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{ amareux concluded from his data that the wait is transmitted as a single
recessive gene substitution. This has been confinmed by (unpublished)
observations at the Storrs Agricultural Experiment Station where selec-
tion experiments arce in progress relative to the nature of the modilyving
gencs that affect the expression of hereditary chondrodystrophy. Fama)-
eux could also demonstrate that the “sporadic™ type ol chondrodystrophy
(to be discussed later) is independent of his mutant form.

Figure 38
Micromelia, pavrot beak und deformed mandible produced by twa re-
cessive genes (I'rom dsmundson, 192 a).

Asmundson (1939, 1942) observed a lethal micromelia which ap-
peats to be the homozygous expression of two recessive genes. The pheno-
type of this eighth lethal of fowl is marked by very short extremities, a
short and curved upper beak and a defective lower beak (Figure 38),
The great majority of these embryos survive to the third week ol incuba-
tton, but none ever hatch. The mutation was found in White Leghorn
stock. Segregating families gave 716 normal embryos and chicks and 47
embryos ol the micromelic type. The data are in good agreement with the
I15:1 expectation for dihybrid segregation. The sex ratio of the micro-
melic embryos was normal.

Waters and Bywaters (1941, 1943) described the ninth lethal muta-
tion of fowl which they designated as “wingless." It occurred in White
Leghorns. The mutation leads to the following syndrome of abnormali-
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Figure 39
A wingless embryo (left) and one with wing vestiges ivight). Courtesy
of Dr. Edgar Zwilling.

ties. The wings are generally entirely lacking, but in rare instances wing
vestiges are found on one or both sides (Figure 39), In the hind limbs,
toes may be missing or duplicated, the first toe is misplaced, the scales
are missing from shanks and toes, the third and fourth toe, if present,
are syndactylous, the tibiotarsomectatarsal joint 1s ankylosed. The pri-
mary bronchi end in a blind pouch, the lungs proper being absent. There
are no airsacs. Islands of metanephrogenous tissue were [ound in some
cases, but the metanephros proper (ie. the delinitive Kidney) is always
missing, The down is regularly in the “clubbed” condition. Many ol
these “wingless” embryos survive to the end ol the incubation period:
they never hatch. The whole syndrome is brought about in the presence
of one recessive gene substitution. A progeny of 141 mdividuals from
heterozygous parents included 30 embryos of the lethal type. The carly
embryology of this lethal condition has been studhed by Zwilling (1949 a).
The most important result of his observations was that absence ol the
wings and abnormalitics of the legs are related to corresponding delects
in the apical epidermal ridges of the buds of the extremities. This is of
great interest because these epidermal ridges are known to play an in-
ductive vole in development of the extremities. A lethal mutation vers
similar to that reported by Walers and Bywaters was [ound at Storyrs in
matings with Leghorn-crossbred ancestry. The defects of the extremities,
especially the legs, tended to be more extreme, but the lungs were pres-
ent (Zwilling, 1956). Since the original “wingless” mutation had become
extinct, it could not be ascertained whether the new variant was a repeat
mutation, and the phenotypic differences brought about by dissimilarities
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of residual heredity, or whether the mutation was independent of the
original one.

In a family of Rhode Island Red [owl Hays (1944) found a heredi-
lary micromelia which he designated as chondrodystrophy. This repre-
sents the tenth lethal of fowl. The principal phenotypic traits are very
short (but straight) long bones of legs and wings and a shortened beak.
Matings of seven heternzygous females to a heterozygous cock gave 172
normal and 54 micromelic progeny. This result is in good agreement
with the expectation (169.5:56.5) for segregation in a single gene differ-
ence, micromelia being recessive, Hays found that on rare occtsions a
micromelic chick hatched, but none survived move than a few days. Ob-

Figure 40
An adult Rhode Island Red male with hereditary micromelia.

servations at the Storrs Agricultural Experiment Station suggest that the
hatching of such micromelic chicks tends to occur in late (rather than
early) spring. One chick of this type was raised to maturity (Figure 10).

I'he eleventh lethal mutation of fowl was described by Marble, Ham-
mers and Harper (1942) and by Marlble, Harper and Hammers (1944). It
occurred in White Leghor stock. The mutation interferes with develop-
ment of the head. Cerebral hernia is one ol the regular [eatures, though
varying in degree. Both maxillae are abnormal; the lower one usually 1s
only a vestige: the upper one is much reduced in size and pointing up-
ward (Figure 41). The eyes are generallv abnormal and other facial parts
are reduced in size. "I'he svndrome 1s inherited as an autosomal recessive.
Among a progeny of 512 individuals from matings ol heterozygous par-
ents 378 were normal and 131 showed the lethal syndrome (expectation
384:128). The sex ratio of the lethal embryos was normal, Among the
normal progeny two-thirds were heterozygous, one-third did not carry
the mutation.
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Figure 41
Normal embryo (left) and one with hereditary abnormality of maxilla
amd mandible (right), both 21 days of incubation (From Marble, ITavper
and Hammers, 19447,

In a flock of New Hampshires Asmundson (1945) observed a syn-
drome of abnormalities which represents the twelfth lethal mutation ol
lowl. The phenotype of this mutation has the following principal lea-
tures (Figure 42). The upper beak is slightly shortened; the neck s
twisted, thereby seeming short; the sternum is reduced in size and its
keel and lateral processes are lacking: the breast muscles are absent or
very poorly formed; the muscles of the legs are also underdeveloped: the
long bones of the legs ave slightly reduced in length. The embryos are
below normal weight as early as the tenth day of development and this
dwarfing becomes very marked towards the end of the mcubation penod.
Death occurs on the twentieth or twenty-first day. Progenies of heter-
ozygous parents contained 103 lethal-type embryos among a total of
400 embryos and chicks. The syndrome is, therclore, brought about by
a recessive gene substitution. 'T'he occurrence ol muscular degeneration
was demonstrated in embrvos of this type (Rosenberg, 1947). Another
feature of this lethal syndrome is, according to Pun (1954), atresia ol the
esophagus which prevents the embryos [rom ingesting amniotic fluid, and
which may thereby be responsible for symptoms of starvation and for
hydramnion.
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Figure 42
A dwarf embryo (left) and a normal one (right). Observe that in the
dwarf embryo the upper beak is shortened and (he leg muscles are atrophic
(From Asmundson, 1945).

McGibbon (1946) observed in White Leghorns the thirteenth lethal
mutation, It is expressed as a shortening ol the mandible and inherited
as an autosomal recessive trait. The reduction in size ol the lower beak
acts as a semi-lethal, about hall of the homozygous embryos dying jrion
to the end of the incubation period and the majority ol those which
emerge [rom the shells perishing soon therealter.

The fourteenth lethal mutation of fowl was described by Taylor and
Gunns (1947). The variation was found in White Leghorn stock. Toly-
dactylism and shortening of the upper beak are the principal phenotypic
features of the mutation, The morphological expression of polydactylism
differs in these so-called “diplopod™ embryos [rom Cole’s polydactylous
lethal as well as from the two viable forms ol hereditary poelydactylism
of fowl. A group of three toes is generally found in place of the first
digit of the foot, the two inner ones being much smaller than the lateral
one. The metatarsal bones frequently are doubled,

There are, however, many variations in expression. In 97 percent
of these embryos supernumerary digits are also found in the wings. The
long bones of both pairs of extremities tend to be shortened. The upper
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Figure 43
Embryo with diplopodia. Note shortening of up}ser beak and polydac-
tylism of wings and legs (From Taylor and Gunns, 1947).

Figure 44
An embryo with Micromelia VII (Courtesy of Dr, Paul E. Bernier).
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beak is reduced in length in over 80 percent of the diplopod embryos.
One of the more extreme variants of this lethal is illustrated in Figure «13.
About 98 percent of the diplopod embryos died belore the end of the
incubation period, and the few which hatched survived for only briel
periods. In matings of heterozygous fowl a progeny of 1531 yiclded a
segregation of 1183 normals and 348 diplopod. The slight dcficiency in
diplopod embryos (22.7 percent instead of 25 percent) may be due to a
somewhat disproportionate mortality prior to the time when their mor-
phological [eatures can be recognized by gross inspection. Aflter out-
crossing this family to another stock ol White Leghorn fowl Taylor, Ab-
bott and Gunns (1959) succeeded in establishing by selection three lines
with signiflicantly differing phenotypic segregation ratios. In their line
I the segregation data agreed with a 3:1 expectation; in line 111 the num-
ber of visibly diplopod embryos was grossly delicient, some individual
matings producing as little as only 1 to 3 percent ol diplopod pheno-
types; line IT was intermediate between lines 1 and IIL. 'T'he results of
these hreeding tests demonsurate clearly the existence of multiple modi-
fving genes by the accumulation of which the penetrance ol diplopodia
can be progressively reduced. Abbott (1959 a, b) found that early caru-
lage differentiation and osteogenesis are retarded in homorzygous diplo-
pod embryos, with differences of expression between the selection lines.
She observed also that the lowering of the penetrance of diplopodia by
selection was attended by correlated reduction in expressivity of the vari-
ous features of the diplopodia syndrome.

A Tifteenth lethal condition was described by Bernier (1951 and per-
sonal communication) as Micromelia VII. Such embryos live o the end
of the incubation period, they resorb the yolk sac completely into the
body cavity, but they fail to hatch. The legs are extremely short: the
tibiotarsus is bent; the wing bones are, as in other forms of micromelia.
less shortened than those of the legs. Dillering [rom other types ol mi-
cromelia, the beak is normal; but the eyes are always microphthalmic.
An embryo of this kind is shown in Fig. 41. A total of 165 individual
matings produced, in a progeny of 1464, a segregation into 1090 normal
and 374 micromelic chicks. This is a quite insignificant deviation from
the 1098:366 ratio, expected on the assumption that the abnormality is
brought about by a single, recessive gene substitution.

The sixteenth lethal mutation of fowl was found in the Barnevelder
breed by Broekhuizen and van Albada (1953). The typical phenotypic
expression of this mutant consists of an upward curling ol the maxilla
(normal in length) and a downward curling of the usually shortened
mandible (Fig. 43). The deformation of the maxilla may involve all
of the upper beak or only its tip. Instead of being curled downward, the
mandible is in some instances only shortened or bent toward one side.
The abnormality can be recognized in 10-day embryos. T'he majority of
embryos of this type die during the last days of incubation; a few were

156



Figure 45

Embryos with varying expressions of the "curled beak” mutation
(Courtesy of Brockhuizen and van Albada)

helped out of the shell, and one such chick lived to the age of 71 weeks
(Fig. 46). These “curled beak” abnormalities were found in seventeen
matings of phenotypically normal parents. Among a total progeny of
327 embryos and chicks 252 were normal, 65 had the “curled beak”, and
mn 10 the diagnosis was doubtful. If the latter group is added to the ab-
normals, the resulting ratio of 252:75 does not differ significantlv from
that expected for an autosomal, recessive gene substitution, and such the
authors conclude it to be. They assigned the symbol dck to the mutant
gene.

The seventeenth lethal mutation of chickens was discovered at the
Storrs Agricultural Experiment Station in a flock of Black Minorca fow!
(Landauer, 1956 a). The phenotype of this mutant is a close mimic of
the diplopodia lethal of White Leghorns described by Taylor and Guunns
(1947). As in the latter variant, the principal features of the Minorca
lethal are polydactylism of hands and f[eet, reduction in length of the
long bones and shortening of the upper beak (Fig. 47), but there are
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Figure 46

A Ycurled beak"” chick that was raised to the agjge ol 7% weeks
(Courtesy of Broekhuizen and van Albada)

minor differences in morphological expression which are possibly ac-
counted for by dissimilarities of residual heredity. In inter se matings of
heterozygous parents progenics totalling 828 survivors of the thirteenth
day of incubation yielded a segregation ratio of 650 normal and 178 dip-
lopod embryos and chicks. This is an insignificant deviation from the
621:207 ratio expected on the assumption of a single, recessive gene sub-
stitution. It was found that the Leghorn (dp-1) and Minorca (dp-2)
genes for diplopodia are discrete and non-allelic, the double heterozy-
gotes having a normal phenotype. The majority of homozygous Minorca
diplopod embryos died during the last few days of incubation and were
small in size; none hatched.

The eighteenth lethal mutation of fowl is represented by malforma-
tions of the head which, in their whole range of expression, have been
described as perocephaly (Landawer, 1956 b). The phenotype of this
mutant condition varies from a very poorly developed upper beak, as-
sociated with blindness, to microcephaly; its most common manifesta-
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Figure 47
Black Minorca embryo with diplopodia.

tions are synophthalmia and cyclopia (Fig. 48). The perocephaly mutant
was found at the Storrs Agricultural Experiment Station in F, and later
generations of crosses between recessive-rumpless fowl and representa-
tives of the following three breeds: Silver Gray Dorking, Rhode Island
Red and Jungle fowl. The initial incidence of perocephalic embryos
was only between 2 and 3 percent, but rose to 13 percent when the geno-
types of all sources of origin were combined, The breeding history show-
ed clearly that the gene or genes for perocephaly had been present in
the recessiverumpless stock  (and likely in the White Leghorn family
from which the rumpless mutant was derived), but had been prevented
from expression by protective modifiers. The incidence rose pari passu
with the removal or dilution of these protective (stabilizing) genes, but
it appeared that even in later generations many of the perocephaly
homozyvgotes had a normal phenotype (normal ovmiap‘s) Chicks with
low-grade perocephaly hatched on rare occasions, but were inviable
(Fig. 49). The incidence of perocephaly showed in three out of four
breeding seasons a highly significant trend, the Irequency of segregating
abnormal embryos rising [rom early spring toward summer. Experiment-
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Figure 48

Forms of expression of the perocephaly lethal, Upper left, rudimentary

upper beak; upper right, synophthalmia; lower left, cyclopia; lower right,

lack of oral cavity, central pigment spot on ventral side in place of eyes,
etocephaly.

al evidence suggests that this trend is caused by parallel changes (lower-
ing) in the oxygen tension of the surrounding air (Landauer, 1957 a).
Similar conditions probably play a role in producing the seasonal trends
in the incidence of sporadic eye defects (p. 195-196).

A nineteenth lethal mutation has been discovered recently at the
Storrs Agricultural Experiment Station in Silver Gray Dorking stock
(Landauer, 1959). The principal gross symptoms are shortness of the
neck and beak (Fig. 50); more postcrior sections of the vertebral column
may also be involved: interference with some, as yet undetermined, vital
function presumably accounts for death ol the embryos which occurs
during the ninth day of incubation. The segregation data agree well
with the assumption that a simple, recessive mutation is present in the
stock.

160



A briel report by Abbeit, Taylor and Abplanalp (1959) describes a
twentieth lethal mutation of fowl. It was [ound in White Leghomm stock
and bears a close resemblance 1o the talpid-lethal described by Cole
which has already been discussed. Hence the new lethal is designated
as talpid? (ta?). Each [oot ol these embryos has 7 or 8 syndactvlous and
poorly differentiated digits; in the wings 1 or 5 fingers are fused into
a hand-like structure, The talpid® embryos usually die at 13 davs ol age.
Segregation agrees well with expectation for a recessive, autosomal gene
substitution, It is of particular interest that the apical ectodermal ridge,

Figure 49

A blind perocephalic chick at the age of 3 months, raised by forced feeding.

the structure that plays such an important role in determining events
i the dilferentiating extremities, is enlarged in embrvos that are homo-
zvgous lor the ta® gene.

A twenty-first lethal of fowl was discovered by Rosenblatt, Kreut-
zger and Taylor (1959), also in the White Leghorn stock of the University
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Figure 50
mbryo lmrm‘ﬂ}-'gnu-: for “short neck” lethal muation vight; normal sib
left; both 8% days ald. Note short neck and beak of lethal embryo.

of Calilormia. It is represented by yet another form ol polydactylism.
The condition which bears some similarity to the phenotype ol diplo.
podia has been given the name eudiplopodia. Eudiplopod embryos have
a variable number ol replicated toes (total up to 9 for each foor) and
in the more severely alfected cases there is also replication of onc or
more tarsometatarsals. The wings are relatively rarely involved. The
eudiplopod embrvos die at the end of the incubation period. Matings of
heterozygous animals to each other produced 464 normal and 151 ab-
normal embryos and chicks, the close [it to expectation indicating segre-
gation for a single autosomal, recessive mulant gene. T'est crosses have
shown that eudiplopodia is not allelic to the diplopodia of White Leg-
horn fowl,

Kawahara (1956) has bricfly reported on a lethal mutation i White
Leghorn lowl. As phenotvpic traits he noted micromelia, shortening ol
the upper beak, poor skeletal calcification and highly viscous amniotic
and allantoic fluids. Death occurred at the end of the incubation period.
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Matings of heterozygous parents produced 339 normal and 99 micro-
melic embryos, with a normal sex ratio in both classes. The mutation,
therefore, appears to be autosomal and recessive. It is of particular in-
terest that the bones of the micromelic embryos contained little calcium
but an abnormally high percentage of magnesium.

Reference has been made earlier (p. 97) wo the reports by Maw and
his associates on a recessive mutation in White Leghorm fowl which in
homozygous condition interleres with the transfer of ribollavin to the
eges of laying hens. The mutation creates an egg environment that is
lethal even if the embryvos themselves are genctically normal  (heterozy-
gous).

‘T'he possibility of the existence of sex-linked genes with an effect on
hatchability is suggested by observations of Gredina (1936G), This author
studied hatchability in matings between rapid and slow-feathering Rhode
Island fowl. Her results are shown in Table 54. The author concluded
from her data that embryos with the phenotype for rapid feathering hatch
better than those with the phenotype for slow feathering. The difference
in hatchability between the [irst two matings amounted to 16.0 + 4.7
]’)t‘l'('.l"”l.

Hutt (1949, 1951) found in progenies from crosses of Barred Ply-
mouth Rock ¢ 2 x Rhode Island Red ¢ 2 a deficiency of females among
the newly-hatched chicks and an excess among the embryos that had
died during the last days of incubation. About | percent of the hatched
female chicks showed bare spots on the back and a shortening of the
down plumules, but these chicks subsequently developed normally. In
about 3.5 percent of the female embryos, however, the down defects were
sulficiently severe to prevent hatching. It is evident that this condition
can be a source of appreciable losses in such Rock-Red crosses. The inci-
dence of defective embryvos and chicks was greater in the progenies of
dams that had themselves been defective av the time of hatching, than
ammong the progenies of dams that had been normal, indicating the exist-
ence of multiple modifying factors. These down defects ave associated
with the presence of extended black plumage pigmentation; they occur
only very seldom in barred chicks and for this reason the males from the
crosses under discussion, with rare exceptions, escape damage.

The physiological basis of these down defects has been clarified by
the obscrvation of Bernier and Cooney (1954) that embryos with a black
down require greater amounts of riboflavin during development than do
non-black embryos. They found that in progenies segregating for down
color the incidence of symptoms of riboflavin deficiency was higher
Anong black than among non-black embryos. It appeared, [urthermore,
that in the presence of genetic modifiers of the gene (E) for extended
black pigmentation the requirement of embryos lor riboflavin was re-
duced in proportion to restriction of the area of black down color, with
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a corresponding increase in survival and hawching. Bernwer and Cooney
suggested that their observations may provide the explanation for the
excessive mortality of female embryos in matings involving sex-linked
factors for plumage pigmentation, such as the crosses of Barred Plymouth
Rock 9 2 x Rhode Island Red 2 2 referred to above, in which the fe-
males are the sex with greater intensity of pigmentation. The additional
observation by Hutt that embryo mmlahl} due to such down delects is
climinated in chicks which are homozygous [or the genes for rapid [eather-
ing (kk) presumably constitutes confirmation ol the report by Gredina.
discussed above,

New evidence relating to an influence of the genotype for plumage
pigmentation on embryo viability was brought lorward in extensive tests
by Collins and Hubbard (1958). In the authors’ own words: “When the
proportion of dominant white to colored progeny from backcross matings
to New Hampshires of parents heterozygous for dominant white, I, and
extended black, E, was compared with the ratio of offspring from the
backeross mating of parents heterozygous for dominant white but homosy-
egons lor wamrle(l black, e, the number of dominant white chicks from
the former mating was signilicantly reduced. This 1s interpreted as being
due to lower viability of the embryo resulting from interaction of the I
and E genes.”

Quisenberry and Atkinson (1956) have reported on expertments in
which young White Leghorn cockerels were exposed to whole-body X-ray
irradiation. When such males were later used in breeding tests, 10 was
found that averall hatchability of the eggs fertilized by them was nol
adversely alfected. An interesting relation was, however, observed be-
tween the dosage of X-rays with which these cockerels had been treated
and the sex ratio of those embryos in their progenies that died during
the last week of incubation. The higher had been the X-ray dosage (be-
tween b0 and 700 r) the greater was the percentage of [emales among the
late-dving embryos. The authors conclude that sex-linked lethal muta-
tions had been induced in proportion to the dosage of X-rays. Reference
has been made earlier (p. 55) to experiments by Sandvik with gamma
rays of cobalt and to tests by Samoletov, Kostin and Salgannik with radi-
ation from salts of uranium and thorium.

In addition 1o the Targe number ol well-established genetic lethal
conditions that have just been reviewed, therc are various reports which
are incomplete or of a doubtful nature, but which must be briefly re-
viewed.

In inler se matings ol the progenies ol crosses between Barred Ply-
mouth Rock and Rhode Island Red fowl Byerly and Jull {1932) found
abnormal embryos which were reduced in size, had very solt (poorly cal-
cified or uncalcified) bones, and showed edema of varying extent. Most
of these embrvos died during the last days of incubation; none hatched.
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Type of mating according

to feathering

No.

491

Females Males
1 rapid rapid
2 rapid slow
and
slow
3 slow rapid

Number

of
fertile
cogs

134

Table 54

Mortality during incubation

Phenolype
periods Halch of
1-6 7-13 14-22 % enmiyryos
4 21 16 61 all rapid
7 25 23 45 all slow
3 26 15 54

B0 rapid,
B0 slow




Because the amniotic and allantoic [luids were unusually viscous, the
condition was called “stickiness." The authors concluded from their data
that they were dealing with a recessive (or partially dominant) lethal mu-
tation. "T'hey noted that in eggs containing such abnormal embryos prac-
tically no calcium was withdrawn from the shell.  Ogorodniy and Penion-
schkevitsch (1939) believe that “suckiness” is caused by a vitamin B, de-
ficiency. Although the identity of the condition described by them with
that reported by Byerly and Jull is not established, the chances that their
suggestion meets the situation have been strengthened by the observa-
tions of Bernier and Cooney (1954) to which reference has been made
above (p. 163-164).

Interesting observations are reported by Bernier (1953) in a briel,
preliminary paper. He found that in a mating of 12 ‘White Leghorn
pullets and one particular White Leghorn male early embryvo mortality
amounted to 45.9 percent among 146 [ertile eggs. When these pullets
were bred (o another cock the mortality during the same period was
only 6.5 percent (186 fertile eggs), but rose once again to 46.4 percent
when the original male was returned to the pen (250 fertile eggs). Early
mortality was similarly high when this cock was mated with Cornish
hens. The data suggest that a dominant lethal mutauon had occurred
in the testes ol the male in question. Bernier (1960) suggests that a chrom-
osome aberration, probably a wanslocation, had occurred. Observations
by Flays (1926) on a Rhode Island Red cock, open to a similar interpreta-
tion, will be referrved to subsequently (p. 183).

Many mutant conditions, without being lethal, reduce the viability
of chicken embrvos. Hult and Sturkie (1938) rveported on a mutation,
“naked”. which interferes with normal formation of the down plumage.
At hatching time the expression ol the trait varies Irom nearly complete
to partial nakedness. Up to 18 days of development the viability of
“naked” embryos is normal, but during the last few days of incubation
about half of the homozygous "naked” chicks die. No difference in ex-
pression of the trait was found between the chicks which died before
hatching and those which hatched. The mutation is recessive and sex-
linked.

Incomplete data on a somewhat similar variation had been presented
carlicr by Sevebrovsky and Petroff (1929). In an inbred strain of chickens
they obscrved three fully formed embryos, two of which were entirely
downless, while the third was only sparsely covered with incompletely
developed down. All three embryos showed poor development of the
scales on shanks and toes. T'wo of these embryos occurred in a progeny
ol 14, the third in a progeny of 15 chicks. All were closely related to each
other. The fact that all three embryos appeared in one inbred strain,
and that none were found in other stocks, suggests that the condition was
hereditary, though probably not in a monofactorial way. Warren (1930)
has called attenuon to the fact, however, that downlessness may also
appear as a non-hereditary trait. In yet another “naked” mutation em-
bryo mortality is not increased (Sturkie, 1941, 1942).
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The dominant “llightless” mutation probably has a partial lethal
ellect. In the heterozygous condition the [light feathers tend to break ofl
near their base. In progenies of heterozygous flightless fowl some individ-
uals show retarded body growth and plumage development as well as
defective beaks and toe nails, These are believed to be the homozygous
“llightless™ birds,  hey remain almost entirely barve, do not become
sexually mature and generally die early.  Warren (1987) believes that
many ol the homozygous “llightless”™ segregates die carly, possibly prior
to the end of the incubation period. Conclusive evidence 1s wanting.

The presence of a lethal mutation in a stock of Australorps in which
changes ol plumage color [rom black 1o white ocanrred in a number ol
lemales was claimed by Gericke (1934). but his evidence is unconvineing.

A recessive mutation Ieading to bilateral microphthalmia was found
by Jeffrey (1941) in an inbred strain ol Barred Plymouth Rock fowl.
I'he abnormality was Irequently associated with thickening and doubling
al the posterior part of the comb. Embryo mortality was much increased
in the presence of this mutation. The morphogenesis of this eye abnor-
mality was studied by Gruenwald (1941). He found that during develop-
ment cysts and folds, with subsequent degenerative processes, occurred in
the retina. Abnormal folding was also found in the iris and ciliary body.
I'he pecten was rudimentary and the scleral carulage thickened. The
formation of cysts and ol abnormal growth centers in the retina appears
(o be the primary abnormality.

Finally, reference should be made to obscrvations ol Kondyrev (1925),
who ascribed the occurrence of mallormations of the legs in the F, of a
cross between Bantams and Minorcas to disharmonies incident to segre-
cation alter a cross between a small and a large breed, Conlirming evi-
dence is lacking, although several other investigators have made crosses
hewween breeds of widely different body size. There are several muta-
tions which cause death of the chicks some time after hatching, but since
they do not seem to interfere with hatchability, they will not be con-
sidered here.

Iigh embryonic mortality is the rule when genus crosses are made.
Thus, a mortality of 43 percent occurred during the first week ol incuba-
tion in a cross of pheasant ¢ ¢ x chicken g (Sandnes and Landauer,
1938). Similar observations have been recorded by Yamashima (1942),
Shaklee and Knox (1951), Sandnes (1957) and Adsmundson and Lorenz
(1957). 1In reciprocal crosses ol turkeys and chickens 85 percent of the
hvbrid embryos died on the first day of incubation and most of the re-
maining ones during the second and thivd day (Quinn, Burrows and
Byevly, 1987, Warren and Scott, 1935, Kondo, M7, Suschha, 1956).
When. however, the rurkey parent came from a strain in which partheno-
wenetic development occwrred with appreciable [requency, viability of
hybrid embryos was greatly enhanced and some of the hybrids even
latched  (Olsen, 1960). Owen (1941) found that in crosses of chicken
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females and guinea fowl males all hybrid embryos died early, approxi-
mately half of their number at the primitive streak stage (prior to the
appear‘mce of blood islands), the remainder shortly belore or during the
fourth dayv (alter the establishment ol blood circulation). In the re
ciprocal cross embryo mortality was also very high, but did not occur
within such a briel period, more embryos surviving 1o late stages. Sinu-
lar observations on the latter cross had been made earlier by Marchlew-
ski (1936). In eggs ol quail (Coturnix coturnix japonica) inseminated
with fowl sperm the embryos survived for 9 to 10 days at most (Mifsu-
moto, 1959). The mfluence that serological properties may have on vi-
ability of embryos derived from genus crosses has been investigated by
Ryle (1957).

Such crosses of distantly related forms may also lead to the appear-
ance of various developmental abnormalities among the progeny. The
hybrid embryos from the phcasant-chicken cross, for instance, showed a
high incidence of cerebral hernia (Sandnes, 1937; G. Smiath, 1912-1913).
Gross structural defects of the head region have also been observed in
guinea-chicken hybrids (Marchlewski, 1936; Owen, 1941).

The results of species crosses within the genus Gallus are of still
greater interest. Steiner (1945) made observations on crosses between
Gallus gallus, the domestic fowl, and Gallus varius, the so-called Black
Jungle fowl. Among 12 F, embryos from this cross none survived the
seventh day of incubation. In a cross of domestic hens to an Fy cock only
7 out of b1 fertile eggs produced chicks, and in a mating ol one such
backcross female to an Fy cock all 8 resulting embryos died during the
lirst two days ol incubation. The great majority of embryos from all these
crosses showed morplmloglcal abnormalities, capeuailv lordoses,

Much more extensive, but in their results similar, unpublished data
[or the cross of Gallus gallus and Gallus sonneratt, the Gray Jungle lowl,
have been kindly put at the writer's disposal by Mr. Elliot Kimball. Both
kinds of Jungle fowl used in Mr. Kimball's important and interesting
experiments were of feral origin, In the [irst crosses ol the two species
(Fy embryos) fertility and hatchability were sauisfactory, "The results of
inter se matings between Iy hybrids (I'y embryos), obtained [rom recipro-
cal crosses, and of backcrosses ol Iy animals 1o Gallus gallus are sum-
marized in Table 55, None of the more than 1200 F, embryos survived
to hatching, the majority dying during the second week ol incubation
and many of them being grossly malformed. In the backcross progenies
the results were similar, but these matings produced a few viable chicks.
In crosses of Gallus sonnerati 1o domestic varieties of Gallus gallus or 10
Jungle Gallus gallus with presumed admixture ol domestic stock M.
Kimball found also a high embryo mortality in F., but a lew chicks
hatched, Experiments by Danforth (1958 and personal communication)
produced similar results, In the cross ol (domestic ¢ x sonncrati g )
Fi,9 x (domestic ¢ x gallus &) Fg & Mr. Kimball [ound that none of
23 fertile eggs produced a hatched chick. In contradistinction to these
failures and near-failures, feral Gallus gallus bred to domestic breeds led
to normal viability in F, and later generations,
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The results of these species crosses tend to bear out the contention
of Federley (1932) that in cvosses ol nearly related species the presence
of complete ancestral genomes (in Fy) permits normal development and
unimpaired viabilitv, but that chromosomal segregation (in Fa) Is at-
tended by incompatibilities and failure ol embryos to develop normally
andd o survive (hybrid breakdown). It appears unlikely, from the fore-
going evidence, that either the Gray or the Black Jungle fowl conuributed
to the origin ol our domestic chickens. In crosses between domestic
chickens and Gallus lafayetti, the last of the [our wild species of fowl,
fertile Ty animals secm to occur  (Deranivagala 1953, 1956), but hude s
known about their breeding behavior. Newton (1893-96) had reported
them as sterile,

Table 55
Number of
Cross fertile eggs Results of incubation
(G sonneratt @ x Gl gallus 1) 47 All dead by end
Fy inter se of second week
(G gallus 9 X G. sonnerati g ) 1162 Principal period of
Iy inter se monrtality between 11th
and 15th day. None hatched.
Many malformed.
(v, gallus Q@ X G, sonnerali & )9 BB Nomne hatched
x G, gallus 4
One § of preceding group x 13 11 viable chicks
another G, gallus 4
G, pallus 9 xFy 4
(€. gallus @ x G. sonmerati §) 116 5 viable chicks

The fact that in poultry such large numbers of genetic factors are
detrnmental to embryo viability, raises mteresting questions which can-
not, however, be answered satisfactorily at present. Is heterozygosity for
recessive lethal genes disadvantageous to their bearers? If this is true,
such genes should gradually disappear [rom the flocks in which they had
nccurred, and the relatively [requent encounter of mutant genes of this
kind (if looked lor) would presumably point to their repeated origin by
mutation, It is possible, on the other hand, that heterozygosity lor re-
cessive genes with homozygous lethal elfect confers an advantage on
their beavers and that on this account such genes become widely dissem-
mated, That this may be so is suggested by the lact that in some in-
itances even hunmz\qmlu for a lethal gene, completely hidden f(rom
expression by genetic modifiers, appeared to be widespread in particular
stocks.

If breeders lavor the presence of a lethal gene in their flock because
ol desirable dominance effects in the heterozygotes, they must, of course,
pray the price in reduced hatching results. This situation presumably
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obtained in regard to the lethal of Dark Cornish fowl and holds true
[or the Crecper and Japanese Bantam breeds. In the absence ol such
conscious propagation of lethal mutations, or of enhanced viability of
the heterozygotes, natural selection will ordinarily, on account ol the
reduced size of individual progenies, lead to a rapid decline in the num-
ber ol heterozygous parents. Hence it may be said with regard to such
lethals that it 1s “the wisest procedurc for a breeder simply to ignore
them" (Lerner, 1958).

Sex of embryos
Do male and female embryos have the same chances to survive and
to hatch, or does sex ol the emlJl_\,o have an effect on hatchability?

Landauer and Landauer (1931) found among data from various
sources 18,77 + (.13 percent males among 67,993 sexed baby chicks. Pro-
vided that the primary sex ratio was equality which may be assumed
[rom data provided by Hays (1945), this would seem (o indicate that in
this material more males than [emales had died belore haiching. Crew
(1938), on the other hand, observed in chicks of several breeds a Lendency
toward a slight excess of males at hatching time. Dudley and Hindhaugh
(1938-1939) found at hatching an excess of males in some and ol females
in other stocks,

These conllicting results tend 1o bear out the suggestion made by
Byerly and Jull (1935) that breed and stock dilferences exist with reg ard
to the ])mpmtu)m ol the two sexes at hatching time. T'he latter authors,
summarizing the data available i the literature, reported that among
a total of 6,864 dead embryos there were 5,335 or 48.69 percent males. In
sex records obtained by these authors themselves there were 8,556 males
or 47.56 percent among 17,989 embryos which had died alter the ninth
day of incubation. The differences from 50 percent were [41 += 0.61
percent and 244 == 0.37 percent, respectively, and for the combined
data the deviation from 50 percent amounted to 2156 -+ 0.31 percent,
These differences must be accepted as significant, proving that in this
embryo material female mortality had exceeded male mortality. Strain
differences were also reported by Champion (1960).

A similar situation was reported by Landauer (1943), Thornton (1944)
and Hutt (1951) [or observations rclating to crosses of Barred Plymouth
Rock females and Rhode Island Red males, and by FHays (1919, 1952 b,
1954) and Hays and Spear (1950) [or Rhode Island Red progenies. As-
mundson (1941) found excessive lemale mortality during the last days
of incubation, but a trend in the opposite direction earlier. Jlays (1954)
claimed that with increasing age of sires the rate of mortality of female
embryos among their progenies tended to rise; he did not provide details
or a statistical analysis in support of this statement.

It is impossible at present to interpret all of these observations satis-
factorily. However, it seems justifiable to conclude that in general sex-
linked lethal factors (discussed previously) do not play an important role
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in the embryonic mortality of fowl. This conclusion is supported by ob-
servations ol Hazel and Lamoreux (1946). We do not know how the dif-
terences in the secondary sex ratio of various breeds and stocks are
brought abour. The sex incidence among embryos which die early, and
for which no data are available, may play a role in this respect, Data
reported by Asmundson (1941) suggest, but do not critically prove, such
an interpretation, More critical evidence for the conclusion that mor-
tality of the two sexes is not evenly distributed throughout the incuba-
tion period has been provided by lvanov (1955 a). He collected data on
mortality of White Leghorn, New Hampshire Red and Australorp em-
bryvos according to sex and three periods of incubation, A summary of
his results i1s shown by the following figures:

Number of Males
Days of incubation dead embryos %
9-11 176 50.0-4-38.79
12-18 948 61.6+-1.58
19-21 1589 40.95-1.26

The deviations from equality are highly significant in the last two
eroups (y* = 25.88 and 25.91, respectively, with a probability in cach
mstance of less than 0.001), indicating a change from high male mor-
tality during the middle part of incubation to high female mortality at
the end.

Coles (1956 ¢) assumed that deviations from equality may occur in
the primary sex ratio of some stocks of fowl. The acceptance of such an
Iiypothesis is discouraged by data on the primary sex ratio which are frec
from the complications of “inferulity”  (including death during seg-
mentation) and mortality (Hays, 1945; Landauer, 1957 b), and by ob-
servations such as those ol Joanow, discussed al:nw. [t has becn br c.:ught
to light, i addition, that environmental agencies may produce a differ-
cntial elfect on mortality of the two sexes during development, thereby
creating a complex and variable situation. Thus, it appears [rom ob-
servations by lvanowv (1955 by that eggs that had been stored for 6 to 19
days prior to incubation produced more male chicks (i.e. had a higher
mortality of female embryos) than did eggs that had been set at once
altey they had been laid. Coles (1956 ¢) reported that in eggs that had
been produced on a poor diet, the relative mortality of female embryos
was higher than in eggs produced on a better ration.

Observations by Dowve (1935 b), Hays (1941) and Godfrey, Williams
ind Thompson (1952) indicate that [emales tend to outnumber males
among the chicks which are the [irst ones to emerge from the shell, and
that, conversely, males are numerically in excess among those hatching
late. Similar results, on the margin of statistical significance, have been
reported by Henderson (1956).

Carne and Waterhouse (1958) observed a Black Orpington pullet
which, early in her second year, assumed male characteristics. The ani-
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mal was lirst mated to a pen of Black Orpington lemales and subse-
quently to three Australorp pullets. Fertility was low and embryo nor-
tality high. Among 50 oflspring, sulficiently developed for sexing, all
were males. The theorctical expectation in this type of mating is 2
females : 1 male, and a 25% mortality of the vy zygotes; the actual re-
sults remam unexplained.

Inbreeding and heterosis

A number of studies concerning the effects of close inbreeding in
fowl have brought to light some interesting information on problems of
hatchability. Cole and Halfun (1916) found that during three generations
of brother-sister matings in a flock of Rhode Island Reds hatchability
declined [rom 67 to I8 percent. In this [irst experiment matings werc
arranged without special selection methods, but in a second test Cole
and Halpin (1922) selected their breeding stock for high viability, hatch-
ability and fecundity. Although some ellect ol this selection was appar-
ent, hatchability again declined in successive generations and the inbred
family soon became extinct. No detailed account of these experiments has
been published.

Extensive inbreeding experiments with White Leghorns have been
made by Dunn (1923 b; 1928) ar the Storrs Agricultural lixperiment Sta-
tion. No direct selection was practiced in these experiments, but by
Limiting matings in each generation and line 10 the ofllspring of that hen
which had the largest number ol daughters surviving at nearly one year
of age, a premium was placed on all characteristics concerned in deter-
mining the number ol surviving daughters; namely, fecundity of the
mother during the mating season, lertility and hatching quality of her
egps, isease resistance, and so on.

The results, with regard to hatchability of the four families which
gave the greatest amount of information, are shown in Table 56. All
data refer to eggs laid during the pullet year and incubated betwecen
April 15 and May 15.

Table 56
Family IV Family Il Family VIII Family I'I1
Number Number Number Number
of fertile  Hatch  of fertile Halch  of fertile Haleh  of fertile Halch
Generalion  eggs Yo CELS % #ggs %% egps %%

Py 29 704 25 958 27 B5.2 28 64.3
Fy 50 56.0 220 60.0 383 51.4 214 49.5
F, 182 445 605 57.2 703 49.8 383 37.9
Fg 294 29.6 286 45.8 94 19.1 107 10.2
Fy 130 60,0 11 18.2
Iy 65 41.5

Two conclusions follow quite clearly from this material: (1) that
hatchability declined in all the inbred families; and (2) that this decline
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took place at different rates in the several Families. Family IV main.
tained a relatively high percentage of hatchability. It was the general
experience in this work that families in which hatchability dropped be-
low 25 to 30 percent tended to become extinct. The results for all fami-
ltes combined are given in Table 57. The outbred stock did not show
any definite trend ol hatchability. In the inbred stock there was a decline
both of families surviving and ol hawchability, The apparent rise of
hatchability in the [ourth and [ilth gencrations was due to the survival
of one [amily (I'V) with a relatively high rate of hatch.

Table 57
_ Inbred families Quthred stock
Number aof Number of

Number aof fertile Hatch fertile Hatech

Cleneration families egus LA eggs o
P, 8 20 730 — —
I 8 14 a5 h20 49.8

| O 7 29264 16.7 492 67.5

Fy h 932 34.53 768 608

Fy 2 141 46.8 h3l G0.1

Fs I 65 415 742 592

Crosses were made between dillerent inbred lines, and the results, as
lar as hatchability is concerned, are shown in Table 58 (Dunn, 1928; sup-
plemented by unpublished data). These results alford a comparison be-
tween inbreeding and crosshreeding. The same females of [amily I, and
family Ig first were crossed with their own brothers to produce inbred
progeny, and later 1o a male from another inbred family, Both male and
[emale parents, when inbred, gave a low or mediocre hatchability, but
substitution of another equally inbred male for the own brother led to a
considerable increase in hatchability (47 to 85 percent, and 56 to 73
percent, respectively). The maternal inheritance in the two cases is the
same. An immediate effect of the more distantly related sperm on the
viability of the embryo is shown. The amount of this heterosis in re-
gard to hatchability differed in the various crosses, some combinations
producing a greater improvement than others, so that there is evidence
not only of a general heterosis but also of specific genetic dillerences
hetween the families which were crossed.

New inbreeding of the progeny of these crosses between inbred lines
again resulted in decline of hatchability, bhut there were delinite differ-
ences between individual sibships withlrcg;n't[ tor the amount ol loss of
hatchability. Since the embryos in these matings represent the F, gener-
ation, it may be assumed that segregation in factors affecting embryo
survival had taken place. Double crosses between the new inbred lines
gave the results shown in Table 59. No further effect of heterosis was

173



Table 58

Number of Hatch
Family and type of mating fertile eggs %
Inbreeding: Is ¢ ¢ x brother 174 474
I, 29 x brother 140 5840
Cross: I, 22 x1; 2 151 85.0

New inlneeding: Tny Ty
mating a, hrother-sister 245 (9.0
" h, brother-sister a7 495
* b, half-brother-sister 87 494
" ¢, lnwother-sister 81 519
* ¢, half-brother-sister 103 56.8
" d, brother-sister 1R7 70.1

Iy Foq
descendants of Fy, a
brother-sister 91 41.2
half-brother-sister 68 9.7
descendants of Ty, d

brother-sister 93 64,3
half-brother-sister 124 7246
I,y Ty hrother-sister G4 67.2
Inbreeding: Iy ¢ ¢ x brother 136 56.3
I, ©2 x brother 174 47.4
Cross: Iy 29 x 1y 4 127 734
New inbreeding: Iy, Fy 284 52.5
Iy Fu mating a, hrother-sister %3] 41.8
*  a, half-brother-sister B7 51.7
" h, brother-sister 106 30.4
" b, half-brother-sister 106 28.0
Igo Fy 198 394

visible in these crosses. This, however, may be duec to the fact thai
family I was common to both parental groups, thus involving a certain
measure ol inbreeding. Between various inbred lines Dunn found differ-
ences in the time at which peaks of embryo mortality occurred; Krzanow-
ska (1959) made similar observations.

Table 59
Number of Hatch
Mating fertile eggs %
Iy 29 x5 &
mating a 268 63.1
mating b 168 b5.4
132 e X 12,. & 198 652

On the whole, these experiments demonstrate that the heredity of
the embryo plays an important role in hatchability, and they show
further that many genetic factors are at work since the responses, both
to inbreeding and to crossing, indicate segregation into various classes.
In the experience ol Knox (1946) the most [avorable effect on hatchability
resulted [rom crossing inbred stocks of different breeds.

Very similar results were obtained in subsequent inbreeding and
crossbreeding experiments conducted by Warren (1927-1928, 1934), Jull
(1928-1929 a and b; 1929-1930), Dumon (1931, 1938), Dunkerly (1931), the
Northern Sub-Commitiee of the National Poultry Institute (1934), Funk
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(1934 a), Pecchi (1936), Bice and Tower (1939}, Knoex, Quinn and Godfrey
(1943). Jeffrey (1944), Shoffner (1948 a and b), Berner (1947), Wil
son (198), Diizgtines (1950), Bernier, Taylor and Gunns (1951), Hutt and
Cole (1952), Wyatt (1933), Shoffner, Sloan, Winters, Canfield and Pilkey
AUa3), Skaller (1951, 1956), Crampton (1935), Champion (1955, 1956),
Saeki, Kondo, Flimeno, Thoma, Katsuragi and Tunabe (1956), Nordskog,
Suvath and Phillips (1959), Goto and Novdskog (1959), Shoffner and Grant
T960), Heneerson (1960),

Frll (1928-1929 b) gave some interesting illustrations for the relation
between degree ol inbreeding and hatchability., Thus, in one line of
inbred White Leghorns the data shown in Table 60 were found. In this
table the hall-brother-and-sister matings are given first for cach year, and
the Tall-brotherand-sister matings second.  The percentage of hatch-
ability decreased with rising coeflicient ol inbreeding. The greatest loss
al hatchability occurred with the first step ol inbreeding. The effect on
hatchability was the same whether a certain coeflicient of inbreeding was
reached in one or in two years. Experiments with Barred Plymouth
Rocks gave the same results, From data lor various breeds and lines
Shoffner (1998 ) calculated that the regression of hatchability on in-
hreeding was — 436 = 132, indicating that for cach 10 percent increase
in coefficient of inbreeding there was an average decrease of 1.1 percent
in hatchability. Blow and Glazener (1953) calculated a similar coeffi-
cient of regression {(—371==.111). Such regression coellicients are of
doubtlul value, however. in view of the observation by ecarlier authors,
conbirmed by Bernier, Taylor and Gunns (1951), that the 1‘elaLim‘15hip be-
tween inbreeding and hatchability is non-linear, the greatest increase in
embrvonic mortality being produced by the initial steps of inbreeding.

Borissenhko (1945) observed certain phyvsical changes in the eggs of
an inbred stock of White Leghorn fowl. The relative amount of thirf

Table 60
Year of Number of Coefficient TTatchability
mbresding jamilies of inbreeding %

i 10 0 Bl.04+ 242
First 6 L2.50 69.90+ 2.85

B 25.00 G250+ 347

Second 5 25.94 61.70+ 7.18

5 87.50 46.80--11.59

Third 8 34.37 15025 6.33

5 50.00 13.37+ 7.32

albumen showed a tendency to decrease with continued inbreeding; solids
m the thin albumen diminished; the phosphorus content of thin and
thick albumen declined. There was, however, no critical evidence for the
conclusion that any of these alterations in egg composition had a causal
relationship to parallel changes in hatchability,
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Is it inbreeding per se (i.e. increasing homozygosity) that depresses
the hatching quality of eggs? Or, are the deleterious consequences of in-
breeding brought about hy genes with harmful effects of a specific na-
ture for which the stock had been heterozygous? Both alternatives, in
fact, appear to be important mechanisms in inbreeding degeneration.
Recent advances of population genetics have furnished impressive evi-
dence for the role which heterozygosity plays in safeguarding reproduc-
tive fitness and in the cquilibration of developmental events (Lerner,
1951). The results of selection experiments, to be reviewed presently,
have shown, on the other hand, that a considerable measure of success
can be attained in preventing deleterious recessive mutants from coming
to the surface. The dilficult problem of the proper controls for selection
experiments has been discussed by Gowe, Johnson, Downs, Gibson,
Mountain, Strain and Tinney (1959).

Inquiries by Briles (1951) and by Briles and Krueger (1955) velative
to the adaptive value of blood group genes of fowl were addressed to the
problem of the importance ol certain levels of obligate heterozygosity for
maintenance of a high degrec of reproductive fitness. Hatchability was
one of the traits under scrutiny, Their results prove conclusively that
embryo survival and hatching were superior in those matings in which
the parents had been heterozygous for the blood group genes under study.

A number of investigators have attempted to combine inbreeding
with selection for high hatchability. In Dumon’s experiments with White
Leghorns hatchability declined in spite of selection, but Waters (1932)
and Waters and Lambert (1936 a and b) were more successlul in this
respect. Working also with White Leghorns, they used rigid selection on
the basis of high hatchability for choosing their breeding birds, with
large family size and good vigor as next important considerations. Entire
[amilies in some instances were excluded rom the experiment because
hatchability was unsatisfactory. The degree of inbreeding for each gen-
eration was, in general, less intensive than that obtained by brother and
sister or parent and offspring matings.

The results of these experiments are shown graphlcalh in Figure 51.

If the eggs of all inbred lines are considered, it is evident that hatch-
ability declined with an increasing coefficient of inbreeding, although in
comparison with experiments on inbreeding without selection the decline
was relatively slight. But those individuals which were chosen to be
parents of the next inbred generation did not show any loss in the hatch-
ing quality of their eggs, even if inbreeding amounted to as much as 80
percent. These birds may be assumed to have been relatively free of
genetic factors interfering with normal embryonic development.

Further and similar inbrecding experiments confirmed these con-
clusions (Waters, 1945: Knox, 1946). In another publication Waters
(1938) produced evidence showing that the crossing of random-bred
White Leghorn females to highly inbred White Leghorn cocks improved
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haiwchability. It follows from all this evidence that there is no simple
and direct relation between coeflicient of inbreeding and percentage ol
hatchability. The results are determined by the amount and success of
selection which accompanies inbreeding.

Convincing evidence for the conclusion that a great many genetic
lactors m!lucm(- hatchability 1s furnished by the fact that lhmugh many
steps of inbreeding it remained necessary to exercise close sclection in
order to obtain sibs with high hatchability, and by the observation that
even highly inbred groups showed an enormous range of variation in the
hatchability of the eggs of individual hens (Waters and Lambert, 1936 a).

Support for this conclusion can also be seen in Dunn's (1924) obser-
vation that differences appeared between various inbred lines with regard
to the age distribution of embryonic mortality. Thus in one family more
than 40 percent of all deaths occurred before the sixth day of develop-
ment, while in another line only 8 percent of the mortality lell into this
period. If for the whole inbred material embryonic mortality was com-
pared with the outbred stock, the age distribution appeared 1o be similar
in the two sets of data, though the total mortality was much increased
among the inbred embryos. But if the inbred families were considered
individually, consistent differences in distribution became apparent, and
these may be ascribed to the fact that the different lines had become
homozygous for dilferent sets ol genetic factors interfering with develop-
ment at one or another period. Segregation for various specific causes of
death had obviously taken place. This conclusion 1s supported by the ob-
servation of Byerly (1930) that the [requency of teratological abnormali-
ties is reduced by heterosis.

The improvement of hatchability which may be obtained by crossing
breeds, as compared with intra. breed matings, is illustrated by some data
(Table 61) taken from a publication by Warren (1942). Similar facts were
reported by Horlacher, Smith and Wiley (1941). Kushney and Kitaeva
(1951) claimed, presumably under the influence of Mitchurinist doc-
trines, that the unfavorable effects of inbreeding on hatchability can be
lessened by factors of the environment in which the animals are ratsed.

Table 61
Mated to male Mated to males of a
aof same hreed different breed
= Breed
Number of Hatched  Number of Hatched (if different)
Females fertile epgs % fertile cggs %, from oun)
White Leghorn
Strain W 289 61 406 80 Barred Plymouth
H E 167 B4 587 H Rock
" K 1582 71 584 80
White Leghorn 159 738 231 81 Australorp
Australorp 199 72 111 a0 White Leghorn




With regard to the general effect of inbreeding and crossbreeding on
hatchability, Byerly, Knox and Jull (1934), in a discussion of experiments
with White Leghorns and Rhode Island Reds, justly remark that “cross-
ing breeds is a very eflective means of increasing hatchability if the hatch-
ability of a strain or breed is low. The increase in hatchability to be ex-
pected in eges [rom purebred [emales mated to males of an unrelated
breed, over the hatchability obtained in matings of the same females
within the breed, is inversely proportional to the average hatchability ol
cggs Irom the latter matings. Il hawchability within the breed is low,
mating to an unrelated breed will probably improve it markedly. But if
hatchability in matings within breeds is high, in the present data over
80 percent, crossbreeding is at least as likely to decrease hatchability as to
increase it.”" More recent work of Dudiey (1944) led to similar results,
and the observations of Henderson (1951, 1957) on reciprocal crosses of
White Leghorn and Dark Cornish fowl, as compared to the parental
breeds, can probably be explained in the same manncr.

The relative contributions of mother and father te hatchability

It 1s of considerable interest to know what are the relative contribu-
tions of mother and father to the hatchability of eggs. In the case of
autosomal lethal mutations we know, ol coutse, that the two parents play
the same role in transmitting such [actors. On the other hand, it has been
shown that physiological disturbances may occur in the mother’s organism
which aflect the hatchability ol her eges (pp. 131-136).

Where no evidence is available concerning the presence of such
specilic factors of one or the other type, the relative role of the two par-
ents can be studied by the correlation technique. Comparisons of this
kind have been made by Hays and Sanborn (1924) and by Bronkhorst
(1933). For the relationship between hatchability of the mothers™ egegs
and hatchability of their daughters’ eggs, Hays and Sanborn found for
811 Rhode Island Reds a correlation coefficient of 0.196 = 0.034, and
Bronkhorst obtained for the same correlation among 1142 White Leg-
horns a coefficient of 0.177 == 0.028. Similar correlation coefficients were
reported by Jull (1931) as follows: 74 Rhode Island Red dams and their
18 daughters r = 0.21 =+ 0.07, and 60 White Leghorn dams and their
105 daughters r = 0.16 =+ 0.09. Between sisters Pearl and Surface (1909)
had already reported a correlation of 0.188 =+ 0.089. These coefficients
inclicate a significant, though slight, influence of mothers on the hatching
fuality of their daughters’ cggs.

I’erhaps a better demonstration of the influence which mothers have
on the hatching quality of eggs laid by their daughters is offered by full's
(1951) procedure of dividing the dams into two groups, depending upon
whether the hatchability of their eggs was above or below the mean for
the group as a whole, and then comparing the mean hatchability of the
cggs of the daughters from each group ol dams. The data [or Rhode
[sland Reds are given in Table 62, and those for White Leghorns in
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Table 63. In both cases, the dams with higher mean hatchability pro-
duced daughters whose eggs hatched signilicantly better than those [rom
the daughters of the dams who in regard to hatchability were below the
mean [or the whole group.

Table 62
Mean of
Dams" hatel Mean of dnu.ghtm's’
ability. Ruange in Number of dams® hateh- Number of hatchability
o, darmns ahility ¢, daughters Gy
T BRO—M5 5l 80.63 -+ 0,67 105 75.104-1.91
41.0—67.5 23 59.95 - 116 43 bﬁ 36+ 2.94

Difference 20.68 - 1.38 8,74 3.81

In order to make a similar test for the father's role in determining
the percentage hatchability of eggs laid by his daughters, il is necessary
to make indirect cmnpmm}m such as the performance of dams and
daughters ol the same sires, dams and mates, mates and daughters, sires’
mates and sons' mates, or first and second-year daughters of the same
males. The [ligures in Table 64 show the principal results obtained in
such correlation studies, T'he only possible interpretation of these data
seems to be that the male plays a less important role than the female in

Table 63
Mean of
Dams"' hatch- Mean of daughters’
ability. Range in Number of dams” haich- Number of hatchability
e dams ability O daughters %
74.0—94.5 96 81.24-+-0.58 62 63404285
53.0—735 24 64.36-+1.13 43 52.334-2.88
Difference 16.88-+1.25 11.074+-4.05

determining hatchability, but that there is some evidence indicating an
effect of the male’s genotype. In evaluating the different coefficients,
it should be kept in mind that the correlation between the average of the
performance of a male’s mates and that of his daughters is least conclu-
sive, since in this case the effect of both parents enters the comparison.
The relationship between dams and mates ol the same male probably
gives the best measure of the mfluence which the males have on hatch-
ability.

The outstanding feature of these correlation coefficients, as they re-
late to the effect of either parent on hatchability, obviously is the small-
ness of the values, and this mayv be taken as an indication of the complex
nature of hatchability. The greater role of the female, expressed in high-
er coeflicients of correlation, is explained by the fact that, in addition to
her contribution to the genetic constitution of the embryo, hatchability
is influenced by her own heredity as well as by her diet and by physio-
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Table 64

Coefficient of correlation Breed and Number
betueen Authaor of individuals Coefficient
Dams and daughters of
same males Hays and Sanborn 748 Rhode Island Reds 0,059-+0.037
Bronkhorst 1061 White Leghorns 0,092 -+ 0.028
Dams and mates of same
males Hays and Sanborn 647 Rhode Istand Reds 0.158 +0.03Y
Bronhhorst 1079 White Leghorns  0.131+0,030

Mates (average) and
cdaughters (individual)
of same males Hays and Sanborn 412 Rhode Island Reds 0227+ 0.047

Fivst and second-year
dlaughters of same

males Hays and Sanborn 51 Rhode Island Reds 0.300-+4-0.128
Sires' maies and sons’
mates Hays and Sanborn 170 Rhode Island Reds 0.076 - 0.076

logical disturbances ol her organism as they affect the structure and
composition of her eggs. Hatchability estimates by Brunson, Godfrey and
Goodman (1956) and by Crittenden, Bohren and Anderson (1957 a) sup-
port the same conclusions. Champion (1957) reported on experiments in
which reciprocal crosses were made between two strains of White Leg-
horn fowl and in which the resulting F; generations were then backcross-
ed to the original stocks in all possible combinations, Highly signilicant
dillerences in hatchability were found between some of these combina-
tions, but Champion concludes that maternal elfects and/or sex linkage
played no significant vole in their origin., Krzanowska (1959), on the
other hand, found important maternal effects on the carly growth of
embryos.

Convincing proof for the influence of sires on hatchability was pre-
sented by Waters (1944) from studies on White Leghorn fowl in which
he employed the method of diallel crossing, i.e., the mating of the same
hens to different sires. An analysis of variance of his results showed that
there were highly significant differences between cocks. Similar implicit
evidence had, ol course, already existed in the comparative resalts from
crosses of inbred and distantly related stocks. But none of these data
allow us to distinguish between the effects of heterozygosity (heterosis)
and the action of specilic genes transmitted by the sires.

An interesting demonstration of the importance of maternal factors
lor hatchability has been provided by studies of van Schalkwylk and Lie-
benberg (1952) and Ervanmus (1958) on Black Australorps, White Leg-
horns and reciprocal crosses between these two breeds. Several con-
secutive tests showed consistently that of the two pure breeds the eggs
ol the Black Australorps hatched better than those of the White Leg-
horns, but that in the crosses the eggs from White Leghorn females bred
to Black Australorp males hatched better than did those from the recip-
rocal matings, Evanmus gave proof of the statistical significance of these
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differences. He [cund no evidence [or sex-linked genes and ascribed
the results to, as yet unanalyzed, factors of egg composition; [actors which
mfluence survival and hatching of the F; embryos on account of superi-
ority (for the hybrids) of the internal environment of eggs laid by Leg-
horn mothers as compared with that of eggs laid by Australorp hens.
One hopes that attempts will be made to test the validity of this hy-
pothesis. Similar and highly significant dillerences in hatchability be-
tween these reciprocal crosses were recovded by Morris and Skaller (1958)
who suspect dissimilarities in sperm age (rate ol [ertilization) as the
cause. A somewhat similar situation, but presumably based on quite
dillerent [actors, was discussed earlier with relerence to crosses involving
Creeper fowl (p. 111).

Are there specific hatchability genes?

Studies to determine whether or not the “hatching quality” of eggs is
a separate genetic trait were first undertaken by Pearl (1911), but the
significance ol his results remained doubttul. On the basis of their cor-
relation studies with Rhode Island Reds, Hays and Sanborn (1924) sug-
gested that there is one incompletely dominant gene (H) which deter-
mines high hatchabilitv: "“There is no sex linkage and all results ob-
lained are to be expected in a simple mono-hybrid ratio.” Hays and San-
Lorn believed that the [lock under consideration could be grouped into
three general classes or phenotypes, as follows: (1) “Those showing hatch-
ability of 85 percent or above, we call high. (2) Those with a hatchability
of 55 to 81 percent, we call medium. (8) Those below bb percent, we call
low. Since factor I has a cumulative effect, the range for the medium
class is twice as great as for the high class,” Dominance of H was as-
sumed to be incomplete, the homozygous zygotes hd\mg a higher hatch-
dhl]ltv than the heterozvgous ones. Hays assumed, in addition, that
“both HH and Hh males probably give about the same hatching record
from HH hens.”

The latter hypothesis, genetically unexplained, presumab]y helps to
account for the greater influence of females than of males on hatchability.
The data of Hays and Sanborn can hardly be used to substantiate their
hypothesis of a monofactorial interpretation of high hatchability. Jull
(1931, 1940) has already pointed out that the low values found by Hays
and others for hatchability correlations between parent and offspring
groups militate against the assumption of simple inheritance, since with
only one genetic factor for high hatchability a relatively high correlation
should result between the hatchability of dams and daughters. Bronk-
horst (1933) came 10 similar conclusions.

If the interpretation of Hays and Sanborn were correct, high hatch-
ing females should produce exclusively high hatching daughters. This is
not invariably true. Snyder (1930) repnrted the case of a hen which pro-
duced a 96.5 percent hatch during her first laying year, and an average
hatch of 91 percent over a three-year period (263 eggs), while out of eight
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of her first-year daughters six gave hatches of 83 to 90 percent, but the
remaining two gave only 66.6 and 40.7 percent. Bronkhorst (1933) refers
to similar instances. A good idea about the complexity ol the situation
may be gained from heritability estimates. Such estimates, in terms ol
cmbryo viability, were made by Hill, Dickerson and Kempster (1954),
Briunson, Godfrey and Goodman (1956) and Crittenden, Bohren and
Anderson (1957 a) and yielded heritabilities of between 4 and 8 percent.
Further heritability estimates, in terms of hatch of fertile eggs, were re-
ported by Wilson (1948) and by Shoffner and Sloan (1948) {rom intra-sire
daughter on dam regressions and by Critienden, Bohren and Anderson
(1957 a) from (Jock-mated pedigreed pullets; they showed similar values
1 to 16 percent). Additional details are veported by Crittenden (1958).
I'hese results are another expression of the great importance ol external
agencics (maternal nutrition, incubation practices, etc.) [or the success
ol incubation. In evaluating the results of such calculations it must not
e [orgotten that the ability of organisms to respond to fluctuations of
the environment is anchored in the genotype and will to a certain extent
respond to selection. It is also clear that heritability values will be sub-
ject to variation according to the more or less ideal conditions of man-
agement. Mays (1959) has recently given a summary of an experiment,
extending over eleven years, in which an effort was made to establish
separate Iines of Rhode Island Red fowl with “high™ and “low" hatch-
ability. The results demonstrate, il demonstration was needed, that the
concept “hatchability™ 35 an abstraction with much too complex physio-
logical connotations to be uselul as a guide to selection.

HHays (1926) reported an interesuing case, interpreted by him as a
demonstration of the importance of the male in regard to hatchability,
ancl as an indication that "hatching power is inherited in Mendelian
[ashion.”™ The data are shown in Table 65. The same seven Rhode Is-
lindd Red females were bred to two dilferent males during the first two
laving vears. The author did not state the actual numbers ol eggs in-
volved in his observations. The dilferences in hatchability are striking;
in tact, they are much too great to prove Hays' point. The data suggest
the interesting possibility that a dominant lethal mutation had occurred
carly in the development of the testes of cockerel C 8081,

Table 65
N I —{.‘:n.‘f'—rr;{z ROR1 Cocherel E 280

Featility Fertife ﬂ;.;‘g.v- Fertilify Fertile egus
Fenmates ar. hatehied o ot hatehed €
C 7120 6 0 W 5%
(i 71382 100 ] 08 ab
7297 a2 4] 4 73
C 7310 100 () 84 53
C 7482 a8 0 50 0
G 7716 48 10 0 0
(. 7738 100 0 100 H2
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There is overwhelming evidence for the conclusion that the hatching
quality of eggs is influenced by a large numbher of factors, and there may
be many others, yet to be discovered. The fact that mutations atfecting
morphological traits, such as rumplessness, even in heterozygous condi-
tion cause a certain loss ol hatchability (Dunn and Landauer, 1934), sug-
gests that many genes may indirectly influence the chances of the em-
brvo to survive and to hatch. In addition, there are probably numerous
physiological factors of more vital importance [or survival and hatch-
ability. Many of these factors may be difficult to analyze in Mendelian
terms, and in the absence of such analyses heritability estimates may in
specific situations serve as useful guides for determining whether selec-
tion in a particular direction is effective,

EMBRYO DEVELOPMENT AND HATCHABILITY

Embryo growth and hatchability

Changes in embryonic growth rate may be instrumental in producing
serious distortions of development, resulting in malformations and in
death of the embryo (Landauer 1941 b). It remains to be determined,
however, how important is the role of this mechanism. According to
Nicolaides (1933) and Hays and Nicolaides (1934) the most common em-
hryonic stages found in eggs at the time of laying are pre-gastrula and
early gastrula lor hens with low hatching records, but well advanced
gastrula for high-hatching hens. Taylor and Gunns (1955), on the other
hand, were unable 1o detect a correlation between embryo size in newly-
laid eggs and hatchability of other eggs from the same hens; nor could
they find relationships between the size or degree of differentiation of
various parts of the blastoderm and hatchability.  Baeczkowska (1959),
however, reported rising hatchability with increasing size of the blasto-
disc.

In a further analysis ol their material the same authors (1939) lound
that the amount of overgrowth in the peripheral part ol the area opaca
ol the blastoderm was significantly greater in the high-hatchability group
than in the group with medium hatchability. A dilference in the same
direction, but of borderline significance, was found between the high
and low hatchability groups. The correlation between the amount of
overgrowth and hatchability was found to be 0.5158 = 0.1313, with a
correlation ratio of 0.5328. It was mentioned previously (p. 123) that
McNally and Byerly (1936) found a relationship between mean somite
number after 48 hours of incubation and hatchability. In an analysis of
the performance of 28 Rhode Island Red hens, Neel (1942) calculated a
coetlicient of correlation of 0.77 = 0.08 between developmental rate for
fi-hour intervals from 24 to 72 hours of incubation (expressed as number
ol somites) and hatchability. A positive correlation between size of the
blastodisc after 24 hours of incubation, as seen by a special candling de-
vice, and subsequent hatchability was reported by Baintner and Bagre
(1955).
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Detailed observations by Bernier (1947) and Bernier, Taylor and
Gunns (1951) on the relation of early embryo size 1o hatchability are of
considerable interest. Their data were derived from brother-sister mat-
ings in a production-bred line of White Leghorns (OB) and {rom a stock
obtained by crosses of that line with a White Leghorn stock which had
been selected for small embryo size (SEOB). 'The pertinent data are
shown in Table 66. In interpretation of their results the authors offer
the following comments:

“The relation between early embryo size and hatchabilivy is positive
in the individual matings of the OB origin of females in 19140. Large
mean blastoderm size and large number ol somites were indicative of
high hatchability in a given mating. The most interesting lact is un-
doubtedly the increase in the value and significance of the correlation
coefficients as the embryos increase in age. In eggs occupying a clutch
position subsequent to the first, and in which embryonic development
has been under way, in the oviduct for approximately 26 hours, the
correlation is —+-.103, not significant but indicative of a trend. In eggs
occupying first clutch position, which are known to have remained in the
oviduct longer than those occupying a subscquent clutch position, the
correlation is —+.291 and still not signilicant. In eggs occupying clutch
positions subsequent to the [lirst and incubated for 38 hours, the correla-
tion between mean number ol somites and hatchability is 4496 which
is significant at P.01. Finally, in eggs occupying first clutch position and
incubated for 38 hows the correlation between mean number ol somiles
and hatchability is |-.632 which is signilicant at P.05. The older the
embryo from a given mating, the higher the corrclation observed between
their mean size and hatchability in the same mating, as [ar as the OB
females were concerned in 1940.”

No such correlations existed in the SEOB data, Bernier interprets
his results with the OB material as “evidence that inbreeding resulted in
homozygosity for deleterious genes in many of the zygotes produced by
these OB females. These deleterious genes started expressing themselves
shortly alter fertilization and their outward manilestation was a retarda-
tion in embryonic development. "I'he higher the frequency of deleterious
genes in a particular mating, the larger the proportion of zyvgotes af-
fected, the greater the reduction in mean blastoderm size or number of
somites and percentage of hatchability, and hence, a positive correlation
between mean early cmbryo size and hatchability.”

Among the SEOB females heterozygosity for such deleterious lactors
presumably was less common, hence the lack of a similar 1'elaliunship. Tt
is justly pointed out by Bernier, however, that the reduction in mean
early embryo size in inbred stocks may be the result of growth retardation
which in turn may be a manifestation of impending death of some of the
embryos, and that actually impending embryonic mortality rather than
true embryvonic growth ratc may have been measured. These observa-
tions and conclusions are likely to find an application in such relations
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as exist between rate of production, time ol the day when the eggs were
laid, interval between cggs, and clutch position on the one hand and

hatchability on the other.

In this respect Bernier makes the [ollowing statement: “T'he normal
relation between blastoderm size at time of oviposition and hatchability
is a curvilinear one. This 15 supported by the demonstration that: eggs
in first and last clutch positions, eggs laid early in the morning and late
in the afternoon, and cggs with unusually long time intervals all contain
cmbryos relatively more advanced in development while eggs with short
time intervals contain embryos relatively less advanced in development,
and all ol these classes do not hatch as well as those in intermediate
clutch positions, laid in the middle part of the day, and with a time in-
terval of 23 to 27 hours.”

The situation is undoubtedly a verv complex one. Such [actors as
the reduced shell porosity of [irst eggs in a clutch (Tyler, 1945) suggest
that we may witness an interplay of diverse physiological agencies.

Russian students of incubation have made experiments on a large
scale in efforts to eliminate in early stages of incubation infertile cgus as
well as eggs with small germ discs (Orlow, 1954; Kuchhovskaya, 1954;
Tret'yakov and Pel'ttser, 1954), They lound that alter a pre-incubation
period of 15 hours at 37.5 to 10.5% C. (100 to 105% F.) candling permittec
to eliminate the infertile eggs, and to sort the remaining ones into eggs
with small and large germ discs. The eggs could then be stored Tor ai
least six clays without appreciable loss ol vitality, and il only those eggs
were set which had shown a large germinal disc, an improvement in
hatchability was obtained. The authors recommend their method not
only on account of the better utilization of incubator space, but also be-
cause the rejected eggs had not shown an appreciable loss in nutritive
value. The report by Baintner and Bigre (1955), already relerred Lo, and
a more recent one by Bégre and Varga (1956) point to similar conclusions.

For later stages Bronkhorst (1933) has made a comparison between
high (above 75 percent) and low (below 50 percent) hatching hens with
regard to embryo growth (Figure 52). T'he most interesting feature of
his data is that the maxima ol growth generally occurred earlier among
the embryos of the high-hatching than among those of the low-hatching
group. A particularly striking dilference between the two sets of embryos
was found at the end of the incubation period where the embryos ol the
Liigh-hatching group showed a much greater increase in body weight than
the low-hatching embryos. Absolute weights as well as daily weight in-
crements are much more variable among the embryos ol the low than
among those of the high-hatching eggs. It is, ol course, impossible to
judge from such data whether the observed dilferences indicate that
retarded growth was a causal factor in reduced hatchability, or whether
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L8T

Class of eggs

All cggs, irrespective
of clutch position
liggs in First

cluich posilion

Eeggs in clutch position
subsequent to first

Tsignificant at 194 level:

Correlation belween embryo size and hatchability

Merasurement

Blastoderm size
Numbher of somites

Blastederm size
Number of somites

Rlastoclerm size
Number of somites

“significant at 5% level

Table &6

Niswher of
matings

15, 1940

Gorrelation

30
29
13
13
n
28

- 187
4731

+.201
6392

-+.103
-t-.4061

Origin of females

SEOD, 1941

Number of
malings Correlation
60 125
61 --.093
45 —+.128
47 - 028
B —017
50 — 044
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Figure 52

Growth curves showing the daily increment of weight among embryos
of a high (—) and a low (- -) hatching line of White Leghorns (From
Bronkhorst, 1938).

the reduced size of the embryos is an expression ol retardation preceding
death from unanalvzed causes. It is interesting in this connection, how-
ever, that Byerly (1934) found in an inbred strain of White Leghorns a
postponcment of hatching by about twelve hours as compared with other
matings. It is not known whether this was due to retarded growth or 1o
a delay in the act ol hatching itself.

Energy metabolism ol the developing chicken embryo is influenced
by many factors. Barott (1937) has shown that temperature, humidity,
carbon dioxide and oxygen concentration all have definite effects in
this respect; effects which are reflected in the rate ol embryonic develop-
ment and in the chances of the embryo to survive and to hatch. The in-
fluence of incubation temperature on time of hatch is shown in Figure
53. Further observations concerning the influence of temperature on
length of the incubation period have been recorded by Bouges (1923),
Hendevson (1939) and Romanoff (1939). Pengquite (1938) demonstrated
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Figure 53
‘The effect of incubation temperature on time of hatch (From Baroft, 1937).

that the conditions of temperature and humidity have important bearings
on growth ol the chicken embryo. and Penionschkewitsch and Schecht-
man (1939) showed that these conditions are directly reflected in the cal-
oric value of the embryos. According to Golovkov (1939) the hatching of
Leghorn eggs takes place about six to eight hours earlier than that of
eggs from heavy breeds (Rhode Island Red, Orloff).

Demuth (1939) found that in pure oxygen growth of the chicken em-
bryvo is retarded, but that differentiation suffers little, if at all.

A functional relationship of the thymus to hatchability is suggested
by observations of Dmitrieva (1939). She found that in 21-day normal
(crossbred TLeghorn) chicks the thymus weighed 37.53 = 3.00 mg., whereas
i 21-dayv chicks (of the same stock) which had failed to hatch, thymus
weight was only 17.50 = 1.33 mg. The two groups had the same body
weight (35.890 &= 0.69 g, and 35.95 + 0.73 g., respectively). No differ-
ence could be detected in the structure of the thymus (such as develop-
ment of epithelial and lymphoid elements or ratio between medullary and
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cortical substance), Dmitrieva believes that there is a hereditary basis for
retarded thymus growth, but proof for this conclusion is lacking. In any
event, however, the author’'s findings, if verified, should furnish a basis
for many interesting inquiries.

In tissue cultures {rom an embryo with posterior duplication Kemp
and Engelbreth-Holm (1930) observed an increased [requency ol tripolar
mitoses. Stmilar findings were reported by di Grazea (1937) for tissue
culture material from a dicephalic chicken embryo. This may be an ex-
pression ol early growth disturbances. TTigh incubation temperature may
be one of the causative factors (Stilwell, 1947). The problem deserves
further attention,

Malpositions

Belore hatching, chicken embryvos normally assume a characteristic
position within the egg so that the long axis of the embryo coincides
with the long axis of the egg and the beak is located underneath the
right wing, with the tip of the beak directed toward the air space in the
blunt end of the egg.

It was first recognized by Sanctuary (1924-1925) that among chicken
embryos which had failed to hatch, i.e.,, among embryos which had either
died after the eighteenth day of development, or which were still alive
at the end of the incubation period, but had not emerged from the shell,
somewhat more than 50 percent are [ound to be in positions different
rom that which is “normal” just previous to hatching.

On the basis of studies by Sanciuary (1924-1925), Hutl (1929), and
Smith (1931) the following classification of malpositions has been ac-
cepted by the majority of investigators working on these problems.

Malposition I Head between thighs
Malposition 11 Head in small end of egg
Malposition I11 Head to left instead of under right wing
Malposition IV Embryo rotated in such a way that the beak
is not directed toward the air cell
Malposition V Fect over head
Malposition VI Beak above right wing instead of underneath it

Combinations of two malpositions may occur in the same embryo,
e.g., I and II or II and III. Malpositions V and VI are rather uncommon
and will not be considered [urther in the [ollowing discussion, In fact,
malposition VI is a normal variant according 1o Dowe (1935). For the first
four types ol malpositions Byerly and Olsen (1936 b) have summarized
from the work of various authors the frequencies shown in Table 67. The
material included in this tabulation came from hatches of between 72.5
and 84.8 percent, i.c., from eggs which had been under favorable incuba-
tion conditions.
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Table 67

Average incidence and range of frequencies of malpositions in percent of
18-day living cmbryos

_ Malpositions
Oriendation of eggs . .

during ineubation I 11 HI I
: - .»\_m;:rage 1.16 1.76 3.38 0.50
Large end up Range 1.08-1.45 0.20-2.12 1.95-3.04 0.03-1.04
Average 1.66 867 156 8,00
Horizontal Range (1.93-1.94 227418 1.36-2,14 1.27-4.40

Among embryos which had dicd between the eighteenth day and the
end of the incubation period Byerly and Olsen (1936 a) observed the fre-
quencies ol embryos which had pipped the shell shown in Table 68,

Data coilected by Asmundson (1938) show a similar distribution,
These ligures indicate that embryos rarely, il ever, pip the shell when they
are in malpositions I or 111, or in combinations of 1 and Il or II and III.

Table 68
Embryo position Number of egos Pipiped g,
Normal 12,690 412
Malposition 1 1,168 0.6
Milposition 11 1575 257
Malposition 111 3240 1.1
Malposition TV 745 98
Malpositions I and 1T combined 142 2.1
Malpositiens 1T and TIT combined 183 22

Orccasional hatching from mdlpnmlon ITI has, however, been observed
(Byerly and Olsen, 1934), and there is also evidence that shilting of the
cmbryo from malpositions I and 1V to the normal hatching position may
still occur after the nineteenth day,

The first question which arises with regard to these malpositions is
whether or not thev are related to the orientation of the early embryo.
Taxlor (1932) and Cavers and Hutt (1934) found that such a relationship
exists for malposition T FEggs in which the embryo deviates from its
normal positon at [our or six days of incubation show later a much high-
er incidence of head-in-small-end malposition than do others. No similar
relationship exists with regard to other malpositions. Heterotaxia ap-
parently does not intertere with normal hatchability (Taylor, 1934).

The problem of whether or not the orientation of the egg during in-
cubation influences the origin of malpositions has been studied exten-
sively by Byerly and Olsen (1931, 1938, 1986 b, 1987), Cavers and Huflt
(J931) and Hutt and Pilkey (1934). The dilferences between eggs incu-
bated with their large end up versus those kept in a horizontal position,
as Lar as the inadence of malpositions is concerned, can be scen [rom
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the ligures in Table 67. It is evident that malpositions II and TV are
more common among horizontally incubated eggs than among those in-
cubated with the large end up, whereas the reverse is true for malposition
1.

The incidence of malposition I seems not to be affected appreciably
by this dilference in incubation practice. It has been demonstrated also
that malposition II (head-insmall-end) can be produced experimentally
with high lrequency by incubating eges for the fist 18 days with their
small end up, or by coating the large end with l)al'uffin and ncubating
the eges with the large end up. On the other hand, the incdence of
malposition II is reduced in eggs incubated with the small end up if the
small end is paraffin-coated. Byerly and Olsen concluded from these
results that the occurrence of malposition II is accounted for by gravity,
but that air-hunger ol the embryo is another regulating factor. These
agencies seem to play no role in the causation ol other malpositions.

There are other, more general factors which increase the occurrence
of at least some of the malpositions. Excessively high incubation temper-
ature was found to raise the frequency of malpositions I and I1I, whereas
malposition 1T was found to be more than ordinarily common at temper-
atures below as well as above the optimumn  (Byerly, 1938). Frequent
turning ol the eggs during incubation tends to reduce the incidence of
malpositions (Insko and Martin, 1933), increasing maternal age may have
a tendency to raise it (Steele and Insko, 1948).

Low hatchability on account of poor feed rations is accompanied by
an increased occurrence ol malpositions (Smith, 1931); this relationship
has been noted especially with relerence 1o malposition 111 (Byerly and
(Olsen, 1934). In comparison with normal [eeding it was observed that
vitamin A deficient diets are responsible for the occurrence of more mal-
positions of all types, except V; the differences between the two groups
were statistically significant for the total of all malpositions and for
malposition VI (Polk and Sipe, 1910). Similarly, vitamin D (cod liver
oil) was reported to decrease the frequency of malpositions (Insko, 1934).
Inbreeding tends to raise the incidence of malpositions (Upp, 1934).
Malposition II1, according to Hutt (1938), occurs more frequently in
large eggs than in small ones, but Asmundson (1938) failed to find signifi-
cant differences 1n this respect.

Serious criticism has been levelled by Byerly and Olsen (1954), Dove
(1935) and Waters (1985 a and b) against the interpretation that all em-
bryonic malpositions represent agencies responsible for embryo mortality
and, hence, for reduced hatchability. Byerly and Olsen as well as Dooe
concluded from their observations that malposition III, head under left
wing, is a consequence of delayed embryonic development. The work of
Waters indicates that a somewhat similar sitnation exists with regard to
malposition I, head between thighs, and this has been confirmed by
Byerly and Olsen (1936 b: 1937), Byerly (1988) and Munday (1953).
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With regard o these two malpositions, at any rate, one is lorced to
conclude [rom evidence available at present that in general they represent
symptoms of noxious factors which at an earlier period of incubation had
imterlered with development. Yet, in respect 1o malposition I the curi-
ous lact remains that, according to Asmundson (1938), breed differences of
lrtqucm\ exist, Malposition T occuwrred in his wmatervial almost exclu-
sively in White lc‘gluuu and Rhode Island Red stock, whereas it was
very rarcly lound in Barred Plymouth Rock embryvos. This aspect de-
serves [urther attention.

For other malpositions (I'V and VI) no evidence has been advanced
which would indicate that they represent the elfect of delay in develop-
ment, and such an explanation certatnly does not hold for malposition
II. There is little doubt that in certain instances, such as the majority
ol cases of malposition 11, the cmbryonic position itsell is a true harrier
to hatching: in many other cases the existence of a malposition is merely
a symptom ol developmental retardauon or an expression ol the fact
that the embryo died at a time when the particular position was normal,

The occurrence of embrye malformations as an index of incubaiion
conditions

Iy the absence of malformations of known genetic nature, terato-
logical abnormalities account Lor a relatively small proportion of all the
embrvos which die. There are various indications that different agencies
may inlluence the frequency of occurrence ol malformed embryos, and
some of this evidence is of interest in connection with general problems of
embryonic mortality and of hatchability.

One rather common tvpe of malformation is known as chondrodys-
trophy. Embryos ol this kind were first reported from the Storrs Agri-
cultural Experiment Station (Landauer and Dunn, 1926; Landauer,
1927). "T'he chiel external abnormalities consist in a marked shortening
of the extremities (micromelia) and frequent deformities of the skull,
In extensive breeding experiments Dunn (1927 b) could not establish
a hereditary basis for this type of defect. In a later experiment the in-
fluence of the male was tested with regard to the occurrence of chondro-
dystrophic embryos. After some such embryos had been observed in a
mating of Frizzle fowl, a Leghorn cock was substituted Jor the Frizle
cock. and still later the Frizzle ronster was put back into the mating, The
restlts are shown in Table 69. Both types of matings produced chondro-
dystrophic embryos. There was, however, a decline in [requency from
the first 1o the third mating. This iy in agreement with the observations
of Dunn (1927 b), Hutt and Greenwood (1928-1929 a), Munro (1932),
Smith (1934), and Otrygan’so (1936 ¢; 1938). All these authors Found that
theve is a delinite seasonal change in incidence of chondrodystrophic em-
bryos, the [vequency decreasing with advancing spring.
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Table 69

Number of Pereent of
Diicuhation Number of chondradys- cliemdyodys.
preriod fertily !rr;ﬁihfrl troghic
Mating (1931 reps embryoy embryos
Frizale x Trizzle February 20 10 April 3 201 10 4.98
Frizzle x Leghorn  April 10 to April 24 a1 4 3.30
Frizzle x Irizzle May & to June 12 209 1 0.50

In subsequent investigations it was lound thal certain nutritional
deliciencies are responsible for micromelia and beak delects.  This s
true for defliciencies in riboflavin (Ogaorodniy, 1939 a; Romanoff, 1940)
or biotin (Cravens, McGibbon and Sebesta, 1914; Conch, Gravens, Elveli-
e ane Halpin, 1948 a), It appears likely from available information
that the sporadic occurvence of chondrodystrophy is brought about by
vitamin deliciencies, and among these a shortage in biotin  (Fig. 51)
probably is especially important, Chicken embryos respond to a great
variety ol other experimental conditions with a chondrodystrophy-like
syindrome. These conditions include the adding ol sulphur supplements
to the diet of laying hens (Holmes, Hal o and Hevvick, 1941), treatment
ol 18-hours embryvos with eserine sulfate or various sulla drugs (Adneel,
1915 by, the injection of thallium into the yolk sac of 4-davs embryos
(Karnaofshy, Ridgway aud Patterson, 1950), or similar treatment of em-
bryos with insulin (Landauer, 1947 a and b), ]Jilm'arpine (Landauer,
1955, 1956 ¢, G-amino-nicotinamide (Landauer, 1957 ), and yet other sub-
stances. In experiments at the Storrs Agricultural Experiment Station
it could be shown that chicken embrvos can be whelly or in part pro-
tected against the elfects of many of these teratogenic compounds (c.g.
msulin, eserine, sullantlamide, ptlocarpine and G-aminonicotinamide) by
giving simultancous supplements ol nicotinamide (Landauer 1948 a and
b, 1953, 1956 ¢. 1957 d: Zuwilling 1948, 1949 b: Zwilling and DeBell, 1950),
These indings make it likely that an interference with normal carbohy-
drate utilization by the early embryos is responsible [or the origin of mal-
lormations ol this type.

Scasonal trends have been observed in the incidence of various spo-
radically-occurring malformations of chicken embryos. Thus, Upp (1934)
found that eye deformities, by far the most frequent kind of malforma-
tion of chicken embrvos, in his material (collected in Iowa and Louisi-
ana) became more frequent as the hatching season advanced. No ex-
planation was offered for this trend, but it is interesting to note that
the averages ol temperature and precipitation in the two localities during
the same period of the year [ollow a course closely similar to that of the
incidence ol eve defects. T'his suggests the possibility that the develop-
mental stage ol the blastoderm at the beginning of incubation or humicd-
ity condittons in the incubators (the later perhaps affecting the oxygen
tension and/or concentyation of carbon dioxide) may have been causative
agencies determining the frequency of these developmental disturbances.
Upp's observations were confirmed by Landauer (1913).
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Figure 54

Micromelia and parrot beak as occurrimg in eggs ]ll()llLILLd on a biotin
deficient dier (From ¢ emetis, Mo silibon and St hesta, 1944).

Otrypan'ee and RKuclihovskaia (1941 1'L'lnnlml that abnormalities of
the head tend to occur after excessively high incubation temperatures
during the first three days of development and that overheating between
the third and [fith day is likelv o produce ectopia viscerum.  Further
prool that high temperature is the causative agent in the origin of ectopia
of heart and viscera was given by Ofyean'ev (1M1 b) and Ancel (1947).

[t is generally recogmized that unfavorable incubation conditions,
caused by a variety of different factors, may increase the incidence of
malformed embrvos, and this seems to be especially true with regard to
abnormal development of the eyes and the head. A good illustration of
the change in frequency of malformations as an index of incubation con-
ditions is offered by the following data (Table 70), collected at the Storrs
\gricultural Experiment Station. incident to changing from an old-type
still-air incubator with water pans to a lorced-dralt incubator with hu-
ity control and separate harching compartment. The number ol em-
Irvos which showed mallormations of the head, chiefly microphthalmia,
dnophthalmia, otocephaly and cerebral hernia, was tabulated for the last
two vears with the old incubator (1930 and 1931), and for the lirst 1wo-
vears with the new incubator (1932 and 1933), and their frequency cal-
cilated in percent of all ferule eggs pul inta the incubators. The average
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Table 70

Number of Head abnormalities
Yeor feriele egas Th
1930 7883 1.29
1931 11121 1.49
1952 9977 024
1933 8982 0,19

frequency ol such mallormations occurring during the two two-vear
periads dropped [rom 141 percent o 0.22 percent; that is, under better
incubation conditions malfornations ol the head occurred only one-sixth
as olten, a highly signilicant dilference. It seems likely that an nimprove-
ment in humidity condituons, with a coincident rise in the elficiency of
ventilation, was the principal factor m reducing the frequency of ab-
normalities,

A great deal of excellent work has been done in recent vears by Aneel
and Fintemberger (1925 a and b, 1927), Welff (1988, 1934, 1936, 1948),
Szepsenwol (1933, 1934), Gallera (1935-1936), Fralich (193G), Morita (1936,
1937). Krayevoy (1938), Tarnavsky (1938), Lallemand (1939), Kosin (1944),
and Ancel (1945 a and b, 1946-1947, 1950) in producing various types ol
mallormations ol chicken embryvos experimentally. 1t can be concluded
from these studies that many malformations of chicken embryos are
probably due to disturbances of the organizing centers. Such disturb-
ances presumably can be brought about by many ditlerent factors, either
located within the egg itself or acting through the environment.

Experiments by Buchanan (1926), Hinrichs (1927), Hyman (1927),
Tazelaar (1928), and Rulon (1935), concerning the presence of physio-
logical gradients in the developing chicken embryo suggest the existence
of still other mechanisis through which unfavorable agencies may lead
to distortions and mallormations of various parts or organs. Recent work
by Gray und Worthing (1941) is also of interest in this connection. That
the susceptibility of chicken embryos to disturbing agencies varies with
age was shown by Wilson (1935) with regard to gamma rays ol radium, by
Fell and Landauey (1935) with regard to varving tissue culture conditions,
by Lallemand (1939) and Gabriel (1946) in relation to the effects of col-
chicine, and by Landauer (1947 a, 1954) and Landauer and Bliss (1946,
with reference to insulin and other teratogenic compounds. Important
differences exist also, however, between breeds and stock of fowl in the
frequencies with which various mallormations occur sporadicallyv or can
be induced experimentally, and this has led to the conclusion that a
complex genetic basis (in degree of susceptibility to environmental agen-
cies) exists for many of these deviations from normal development (Land-
auer 1955, 19537 ¢).

Prenatal and postnatal mortality

Do the same agencies which cause chicken embryos to die at one or
another period of incubation continue to have effects after hatching?
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Il lack of "vigor” were one ol the principal lactors in causing low hatch-
ability, it might be expected that sibs with high embryo mortality also
would show high c¢hick mortality, This problem was investigated by
Dunn (1921-1922) ar the Storrs Agricultural Experiment Station. Using
the records of 1two consecutive vears, he grouped chick mortality during
the [irst three weeks alter hatching according to hatchability of the
mothers’ eggs, and obtained the data shown in Table 71.

Table 71
N Chick moriality
during the first
Fertile eggs Number of three weeks
hatched % chichs e,
2030 162 17.90-4-1,97
A0 - 59 610 12,495+ 0.02
G0 - 7Y 345 I[ 13-+ 0.88
80 - 99 210 14.76 1+ 1.66

The highest chick mortality had occurred in the groups with lowest
and highest percentages ol hatchability. The dillerence in chick mor-
tality between these two classes is 3.14 — 3.83 percent. This obviously
is not significant, and shows that the high c¢mbryonic mortality ol the
low-hatch progenies was not selective; that is, it did not reduce mor-
tality alter hatching. The cocllicient ol correlation between prenatal
andd postnatal mortality of individual progenies was [ound to be —0.003
£ (L0900, indicating an entire lack of correlation. "This can only be
mterpreted to mean that different sets of [actors are responsible for
vinbrvo and for chick mortality.  Stmilar results were obtained by
J2ll (1927-1928) who extended the analysis 1o early (previous Lo eight-
centh day) and late (eighteenth to twenty-first day) embryo mortality.
Neither the early nor the late death rate of embryos was significantly
corvelated with chick mortality.  Qbservations by Briles and Krueger
(1953) and by Coles and Cumbery (1956) point 1o the same conclusion.
[t is evident, however, that certain conditions, such as nutritionally
delicient diets of Taying hens or the prosence of pathogens in hatching
vaes, may have an adverse eflecr on hatchability as well as on chick
viability.

Peaks of embryo mortality and their significance

Embryo mortality is not distributed at random over the entire in-
cubation period. Payne (1919-1920) first found that there is a distinct
carly and a sull more pronounced late peak ol embryonic mortality, and
his vesults were, with minor modifications, confirmed by subsequent in-
vestigations,  There s evidence for the conclusion that increased em-
live mortality, due to various causes, tends to be expressed chielly at
these periods,

Intevesting observations, bearing on this problem, were reported by
Bronkhorst (1938), who rtmlllarutl the mortality distribution among the
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caes of high (above 75 percent) and low-hatching (below 50 percent)
White Leghorn hens. The material consisted of 857 Tertile cggs with
a mortality of 6313 pervcent in the low-hatching group, and ol 1,810
lertile cges with an embryvo mortality of 19.39 percent in the high-hatch-
ing group. The distribution ol actual mortality in the two groups 1s
shown in Figure 55, The peaks of mortality occur at similar pertods,
but are much exaggerated in the low-hatching group. 1L percentage
distribution of mortality is considered  (Figuie 56), it can be secn that in
the low-hatching group carly and late mortality were similar in extent,
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Figure 55
Daily embryonie mortality, in percent of fertile cggs, within a high (- -}
and @ low (—) hatching line of While Leghorns (From Bronkhorst, 1933).

while in the high-harching group by lar the greatest part of mortality
occurred toward the end ol developnent.

The effects of inbreeding and outcrossing on embryo mortality are
also chiefly expressed at these two critical periods (Byerly, 1934). Tn
the case ol crosses the reduction in mortality seemed to be greater for
the eggs laid by Fy hens (I, embryos) than for the first crosses (F; em-
bryos), another imdication of the importance of the mothers’” physiology
on hatching quality of eggs.

In a study concerning the effect of different incubation temperatures
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on embrvo mortality, Byerly (1938) made the interesting obscrvation that
the tnerease in montality. due to temperatures above or below the op-
thnal level iy of nearly the same order [or cggs from hens with high
hatchahility records as it 1s for those from hens with low hatching records.
Fges fronn liens which prodace high hatches at normal temperatures give
still velatively high hatches ar abnormal tempervatures and, vice versa,
epes [rom mothers with poor hatches at normal temperatures tend o
give the poorest results under abnormal emperature conditions, but the
distribution of viability, 1.¢., the relauve numbers of progeny Irom the
dilferent mothers, remains about constant.
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a low (—) hatching line of White Leghoms (From Bronkhorst, 1933).

Various other agencies are known to increase embryo mortality pre-
lerentially av one of the two periods at which the death rate normally
tends to be grcatest, though it should not be forgotten that there are also
factors which cause mortality at other stages of development. There can
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be litle doubt, however, that critical periods exist in the life of the
chicken embryo at which, presumably due to fundamental changes in the
physiological functioning of various parts and organs, death is more
likely to ocaur than at other times. Similar periods exist in the develop-
ment of other birds (Riddle, 1930). Explanations have been put forward
by Schmalhausen (1926), Hmrh (1927), Riddle (1930), Neecdham (1932),
Pringle and Barott (1937}, Ogorodniy (1939 a and by and Penionzhkevich
(1945) to account for these critical periods, but delinite evidence is still
lacking. Itis likely that the carly peak ol mortality is related to important
changes in the mctabolic activity of the embryos. 1t is intevesting in this
connection that a sudden increase in metabolic rate, as measured by
carbon dioxide elimination, occurs on the third day of development
(Novons and Pascal de Hesselle, 1939). Observations of Seck (1941) on
heat production by the chicken embryo also point 1o the conclusion that
changes in intensity and/or kind ol metabolisin may be responsible for
peaks of mortality.

MATERNAL INFECTIOUS DISEASE AND HATCHABILITY

Pullorum disease i the only bacterial infection of laving hens for
which there is delinite evidence ol an inlluence on hatchability, Retiger
and Stonebron (1909, 1911) Titst established at the Storrs Agricultural
Experiment Station that Salmonella prullovum may be present in ovarian
ova of infected hens and in the yolks of fresh or incubated eggs from
imlected stock. The albwinen of such egges always reacts I]tg‘dli\'{:l}' to the
agglutination test (Frank and Edgington, 1937). It has been demon-
strated repeatcdly that eggs which had been Jaid by infected hens hatched
less well than those laid by healthy hens (Beawdette, Bushnell and Payne,
1923; Canfield, 1025; Bushnell, Hinshaw and Payne, 1926, Dearstyne.
Kaupp and Wilfong, 1929, Runnells, 1929; Beach and Michael, I‘il*l(])
The extent to which hatchability mayv be reduced by this agency can be
seen from the [igures in Table 72.

It is known that not all of the eggs ol positive reactors to the pullor-
wm agglutination test harhor Salmonella pullorum, On the other hand,
it has been reported by Deavstyne, Kaupp and Wilfong (1929) that a
relationship exists between mean serwn ticre of the inlected mother and
percent hatchability of her eges. This 1s shown by the figures in Table
73. The number of eggs contaminated as well as the extent of contamina-
ton of individual eggs may play a role in this situation. Conversely,
Bushnell, Hinshaw and Payne (1926) observed in a hen which was ap-
parently recovering from pullorum discase that increasing hatchability
ol her eggs occurred pari passu with decreasing agglutinin content of her
blood serum (Table 74).

Another demonstration that the infection of embryos with Salmon-
ella pullorwm is responsible [or mortality during incubation was pro-
vided by Mallmarnn and Maoore (1936) in a comparison of the average in-
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Table 72

.\‘m;-l'nfe*cte;! stock Infeeled stock
Numberof  Number of Hatclh .\'umh; of .\'e;ml berof Hatch

Authnors laxing hens  fertile eggs % laying hens  fertile eggs %
Bushnell, - -
Hinshaw and
Payne [1926) 14 A5RS (3.4 19 221 152
Beach and
Michael (1930 702 1844 2 96 3935 6.2

cidence of Salmonella pullorum in embryos which had died during the
latter part ol the incubation period and in newly-haiched chicks of the
same stock (Table 75).

The frequency of the infection of eggs with Salmonella pullorum

decreases with progressing spring (Runnells and van Roekel, 1926-1927 a
and by Mallmann and Moore, 1936).

Table 73
C Mean &nim N Number of Num_b:'r;f o _——Haaﬁ a
titre hens fertile eggs %
 aver 200 ) 218 28 4
100 - 200 G 187 464
under 10 10 308 4n.5

Salmonella wertrveke, the organism which causes paratyphoid of
fowl, frequently invades the ovary, and it seems likely that, similar to
Salmonella pullorum, it may be responsible for losses in hatchability.

Table 74
Date of Percent h;!dw_bf_!ity fo_r—
test Titre of serum carresponding period
June 11, 192] 1 . G40 255
anuary 25, 1922 I ;160 65.7
b
April 13, 1922 1: 40 90.6

Ixcept by organisms of the Salmonella group, infection of egp yolks
on the ovary, in the oviduct, or in fresh eggs appears to be uncommon
(Rettger, 1013; Beckwith and Horton, 1914), and there is no evidence

Table 75
o Range of percent
Percent positive positive in different
Material Number tested  during entire season hatches
Unhatched dead chicks 241 515 24.3 -85.1
Newlv-hatched chicks 256 114 5,0-204
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to indicate that such infection plays a significant role in hatchability
(Hadley and CGaldwell, 1916), although statements to that elfect have
been made from time to time by various authors. Harry (1957, 1958) has
shown that under certain conditions bacteria ol the altmentary tract and
skin of hens, belonging chiefly to the coli-aerogenes group, may penctrate
through the shell and may, on reaching the yolk sac, become pathogenic,
causing embrvo mortality especially duving the first two days of in-
cubation. He suggested that such contamination may be a significant
source ol reduced hatchability i€ divty eggs are washed with chilled
water, He reported [urther on two outbreaks of volk infection with
Staphylococeus aurens which could be wraced to persons who were car-
riers ol this organism and who had handled the eggs during candling
on the eighteenth day ol incubation. A report by MacLaury and Maoran
(1959) deals with velated problems. "The organism of fowl vyphoid (Shi-
gelta gatlinarion) has been isolated {rom eggs containing embryos that
had died early in incubation and may have been the cause of death
fBuza, 1958; Karasszon, 1958).

According to Carr (1943-1944) there is no 1mpairment of the hatch-
ing quality of eggs laid by hens which ave carriers of the Rous No. 1
sarcoma. The inlective virus is not transmitted via the egg, but the
carricr hens do transmit virus-neutralizing antibodies to the yolk of
their eggs.

Lovenz and Newlon (1944) found that as an afltermath ol avian
preumoencephalitis infection  (Newcastle disease) chickens are likely 1o
lay for some time eggs with abnrormal shells, inferior quality ol albumen
and [ree floating air bubbles in place of the regular air space. There is
a serious loss in the hatching quality of such eggs. The pathology of
these eflects on reproduction was studied by Biswal and Maoryill (1954),
From observations at Storrs it appears that excessive embryo mortality,
due o maternal infection with Newcastle virus, is accompanied by an
increased incidence of morphological mallormations. Blattner and Wil-
liamson (1951 found alter experimental infection with Newcastle virus
a high mcidence of delects of the lens and auditory sac. Another virus
disease, infectious laryngotracheitis, has similarly harmful consequences
for hatchability (I. B. Smith, 1953; Scotl and Brandly, 1934),

Hays (1951 a) observed an abnormally high rate of early embryo
mortality after a mild outbreak of infectious bronchitis among laving
hens, Broadfoot and Smith (1954) published confirmatory evidence, Tay-
Tor, Gunns, Graw and Lephoosky (1953) discussed in some detail the con-
sequences on hatchability of an epidemic ol alypical infectious coryza
which may have been complicated by inlectious bronchitis. They [ound
that many of the infected hens had (permanently?) become unable to
produce eggs with a normal structure of albumen and shell. The inci-
dence of embryo malformations was high; hatchability was low. It seems
likely from the foregoing reports that all respiratory infections of laying
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hens are detrimental to the production of eggs with a normal structure,
and hence to the hatching quality ol these eggs.

Coles and Underwood (1951 a) and Coles (1955) concluded [rom a
study of their flock records that the eggs of mothers, among the progenies
of which lymphomatosis had occurred, hatched significantly better than
the eggs ol mothers whose progenies had remained free of the disease.
Hutt and Cole (1955) have shown, however, that this conclusion was based
on an inadmissible statistical treatment of the data, and that such a rela-
tion does not in reality exist.

Taylor, Lowry and Raggi (1955) made observations ol great interest
on changes in hatchability coincident to an outbreak of avian enceph-
alomvelits. They found that Lor a short period egg production flell
sharply or ceased altogether in the majority of birds in the alfected pens.
Cessation of laying was ol short duraton (average 5.9 days). “Eggs pro-
duced just before and during the period of depressed egg production
showed decreased hatchability and an increased embryonic mortality
during the last three days of incubation.” There was evidence that virus
contamination ol the eggs occurred only during the initial period ol
maternal illness, viz,, parallel with decline in production.

No evidence has been put forward with regard to the possible cffect
on hatchability ol parasitic diseases of chickens, other than bacterial and
viral infections, It appears, however, that in dirty nest boxes fungi (As-
pergillusy may penctrate through the shell of eggs and may thereby be-
come a cause of reduced hatchability (B. S. Hanson, personal communi-
cation). It should be recorded that according to Schloithauer and Essex
(1933) eges of wrkevs affected with enterohepartitis (due to protozoan
invasion) hatched less well than those of unallected turkey hens. Their
duta need confirmation. Cecal coccidiosis of fowl does not aflect hatch-
ability (Bressler and Gordeuk, 1951).

At the end of our quest into the riddles of hartchability we arc re-
minded of Denis Diderot's saying about nature and her secrets: Clest
une femme gut aime a se travestir, ct dont les diflérents déguisements,
laissant ¢chapper tantdt une partie, tantét une autre, donnent quelque
espérance a ceux qui la suivent avece assiduité, de connaitre un jour toute
sa personne,
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