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:5;" INTRODUCTION
ZLIn recent vears ihe inereasing use of incubators in haiching chick-
s [or the replenishment of puuit]y Hocks has made desirable a
moare complete knowledge of factorvs that influence hatching vesults.
The 1930 census indicates that the number of chicks hatched umluall)
in this country is in excess of 1,100,000,000. To produce this num-
ber, owing to the high mort,.thfy o’r the embr vos curing the ineu-
bation pemoc[ requires approXimately 1,800,000,000 eggs “of average
hatehability, The faiture of 700.000 000" egrrs to hatell leplesenth an
annual monclary loss of at least $14,000,000.
As long age as 1750, according to Réuumur (34),% it was realized
that Factors prevailing during the incubution of heuns’ eggs markedly

1 Acknowledgmaent is made of the lI&ﬁiBllllI(.c af W. L. Lmerson, whe conducted the
genernl  routine anniyses; Emmn M. Pri nqle who hnd charge ol all computations
:nml uxgintedl in {;rwuriug the material} snd B, W, Sheets, M. A. Jull. Paul E. Howe, and

% Lo, for thelr sugrestions and advive in planniig nd coud-.mt-.ng the work,

’ Italic numbers in pirentheses refer to Literttnre Clted, p.
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afleet the development of the embryos. Some of (he faclors which
are of paramount importance wre temperstuve, humidity, and the
amount of cirbon dioxide and oxygen i the atinosphere survound-
ing the egus.  As lule as 1840 sume invest teators still maintained that
a fertile egg did not respire and could develop normally with all
aiv excluded.  Sinee that time it has been fully established that long
before the lungs begin (o funetion in the chick embrys, gaseous
interchange tukes place through the porous shell. The amounts of
vartous gases in which the ege is incubnted, therefore, would affect.
apprecinbly this gaseons interchunge and thus the development of
the embryo.  Jach of these factors affecting hatching vesults must
be controlled with precision if the best hatel of vigoreus chicks is
to be obiained.

Regearch on the effect, during incubation, of the temperaiuve,
hamidify, and amount of carbon dioxide and oxyren in the atimos-
phere surrounding the eges has yielded many results, yet informa-
ilon converning the optimum conditions for normal development of
the embryos is indefinite and unsatisfactory. It was the aim, in the
investigations reported in this bulletin, to ascertain the optimum
condition I'sr caete of these factors for embryonic growth and for
hatehing. 1t was also desirved to ascertain the specific effect on em-
bryonie growth and on hateh of n change in any one ot these factors.

With inereased knowledge of the underlying principles govern-
ing the growth of the embryos during incubation, it should be pos-
cible to reduce malerinlly the large economic loss in the United States
cach yeur.

REVIEW OF LITERATURE
EFPECT OF VARIOUS FACTORS ON HATCH

Many investigators, namely, Burke {7), Cadman {$), Chattock
(1), Covalt {/1}, Dureste {12}, Eycleshymer (17}, Philips {31},
Plalips and Brooks {(32), und Skinner (38) have attempted to de-
termine the optimum temperature, during different stuges of incuba-
tion, to produce *he greatest number of vigorous chicks from a given
number of eggs incubated.  In most cases little was known concern-
ing the physical conditions other than temperature. Variation in
Lhumidity or the gascous constifuents of the atmosphere surrounding
the egps may have so affected the growth of the embryo that results
attributed to temperature were cavsed in part by other factors.

The temperatures of incubation were invariably measured above
the egrs. Because of the temperature gradient involved, there is
doubt ag to the actual temperature of the air surrounding the incu-
bating egg. Atkinsen (2), Burke (7), Cadman (9), and Chattock
(10} found differences in temperature of 4° to 10° ¥, at the top and
bottom of incubators. Philips and Brooks, who placed the thermom-
eter in 8 celluloid egg set among the other eggs, found that in this
position it registerec? 2° lower than a thermometer hanging directiy
above the eggs but not touching them They obtained the best
hatches at temperntures of 99° to 100°, measured by the thermom-
cter in the cetluloid egg, the hateh decreasing at temperatures either
higher or lower. The optimum temperature as given by investigators
whose works were reviewed ranged from 95° to 104° just above the egg.

It is rather difficult to determine the humidity of the air surround-
ing the eggs in the limited space in incubators orvdinarily used for
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experimental purposes. The mammoth-type incubators have seldom
been used. When a wet- and dry-bulb hygrometer is used in an egg
chamber, the humidity of the air surrounding the wet bulb wili
always be higher than that in the rest of the chamber unless the air
velocity is at Jeast § feet per second. The rate of evaporation from
the wick, therefore, will be greatly decreased and the thermometer
will read too high. The spread in temperature of the wet and the
dry bulbs will be much reduced and the humidity computed from the
readings too high. A comparisen of humidities made by Day (13),
obtained Ly using a wet- and dry-bulb hyerometer, fanned and un-
Tanned, showed that, between 50 and 75 percent relative humidity,
fanning lowered the reading of the wet bulh sufficiently to account
for a difference of 10 to 15 percent in humidity.

The resutts on the effect of humidity on hatch obtained by several
investizntors, namely, Cadman (9), Chattock (10}, Day (73), and
Dryden (75), show wide variations, Little was known relative to
wenbation conditions other than temperature and humidity, and
tinquestionably all conditions varied considerably during the incu-
bation_period and even more from cxperiment to experiment. As
careful an analysis of each investigntor’s results as could be made
seemed to show that he obtained better hatches between 50 and 70
percent than at either higher or lower humidities.

Lamson and Kirkpatrick (22) obtained results by use of their
madificd incubutor which cover the entire practical range of hu-
midity. They determined the humidity by gravimetric measure-
ments,  Such measurements are subject to ervors in the determina-
tion of the temperature and pressure of the air at the time measuve-
ments arve taken, the temperature at which the humidity is com.-
pufed. condensation of moisture in the connecting tubes, and other
factors.  They also determined the loss of weight of the egws. Loss
of weight ¢an be very accurately obtained as it Involves only simple
welghings.  Since loss of weight depends on humidity, it provides
a means of computing hamidify as a check on actual measurements
"The author, using loss of weight as determined by Lamson and Kirk-
patrick. has*computed humidity, and these computations are from
5 to 15 percent higher than those reported by them.  The values com-
puted by the author show that the hest hatehes were obtained at from
45 to 65 pereent relative humidity and that they fell off rapidly above
or_helow these percentages.

Many Investigators, notably Burke (7), Cadman (9), and Dareste
(72}, made measurements to determine the amount of carben dioxide
gas under sitting hens, on the assumption that the optimum for in-
cubation would be present. The results showed 5 to 25 parts of
carbon dioxide in 10,000 by volume for the first 10 days, 20 to 50
parts in 10,000 at the end of 2 weeks, and 50 to 80 parts in 10,000
by the end of the incubation period, As shown by these results, the
arbon dioxide gas in the air under a sitting hen is variable in
amount depending, for instance, on how closely the hen confines the
egus, on whether or not the nest admits air freely, and on the carbon
dioxide content of the aiv surrounding the nest.” In various incubs-
tors the amounts of carbon dioxide were comparable to the amounts
under hens except that owing to increased ventilation they were
somewhat lower at the end of incubation,
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The experiments of Lamson and Edmonds (%7) are the only ones
observed by the author which show the effect of carbon dioxide con-
centration on hatch. Over a 5-year period they incubated approxi-
mately 10,000 eggs with carbon dioxide ranging from 0.5 to nearly
5 percent. The best hateh was obtained when the carbon dioxide
content was 0.5 percent. The hatch deercased as carbon dioxide con-
tent increased; with a 4.5-percent concentration the hatch was less
than one-sixth that with 0.5 percent.

Although lttle work hus been done on the effect of carbon dioxide
en hateh, still less is reported on the effect of varying percentuges
of oxygen., Wessellin {59) incubated eggs from 24 to 72 hours in
vessels through which a current of air, containing varying percent-
ages of uxveen, was run.  He states that in an almosphere contain-
ing 3 percent of oxygen the embryo lived 48 hours; in 10 percent and
in 15 percent life persisted 72 hours. In all cases development was
subnormal, the degree in backwardness increasing with decrease in the
amount of oxveen. Varions morphological deformities were observed.

ENERGY METABOLISM OF INCUBATING EGGS

So far ng is known, respiration is n universal characteristic of all
animzls. Many experiments, notably those of Aggazotti (7)), Diising
(76), and Mitrophanow {26}, have shown that the chick embryo is no
exceplion to this rule,

In making theiv experiments, sowme investigutors couted the sur-
face of the epgshell partiaily or wholly with varnish or other mate-
rial; others incubated eggs in atmospheres of hydrogen, nitrogen,
or carbon dioxide, They proved that restricting the gaseous inter-
chunge between the embryo and the external air has & decided cffect
on the growth of the embryo, If the interchange is only partially
restricted. developnient is below normal and nmany monstrosities ap-
pear. If the interchange is completely vestricted. no development
will talee place after the fivst fow hours, during which time the oxygen
in the air eell and in the egg content is sufficient fo supply the
amount necessury for life, -

Experiments on complete energy metabolism were conducted by
Bohr and Hasselbaleh {5, 6}, and by Hasselbaleh (79), us early as
1900-1903 by use of a specizlly designed thermostat. Their results
on energy metabolism began shghtly below zero the frst day of in-
cubation and graduaily increased at a nearly uniform rate to the
tenth day, at which time the oxygen consumption was § liters per
100 eggs per duy, the carbon dioxide elimination § liters per 100
eggs per day, and the heat elimination 21 calovies per 100 eggs per
day. Trrom this time the increase wasmuch more rapid, but uniforim,
until the seventeenth day, at which time the oxygen consumption
was 40 liters per 100 eggs per day, the carbon dioxide elimination
30 liters per 100 eggs per day, and the heat elimination 190 calories
per 100 eggs per day. On the seventeenth, eighteenth, and nine-
teenth days there seemed to he some retardation in the rate of metab-
olism as indicated by the carbon dioxide elimination. The oxygen
consumption and heat elimination were too erratic to show this trend
definitely. The results obtained by these investigators on the twen-
tieth day were 52 liters of oxygen, 40 liters of carbon dioxide, and
240 calories of heat per 100 eggs per day. The respiratory quo-
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tients weve vevy erratic, varying from more than 1.00 to about 0.50,
with an average of (.72 for the 21 days of incubation,

The data on energy metabolism of incubating eggs obtained by
Bohr and Hasselbaleh have been widely used. In fact. the rusults
on heat elimination have been the only ones available,

Carbon dioxide elimination of incubating egeos was delermined by
Atwood and Weuakley (4), Murray {28), and by Harcourt (18). The
results obtained by Atwood and Wealkley and by Murray were prac-
tically the same. Both obtained data that paralleted those of Bobhr
and Hasselbaleh but were approximately 35 percent higher. The
results by Harcourt were practically the same as those obtained by
Bohr and Hasselbalclw ’

Luossana {25} determined the gaseous metubolism of the growing
embryo during the last week of incubation. The results he obtained
are much tower than those obtrined by other investigators.

Henderson (20), in his studies on the effect of temperature on rate
of growth of chick embryos, found that “temperature exerts a pro-
found influence on the growth rate.” As metabolism is closely asso-
ciated with growth rate, one would expect an agreement bebween
the two. He foand that the development was much arrested ut low
temperatuves {95° F.) und that an increase of temperature asbove 95°
favored development antil o temperature of 102° wag reached. This
temperature gave optinum development, whereas at higher tempera-
tures the development was again avrvested, although proceeding at
w more rapid rate for the first 2 weeks of incubation.

Romunoft {36} studied the cffect of three humidities on growth
and mortality of the chick embryo. The growth was optinium at
(0 percent whereas at B0 and at 41 percent there was little effect
until after the second weelt. During the last week of incubation both
the high and the low humidities showed detrimental effects. The
mortality during the third weelr was also greatly increased at both
the high and the low humidity, but the effect was most pronounced
at the high humidity.

Romanoff and Romanoff {(37) also studied the effect of air
composition en growth and mortality of the chick embryo. In theirv
stadies “The Increase m earbon dioxide * ¥ * was at the pro-
portional expense of the * * ¥ oxygen.™ Counsequently, the re-
sults they report are n commintive effeet of oxygen deficiency and ear-
hon dioxide airplus. They found that 04 percent of carbon dioxide
and 20.8 percent of oxypen affected the growth very little, if at all,
With increasing amounts of earbon dioxide and decreasing amounts
of oxygen the growth was retarded in proportion to the increase in
arbon dioxide and the mortality also increased. With ( percent
of carbon dioxide and 18.6 percent of oxygen, no embryo was able to
survive more than 2 weels.

APPARATUS AND METHODS

The respiration calorimeter which was used as an incubator in the
experiments conducted by the author is ideally adapted to the study
of the factors affecting the development of the chick embryo. In
the form used it affords a means of controlling, with precision, all
the physical factors mvolved and of varying any one factor in any
way desired while keeping the others unchanged. Accurate deter-
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minations of the heat elimination and gaseous exchange in the grow-
ing embryo for the entire incubation period can be made. _
The essential features of the respiration calorimeter are as foi-
lows: For the measurement of heat produced in the chamber the
device is a_constant-temperature, continuous-flow, water calorimeter,
in which the culorimetric features provide for preventing the pas-
sage of heat through the walls of the chanber and for taking up the
heat by a current of water as fast as it is generated in the chamber.
For the determination of maseous exchange the deviee is n wastight

Tounk 1.—Respirntion enteriineler ond Aveessory nppareetus ooa, dalorimeter s B, oxyeen
Aupply 3 oo, phsoeption tealn; 4, water ank and genle; e spiromeler o measuelnge
axyEen o f, flasks for absorption of wiigr vatpor; g, canister for sbsorption of carbon
dloxide ; fi, hiygrometer,

chamber connected to a system of gas absorbers in u closed circuit,
The gas confined in the cirenit is kept in cireulution, the gaseous
products imparted to it by the growing cmbryos arc constantly
removed, and oxygen is constantly supplied to replace that used.

Figures 1 and 2 show the assembly of the apparatus. All meas-
urements and control were from the table (fig. ¢} at which the ol-
server sat with all control apparatus within reach. TUse was made
of two calorimeters, operating independently, to eliminate errors
which might arise owing to equipment. Both calorimeters were con-
structed on the same principles. One calovimeter, however, had »
square base and the other wus round, » point which is mentioned for
identification Inter in connection with data.

THE CALORIMETRIC SYSTEM 3

The calorimeter consists essentially of a double-walled, copper
chamber (fig. 3 @) in the form of a cylinder, 65 ¢cm in dimmeter and
15 cm deep. The walls are separated by an air space 1 em. wide.

? Dutalled deserigtlou ol reapiration eplortineters from which the apparstus used in this
gweaé;gilt;o;: way developed is glven by Lungworthy and Milner (29, 2)), snd Atwater nnd
enedict (3).
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Tigpie 2-—Instratnent tabie and control board for enlorlmeter : a, Farts of galvanonwter
systmmn ; b, recorder; o, contrel rheostats; d, multiple switeh; v, autonntic vantprotlor
{, Whentstane bridge; g, potentlometer ; b, controller,

Fiogee 3.—Respirriion ealoriimeter und accessory npprvaiuns: ¢, Absorber coil b, covers
to ealorimeter: ¢, Leating coils For top sectinn; d, cork Insulation against remperaivee
changes i surroundings; e, eleetrien eonduatlvity mppurains fov gus wnuiysis; {, oxygen
supdly control apparatus.
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The total volume is approximately 50 liters. The entire top is re-
movable and is hermetically sealed when in use.

This double-walled chamber is surrounded by sheet insulation as
thin as is consistent with mechanical strength, providing an air
space 1 cm wide in which are inserted three electric heating coils,
uniformly distributed over the entire surface, one over the top, one
under the bottom, and one around the sides, of the outer copper
chamber. By means of these coils heat can be supplied to the air
space to control the temperature of the outer copper wall. A cover-
ing of cork board 5 em thick gives protection against any ductuations
in temperature in the surroundings.

The chamber is designed to hold 89 eggs. These are supported
on a perforated copper tray suspended from the side walls, 5 em
above the bottom. Each egg rests horizontally in n loop of & spe-
cially designed wire turning device in the form of a horizontal wheel,
which turns the egys by roliing them on the perforated tray. The de-
vice is turned by a central shaft which projects out of the chamber,

DETERM INATION OF HEAT PRODUCED

Heat is given off by the eggs in two ways: As latent heat of water
vaporized and as sensible heat liberated to the air from the surface
of the eggs. Both the latent and sensible heat must be determined.

The water vapor leaves the chamber in the outgoing air and is
collected in the flusks (fig. 1, /}. The quantity of heat- leaving the
chamber as latent heat in any given period is determined by multi-
plying the weight of water absorbed durving the peried by the latent
heat of water.

The energy eliminated from the eggs as sensible heat is absorbed
by a current of water which circulates through the chamber in the
heat-nbsovber coil (fig. 3, ¢) suspended 3 cm above the eggs. The
coil consists of a spiral of thin-walled copper tubing approximately
6 m long. It is so wound that the coldest and the warmest water
are in adjoining turns of the coil, Water is supplied to the absorber
coil from a constant head tank and after passing through the coil is
co]luc([‘)ed in a tank (fig. 1. 4) und weighed to an accnracy of 1 part
in 3,000.

The temperature of the water entering the heat-nbsorber coil is
mainfained constant by electric heating.  The inal contvol is by a
lieater which comprises a water channel muade of thin brass tubing.
In one end of the flattened channel is inserted an electric resistance
thermometer and in the other end is an electric heater, Both nre of
similar construction and are of the Dickinson and Mueller (74) type.
The coil of the resistance thermometer forms one arm of a special
Wheatstone bridge connected to an automatic controller (fig. 2, A)
which keeps the inflowing water at the desired temperature.

The increase in temperature of the water passing through the
absorber coil is of fundamental importance in the measurement of
heut generated in. the chizmber and must be determined with extreme
accuracy. The difference between the temperatures of the inflowing
and outflowing water is determined by the difference in resistance of
the two specially designed identical platinum resistance thermome-
ters of the Dickinson and Mueller (74} type. These two thermom-
eters form the apposing arms of a special Wheatstone bridge, A
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slide wire is vonnected between the two thermometer coils. This
slide wire is incorporated in the mechanism of a recorder {fig, 2, d),
which automaticaily balances the bridge for inegualities in resistance
of the thermometer coils and at the same time records by a graph
the balancing operations in terms of temperature difference between
the two thermometers to an accuracy of 0.01° G, The difference in
temperature of the water as 16 enters and leaves the chamber was de-
termined frequently by u multiple-junction differential thermocouple
inserted in the water channel, as » verificution of the rendings of the
therimometers,

The weight, i kilograns, of water that flows through the absorber
coil during a given period multipled by the difference of tempera-
fure, in dcerees centigrade, of the waler as it enters and leaves the
chamber represents the quantily of heat removed during the period.

The rvate ot which heat i removed from the ealovimeter is vegu-
lated to prevent Huctuations in the temperaiure of the nir in (he
chumber, ag the temperatuve falls if the rate is too fust and rises
if it is toe slow. By proper control of the temperniure of the water
as it enters the chamber and of the quantily of water which passes
through the absorber coil, the removal of heat may be made to ac-
cord with its production in the chamber within very nwrrow limits,
In practice, a constant rate of flow is maintained whenever possible
and the temperature of the water is varied according to the quan-
tity of heat to be removed.

Any interchange of heat between the calorimeter and its bounda-
ries 15 prevented by keeping the outer copper chamber surrounding
the calorimeter in thermal equilibrinm with the vopper calorimeter.
This condition is determiined by a system of differential thermo-
couples installed between the two copper walls with the junctions
in thermal contact with each copper wall but electrically insulated
from it. The thermn! condition of the couples was determined by
readings of a galvanometer. The sensitivity of the system was such
that a difference in temperatore us small as 0.001° C. was easily
detected.  In actual practice the walls were always practically in
thermal equilibrium. The control was by means of electric heating
olements placed in the air space just outside the outer ecopper cham-
her,  Independent heaters were provided for the top, the bottom,
and the sides fo correspond with the thermocouple system distribu-
tion.

Provision was also made against loss or gain in heat in the cir-
culaling air. A differential thermoelement was installed with one
end in the incoming air at the point where it enters the chamber
and the other end in the ontgoing air just as it leaves the chamber.
Any difference in temperature between the incoming and outgoing
air wasg corrected by means of an electric heating ecoil on the inflow
air tabe.

When the passage of heat into or ouf of the chamber through the
walls or in the ventilating air curvent is prevented, the sun of the
latent heat and sensible heat removed equals the amount of heat
actually produced in the chamber, except for the two following
minor corrections: A correction for any change in temperature of
the calorimeter or contents, and u correction for the small amount
of heat lost by leakage, :

INETLL - T ——2
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Hent leakage by conductivity through the various outlets contawn-
ing wires and pipes, which could not be entirely prevented but which
was very uniform for given conditions of outside and inside tem-
peratures, was determined by helding the calorimeter in thermal
vquilibrium 10° to 15° C. above the temperature of the room and
measurine the amount of electric energy necessary to be supplied
to keep the temperature of the calorimeter constant.

PETERMINATION 8 HYDROTLERMAL BQUIVALENT

The hydrothermal equivalent (heat capacity) of the culorimeter
cun be ealeulated frem the weights and specifie heats of the various
niterigls ontering into its comstruction. The difficulty with the
computation is the exact determination of the boundaries of the
culorimeter thermally, Therefore, in this investigation, an actual
mensurement was made by supplying sufficient electric energy to
ruige the temperature of the chamber several degrees, During the
interval of heating, the system was kept in thermal ecquilibrium.
The amount of electric energy supplied, which was uccurately meas-
ured, divided by the rise in temperature in degrees, gave the hydro-
thermal equivalent. The hydrothermal equivalent of the eggs was
gssumed $0 be 0.80 of an equivalent weight of water,

The temperature of the copper walls of the calorimeter was de-
termined by the use of specially designed nicke! resistance thermom-
cters, which were held firmly against them.

The temperature of the air in the calorimeter was determined by
means of 2 platinum electrie resistance thermometer of the Dickin-
son and Mueller (74) type, the resistance of which was measured
on g preeision Wheatstone bridge of the Mueller (27) type (fig. 2, f).
In an apparatus of this type. there are slight. variations in the tem-
perature of the air in the chamber even under the most favorable
conditions, Thig variation wus determined by a series of six differ-
ential thermocouples placed within the chamber. One junction of
euch couple was in juxtaposition with the resistance thermometer,
and the other six junctions were distributed variously around the
interior of the calorimeter. Under conditions of nctual use the va-
rintions in temperature at the coldest and hottest spots were not
creater than $.25° C.

THE RESPIRATORY SYSTEM

The copper calorimeter comprises the respiralory chamber in
which the eges incubate. The respiratory system. which is of the
closed-cireuit type, hermetically sealed to the external air, comprises
the chamber, the gas line, and the absorption train. The gaseous
medium surrounding the incubating eggs is circulated through this
svstem by a positive-pressure rotary pump. The air leaves the cham-
ber at the center and above the eggs, from which point it is passed
by the pump back to the chamber at the center and below the eggs.
The inlet pipe is bent into a circular ring, and the air leaves the
pipe through a series of holes, graduated in size. in the outer circum-
ference of the ring. _

The atmosphere of the empty chamber contains nitrogen. oxygen,
carbon dioxide, and water vapor in the same proportions as air.
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When the embryos begin to develop, the proportions begin to change
hecause of the consumption of oxygen and the elimination of carbon
dioxide and water vapor. The removal of the excess carbon dioxide
and water vapor and the restoration of the oxygen used, in such a
manner that the quantity may be accurately measured, form the basis
cf the determination of the respiratory exchange in the chamber.
The movement of the air past the egps is fixed and constant, once
the speed of the pump is adjusted; the air is uniformly distributed
under the eges. thus keeping the gas of uniform composition through-
out the egy chamber,
THE ABBORITION BYBYEM

The absorption system (fig. 1, ¢) is a shunt line off the main air-
circulating Jine and has two flasks (fg. 1, f) containing sulphuric
aeid for absorption of water vapor. These were especially designed
by Langworthy and Milner (2}). The flow of air through them
was maintained at such a rate that moisture was removed from the
air in the chamber at the same rate that it was Imparted te the air
by the embryos. In this way a. constant humidity was maintained in
the chamber.  The volume of air to be passed through the absorbers
was determined by readings of the hygrometer (fig. 1, 2).

The air from the flasks pnsses next through a canister (fig. 1, ¢)
coniaining soda lime, which removes the earbon dioxide gas. The dry
air from the water absorbers removes moisture from the soda lime in
passing. This water vapor is collected by two absorbers (fiasks) con-
taining sulphurie acid. ~The humidifying flask is of the same kind s
the flaslk used for water-vapor absorption except that it is filled with
wiater instead of sulphuric acid. The increase in weight of the ab-
sorbers in a given period shows the quantities of water vapor and
carbon dioxide carried out of the chamber. These quantities, cor-
rected for the change in compesition of the gas within the chamber,
determine the quantity produced during the period. In a ventilation
system of this type, as fast as any gas’is removed some other gas is
mtroduced to maintain slhmospheric pressure in the chamber; in this
case, oxygen to replace that nsed by the embryos is supplied auto-
matically (fig. 3, 7) from a calibrated spirometer through a regulat.
ing valve operated by clectrical control, The quantity supplied is
measured accurntely for the period. This quantity, corrected for any
change in composition of tha gas in the system, equals the uantity
of oxygen used by the developing embryos during the -perio?l.

ANALYSIS OF GA® TN THE CHAMBER

The composition of the gas in the chamber at the beginning and
end of ench period was determined by both gravimetric and volumet-
ric analyses,

For the determination of the quantities of moisture and earbon
dioxide in the chamber by gravimetric measurement, & small absorp-
tion train (fig. 4) was connected in series with a wet gas meter
in a shunt on the gas line, and a measured quantity of gas, usually
2 liters, was passed through this absorption train where the water
vapor and carbon dioxide in the gas were removed. The absorption
train was composed of two specially designed water absorbers (figr.
4, a) of such size that they could be weighed on an analytical balance,
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two modified zine chloride tubes {(fig. 4, &) containing soda lime for
carbon dioxide absorption, and two water absorbers (fig. 4, ¢) for
recovering the water imparted to the gas by the curbon dioxide
absorbers, This train effectively removed the water vapor and car-
bon dioxide from the uir passing at the rate of 1 liler per
minute. The absorbers were weighed to an accuracy of 0.001 g
The increase in weight of the units showed the quantity of water
vapor and carbon dioxide absorbed from the volume of gus passed
through the train. This volume was messured to an accuracy of
0.001 liter.

ey AL - -in for pravineirle ges nunlysis and neter Por aensarbing s g be
nmlyzed @ @, Flesks for absevptivag of water) B, tebes for abserpllon of carbon dioxide;
o, tlisks for nbsoepiion of water elimineled by sodn e in b

Samples of gas from the chamber were analyzed volumeirically to
an accuraey of 1 part in 10,600 for carbon dioxide and oxygen. The
gas was passed from the sampling tube into a 100-ce measuring
burette graduated in 0.1 cc and easily read to 0.0% ce. The pressure
was adjusted to equal that in a compensating burette whose volume
was equal to that of the measuring burette. Between the two bur-
ettes was 2 small mercury manometer. Equality of pressure between
the measuring and compensating burettes was determined by an
electrical contact in the manometer, which lighted a signal lamp
when equality of pressure was established. The measuring and com-
pensating burettes and manometer were placed in a waler bath to
maintain constant temperatures during the analysis. The carbon
dioxide and oxygen were removed by absorption pipettes which con-
tained potassium hydroxide solution for absorption of carbon dioxide
and pyrogallic acid solution for absorption of oxygen.

To determine the quantities of nitrogen, oxygen, and carbon di-
oxide in the chamber Ly these methods, the volume of the system
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must be accurately known. It may be computed from the dimen-
sions of the chamber, the absorbers, and other equipment. The
volme so obtained was verified by ascertaining by analyses the pro-
portion of carbon dioxide in the chamber, then admitting u measired
quantity of this gas and subsequently determining the increase in
the carbon dioxide confent of the ges in the chamber.

TESTE FOR ACCURACY OF CALORIMETER AND RESPIRATORY SYSTEMS

The apparatus as a calorimeter and as a respiratory chamber
was fested at frequent intervels to determine the accuriey of the
measurements. Lo fest the instrument as o ecalorimeter, electric
energy was converted into heat in a resistance coil within the chamber.
The quantity of heat produced in a given period of time wus accu-
rately determined from measurements of current flawing in the coil
and from the voltage drop across the coil. Measurements of the
hent produced by the electric heating element agreed with the
calorimetric measurements of this heat to within 1 percent in six
tests of 8 hours each.

To test the accuracy of the apparatus as a respiratory chamber,
ethyl aleohol was burned in the chamber in such & manner as to
insure complete combustion. The guantity of oxygen used. in the
cembustion was meusured, and the products of combustion, consisting
of water vapor and carbon dioxide, were collected in an absorption
train and woighed. The quantity of oxygen required to burn the
alcohol and the quantities of earbon dioxide and water vapor resulting
from its combustion were computed from the chemical equation for
the reactions occurring in the combustion of ethyl alcohol. The com-
puted and iuensured amounts agreed fo within 1 percent in three
tests of 8 hours duration each.

EXPERIMENTAL PROCEDURE AND EGGS USED

The experiments reported herein were made from Mareh 1924 to
April 1928, during which period 4,000 egers were incubated and
forty-four 3-week tests were conrueted.

Eggs used in these experinients were obtasined from a selected
flock of White Leghorn fowls kept at the Nationa! Agricultural
Reseurch Center at Beltsville, Md. "The feeding and handling of the
hirds were such that egus of high fertility and hatehability wepre
produced. The hens were trap-nested and the eggs collected overy
4 to 4 hours. The number of the hen and the dafe laid was marked
on the veg.  Only egus less than T days old were used in the experi-
ments, and all the eggs were kept under favorable conditions before
Ineubation. They were selected for uniformity of size and shape and
for freedom from fine cracks and defeciive shells, The egEgs were
weighed to the nearest 0.01 g, und the outline of the air coll twus
marked on the shell of each egg. They were then put in the calo-
rimeter, which was immediately sealed, and the conditions whiel, were
to prevail dnring incubution relative to temperature, humidity. and
other physical fuctors were established as quickly as possible, 3 fo 4
hours being required. Observations of physical conditions were begun
-immediate'fy and taken every few minutes for the incubation period
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of 8 weeks, except for interruptions due to candling. Heat elimina-
tion ané gaseous exchange were determined for each 8-hour pericd,
the results giving a mean value for each period.

The temperature, humidity, and concentration of oxygen and car-
bon dioxide in the air around the eggs in a typical experiment are
shown in figure 5. The temperature was measured with a resistance
thermometer placed inside the calorimeter, For this particulur ex-
periment the mean temperature was 102° F., with a mean variation
of only 0.007°, the maximum variation from the mean temperature
to the eighteenth day being 0.5°. The relative humidity measure-
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ments were made with a hair hygrometer placed in the air surround-
ing the eggs. The mean humidity was 56 percent; the mean deviation
was 0.1 percent, and the maximum deviation from the mean hwmidity
was 3.0 percent for short intervals.

The oxygen and carbon dioxide concentrations were obtained from
the volumetric gas analyses. The mean oxygen concentration was 21
percent, the mean deviation was only 0.1 percent, and the maximum
deviation from the mean was 2 percent but only for very short
periods. The mean carbon dioxide concentration was 0.4 percent, the
mean deviation was only 0.1 percent, and the maximum variation
irom this value was 1.0 percent at three points for a few hours each.

In determining the effect of any one factor, all the factors except
the one under investigation were held constant. For example, in the
series of tests to study the effect of different temperatures on hatch,
the air around the eggs was kept at a constant humidity and at con-
gtant concentrations of oxygen and carbon dioxide, whereas a differ-
ent temperature was used in each experiment.
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EFFECT OF VARIQUS FACTORS ON HATCH
EFFECT OF TEMPERATURE DURING INCGBATION

To determine the optimum temiperature for incubation a series of
tests was conducted at temperatures of 96°, 98°, 99°, 100°, 102°, and
103.5° IF. 1In all these tests the relative humidity was kept at 60

ercent, the concentration of oxygen at 21 percent, and the carbon
dioxide below 0.5 percent. The air movement past the eggs was
approximately 12 cm per minute.

The results in terms of percentage of fertile eges hatched are shown
in figure 6. Iach point plotted rvepresents the hatelr obtained from
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approximately 90 eggs. ‘The best hatches were obtained at 100° F.,

which indicates that this is about the optimum temperature for incu-

bation. The hatch decreased at higher and at lower temperatures,

slowly at first, then more rupidly as the deviation from 1(}° in-

_ clrezlxlsed, until at 96° and at 103.5° nearly all the embryos died in the
shell, ;

The appearance of the chicks varied considerably with the incu-
bation temperature. At 102° F. they were not so large, fluity, and
lively as at 99° or 100°. There were also many abnormalities. The
most common troubles were crooked toes and sprawling legs. In the
latter case the chicks were unable to stand. Crooked necks also ap-
peared frequently, the chicks never having been able fo straighten
them after emerging from the shells. Practically no abnormalities
occurred at an ineubation temperature of 100°, crooked necks never
appearing and crooked toes very infrequently, and the chicks were
strong and vigorous.
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EFFECT OF HUMIDITY DURING INCUBATION

When the investigation was undertaken, it was the consensus of
opinion that 102° F. would be found to be the optimum temperature
for incubation. Therefore a series of experiments was conducted at
this temperature with the relative humidity ranging from 8 to 87
percent. The sxygen content was kept at 21 percent, carbon dioxide
below 0.5 percent, and the air movement at 12 em per minute past the
eggs. Later, when it had been determined that the optimum tem-
perature for incubation was about 100°, experiments, with conditions
as previously stated excepi that the temperature was kept at 100°,
were conducted at humidities of 30, 44, 61. and 85 percent, to deter-
mine whether the effect of humidity on hateh was the sane at botl
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temperatures. Figure 7 shows the hatell obtained af the various
humidities studied at both temperatures.

The best hatches were obtained at 58 percent humidity st 102° and
at 61 percent humidity at 100° F. The effect. of variation of humid-
ity was practically the same at both temperatures., The hateh de-
creased as the humidity varied in either direction from the optitnun.,
at first slowl{v and then wore rapidly as the deviation increased. until
at 8 percent humidity, only 15 percent of fertile eggs batehed. Fairly
satisiactory hatches may be expected within the range of humidity
from 40 to 70 percent, but at higher or lower humidities small hatches
of poor-quality chicks are bound to occur.
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EFFECT OF CARBON DIOXIDE CONTENT DURING INCUBATION

The results of a series of experimenis to delermine fhe effect of
vary:ng percentages of carbon dioxide on hatch are shown mn figure 8.
Curve « shows the effect on hateh of varying the carbon dioxide con-
centration from 0.5 to 4 percent, the percentage in the chamber being,
kept constant throughout each incubation period. The other factors
were: Tempernture, 99° F.: relative hunidity, 60 percent; oxygen,
21 percent; alr movement, 12 cm per minute pust the rgg.

FERTILE EGGS HATCHED (PERCENT)

o f
) I 2 3 4 5 3 7 g ) io
CARBON DIOXIDE (PERCENT)
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Ltemperlinee $9° 10 o b, experiments in whielh carbon dloxidoe tor Jr Bt @ wis 18 shiown
inocurve &, Hrure B tml that for IWint g s shown in carve b, fgare ¥ (enperelure
W02 Py, Fer boflr vurves velntive dily was §0 percent, oxyygen 21 percent,

Curve b is drawn through three points, obtained as follows: For
the paoint plotted af 0.5 percent the curbon dioxide was constant
throughout the incubation period. Far the point a plotted at 3.5 per-
cent the carbon dioxide eliminated by the egus was nilowed to accumu-
Inte in the chamber. The amount inereased, ug shown by curve «.
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figure 9. until on the tenth day it had reached 5.5 percent; after the
tenthi day it was held constant at 5.5 percent. For the point ¥
plotted at 10 percent the carbon dioxide was allowed to scennuilate
I the chamber and the amount rose, as shown by curve b, fig-
ure 9, until on the thirteenth duy it had reached 10 percent; atter
that it was held constant at 10 percent. During these experiments the
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temperature was 102° I7.; relative humidity, 60 percent; oxygen, 21
percent; air movement, T35 e per minute past the egg, Iigme 8
shows that the decrease in hateh is proportional to the inerease in
carbon dioxide. An increase of 1 percent in carbon dioxide vediced
the hatch about 15 percent in the experiments in which the curbon
dioxide was kept eonstant. With 4 percent of carbon dioxide, less
than one-fourth as many chicks were produced as with 0.5 percent,
With 2 percent of carbon dioxide the hatelr was over 35 percent less
than with 0.5 percent. A gradual increase of carbon dioxide to 5.5
percent wus not so harmful ns ene in which the concentration
wis 4 pereent for the entire time, the hateh for the former being
45 percent as compured with 20 pereent for the latter. When there
was o gradual inerense of 10 percent of earbon dioxide during the
frst 12 days and n eonstant percentage of 10 percent after the tweltth
day. the batch—16 percent—wasg a little Jower than when the carbon
dioxide was kept af 4 pereent during {he entire incubation period.
The tempernture when 10 pereent of enrbon dioxide was used was
uot =0 Tavorable for incubation as when 4 percent was used,
Results simitar to those shown in curve q. figure 8, were also ob-
tatned with a relative lnunidity of &t pereent. With 0.5 pervent of
carbon dioxide, 5i-percent hideh was obltaived; with 5.5 percent of
carbon dioxide, 33-percent hateh ; and with 10 percent of carbon diox-
ide, 1l-percent bateh. The ratio of the hately at 84 pereent relative
humidity to that at 60 pervent was ag Tfollows: With 0.5 pereent of

ve i vy e . . 33 -
arbon dioxide, 55 =0.92; 5.5 percent of carbon dioxide, ;5=0.1-1:

71
10 percent of carbon dioxide, -;*(]) 0.69.  As the ratio of the hateh is

ol the sume mugnitude In each cuse, 3 may be concladed that the
deleterious effect of high relative humidity is the same at all con-
centrations of carbon dioxide.

The difference in hateh at 0.5 percent of carbon dioxide in the Ewo
curves of figure 8 is duc to temperature.  The hatch at 99° T, was
nearty 10 percent greater than at 102°, Figure 6 nlso shows the same
difference between these two fviperatures,

EFFECT OF OXYGEN CONTENT DURING INCUBATION

Eggs were incubated in an atmosplhere coptaining 15, 18, 21, 30,
40, and 50 pereent of oxygen. All these experiments werp condueted
at a temperature of 99° F., relative humidity of 70 percent, carbon
dioxide Lelow 0.5 percent, and air movement of 12 an per minute
past the exgs, The effect of the varying pereentages of oxygen on the
hateh of fertile egys 15 shown in flgure 10 '

The Lest hatch was obtained with 21 percent of uxygen. It is
apparent from the resulls that it is very mmportant for normal de-
vetopment that the oxygen concentration showld not be allowed te
decrense below the amount in normal air, and that an excess of
oxygen is not nearly so detrimental ns a deficiency, A deficiency
of & percent of oxygen reduced the hatelh from 81 to 55 percent, or
neurly one-third, yet an excess of 25 percent of oxygen was required
to reduce the hateh that much. The hatch decreased approximateiy
1 percent for each incrense of 1 percent in oxveen concentration
between 30 and 50 percent. wherens for each decrease of 1 percent in
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L}
oxygen below 21 percent the hatch decressed 5 percent, In incuba-
tion 1t is impossible to have an excess of oxygen unless it is artificially
supplied. 1t is very easy, however, to get a deficiency, as the earbon
cioxide eliminated 1s produced at the expense of the oxygen,

EFFECT OF AIR MOVEMENT DURING INCUBATION

A fifth factor which might affect the hatch is the rate of air move-
ment past the egg, although it is diflicult to see how this could be a
decidedly important factor. With velocities of air movenent rang-
ing from 10 to T3 cm per minute past the egg no difference in the
hateh could be detected.
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EFFECT OF VARIOUS FACTORS ON ENERGY METABOLISM OF CHICK
EMBRYC

FIRST i DAYS OF INCUBATION

The carbon dioxide climination and oxygen consumption of (he
embryo ut the beginning of incubation wre so small that it is very
(ifficult to measure thent accurately by methods used in this investi-
gation.  The vesuits show definite measurable quantities by the end
of the second day of incubation,

Heat elimination during the first 3 or 4 days is even move difficult
to determine than the gaseous exchange, and much doubt exists ag
to what occurs during this peried. Bohr and Hasselbaleh (6) found
heat absorption by the embrye for the first 8 days, and Rapkine (.23)
offers an explunation for the possible theoretical value of such vesults.

There are many sources of error in measuring the small quantity
of heat involved, and the introduction of any one of these errors
might easily change the results so that heat absorption would be-
conie heat elimination or vice versa. The resulls of this investiga-
tion frequently showed heat absorption during the first 3 days of
incubation, but such resuits were obtained only when the experiment
was begun afler the calorimeter had stood for several days al room
temperatures of from T0° to 80° F. and the temperature was then
raised o that for incubation in 4 or 5 hours. When incubation way
begun after the calorimeter had been kept slightly above incubation
temperatme for several days no such results were obtained. Thus
it appears that results shewing heat absorption were due to the fol-
lowing: Some part of the calorimeter where temperature measure-
ments were not made maintained w tetnperature lower than that for
mcubation, and a small amount of heat was conducted to this part.
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This heat came from the embryos and was not measured, a fact that
made the measured values too low and made it appear that the heat
was absorbed by the embryos.

Because of these difficulties in determining heat production, it
seemed advisable to treat this portion of the ineubation period by
itself and oblain as accurately as possible, from all available datas,
values which will apply to all work subsequently discussed. In this
investigation, there were 80 experiments in which the incubation
factors were such that the results the first week should have been the
same. Some of these were made after the calorimeter had stood at a
temperature lower than that for incubation and others after it had
stood at a temperature higher than that for incubation., The mean
of all the results of these experiments should represent the actual
facts very closely and better than the results of any one individual
experiment. These resnlts appear in table 1. The daln in the last
column are used throughout this investigation as representing the
hieat output for the first 5 days of the inenbation period.

WABLE 1—Heut ctimination of 100 cggs in S-hour periods for the first 3 days
of fncutnifion.
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ENERCY AND WATER METAROLISM OF DEVELOPING CHICK EMBRYO AT
OPTIMUM CONDITIONS OF INCUBATION

The energy metabolism of the chick embryo gives an accurate
measure of its rate of development. IFigure 11 shows heat eliminua-
tion, carbon dioxide elinination, und oxygen conswmption for the
entire period of incubation when optimum conditions prevail, tem-
perature being 100° F., relative humidity 60 percent, oxygen 21 per-
cent, and cavbon dioxide below 0.5 percent, The points plotted for
each 8-hour period represent the meun of four experiments,

Energy metabolism was too smull to measure at the beginning of
mcubation but increased in magnitude uniformly for the first week.
After the first week the rate was accelerated until the thirteenth day.
Between the thirteenth and seventeenth days it again increased uni-
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formly. Between the seventeenth and nineteenth days it became
practically constant, but after the nineteenth day it increased more
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rapidly than at any previous time. The mean rate for the period
between the thirteenth und seventeenth days was approximately 20
times that between the first and seventh days, and the rate between
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the twentieth and twenty-first days was 50 times that between the
first and seventh days.

Investigation as fo the reason that the heat elimmation and gas-
pous exchange increased only slightly on the eighteenth day affords
a fertile finld for physiologists and embryologists.  Very pronounced
physiologica] changes are taking place in the embryo at this time
and one 1 prohably closely associnted with the other. The respiva-
tory system undergoes a complate change about this thae, with initin-
ton of pulmonary vespiration of atmospheric air. Romanoff (43}
m summarizing cerlain data on growth of embrye finds a murked
potardation in growth at thig time,

INTENSITY OF ENERGY METABROLISM PER GRAM WEIGHT OF LIVING TISSUE

The refationship between energy metabolism and enbryonic growth
has been based alimost entively on the wet weight of the chick embryo
alane, the weights of the volk sac aud of the allantois being disve-
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garded.  Needhiam {0) diseusses this question and shows the im-
purtance of considering the membranes as well as the enibryo. Inde-
pendent dita on wet weiglits of embryo, of yolk sac, and of allantols
obtained by Byerly (&), together with the data for heat elimination
by the aathor (table 2), made it possible to compute {he ratio of
the heat olimination 1o the wet weight of chielk embryo, to the dry
weight of embryo and membranes, and to the wet weight of embryo
and wmembrenes.  The results are shewn in figure 12.

The curve involving the wot weight of embryo and membranes
starts with low values at the beginning of incubstion and rises to
2 maximum on the third day, then decrcases rapidly until the ninth
day. The curve invelving dry weight js similar in the course fol-
Jowed to that invelving wet weight during this period. differing
only in absolute vulue, After the ninth day. however, the curve
involving wet weight rises again whereas that involving dry weight
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continues fo fall.  This shows that there is an increasing percentage
of solid matter in the embryo as its age increases. The curve involy-
ing the wet welght of embryo alone is very high af the beginning
of incubation but decreases rapidly. reaching a constant value about
the eighth day. The differenee in form of the curves for wet weight,
of embryo alone and for wot weight of embryo and membranes shows
that at the beginning of Incubation the embryo is an instenificant
pirt of the tolal living tissue, the greatest part heing the yoils sae
which has & weight nearly 10 times that of the embryo.

RESPIRATORY AND THEHMAL GUOTIENT
The respiratory quotient. is the vatio of (he liters of earbon dioxide
. ¥ ¢

eliminaled fo the liters of oxygen consimed.  The thernad quotient,
as determined in (his research, is the ratio of calories of hear elimi-
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mided io the grams of earbon dioxide eliminated. These twao devived
Tactors are of great importance, aceording to Needhiam (29). when-
ever a study of metabolism is being made.  Carbohydrate metalo-
lism wlone Is represented by a rvespiratory quotient of 1.00 and «
thermal quotient of 2.57. Fat alone gives o respivatory quotivul of
0.7 and & thermal quotient of 3.85, and in the chick emibryo pro-
rein gves practically the same respiratory quotient aml iheemul
quotient as does fat, when the end ][}l'm:luct i urie aeid. '
The values for these factors obtained in this investigntion ave
~hown in fgure 13, The respivatory quotiont was 1.00 for the frst
2 days dvopped rapidly to 0.60 by the ninth day, rose to 0.66 iy the
eleventh day and remained fairly uniform during the vemainder of
the investigation. The thermal quotient began at 2,60 and rose
rapidly to above 3.00. The resulls of this investigation indicate a
carbohydrate metabolisty during ihe frst few days and fat and
broteim metabolism alimost exclugively after about the tenth day.
The values obtrined in this investigation—respiratory quotient
of 0.67 and thermal quotieni of 3.08—after the second week of incu-
bation are both somewhat lower than the theoretical values for fat
and protein. These low values can be explained by wssuming a [rans-
formation of fat or protein to sugar. The low values for respira-
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torv quotient and the high values for thermal quotient on the ninth
andd tenth days of incubation suggest a field of investigation with
regard to the transformation of protein or fat to sugar.

EFFECT OF TEMPERATURE ON ENERGY METABOLISM

To determine the effeet of varintion in temperature of incubation
onr heat elinination and gascous exchange, experiments were con-
ducted at 962, 98°, 99°, 106°, 102°, and 103.5° ¥. The couditions
other than temperature were in all cases as follows: Relative
hunidity, 60 pervent: oxygen concentration, 21 percent; and carbon
dioxide concentration, below (L5 percent.  The results obtutned appeas
in table 2. Heal elimination in terms of 100 exux per day is shown
in figure 14 for the entire tempernlure rnge studied. The curves for
carbon dioxide eliminaltion and oxygen consimption. if plotted, woukd
differ only in nbsolute value from the cneves for heat,

Temperature has a decisive effect on the energy metubolism of the
chick embeye during incubation. Tt s greatly wetarded ol Tow tem-
poeratures, bat us the femperature s rised there s o narked imerease
as shown by the positions of the corves for figure 1




TABLE 2,— Effect of uarmlzon of incubalor lcmyzcmlnrc on encrgy mielabolism of chick embryos wilh relative hiomidity 60 pereenty ozygen 21
percent, und carbon dioxide less tan 0.5 percent

[IResults are Tor 100 cges per & hours)

{

Heai elimination t at-— i Carbon dioxide eliminsiion nt-— Qxygen conmitmption at--

Age of embryo.(hours) | 96° F. | 98° F. | ¥0° F. J100° F.| 102° F.| 103.5° | 96° F. { 05° F | 99° . {100° F 102°°F. | 103.5° | 96° F. | 98° F, | 99° F, [100° F.1 102° F.| 103.5°

b (lex- | (lex- | (Fex- | (Bex- § (dex- | Fo(l | (Qex-] thex- | (Bex- | (Bex- (dex- | F. (1} (lex- | (lex- (3ex- | (Bex- | (dex- | F. (1
peri- peri- peri- peri~ peri-  experi-{ peri- peri- pers peri- | peri- | experi-| peri- peri- | peri- peri- peri- | experi-
ment) | ment) | menis) § menisy] mentsd | menty { mentj.f menty jments) mcnlﬂs ments) | ments | ment) | ment) | ments) | ments) | ments) | ment)

(‘alonrx Calories; Calories] Caloriest Calories) Calorics| Liters ite Titers | Lilers | Liters | Liters | Liters | Liters | Liters | Liters | Liters | Liters
[ . - . 0.9 4 . 0.9 0.(; 0.0 0.0 0.0 0.1 0.0 0. 0.
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1 Because of the minute changes in hu\l. eliminated during the first 5 days and the difficulty of determining thémaecirately, no results are given for lmll\'l(lu‘ll experiments.
table 1and explanation in text,
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TasLe 2—Effect of variation of incubator temperaticre on encrgy-melabolism of chick embryos with relative humidity 60 percenl, ozygen 21

[Results are for 100 eges per S hours]

percent, and carbon dioxide less than 0.5 percent—Continued

Heat elimination at—

Carbon dioxide elimination at ~

Oxygenvonsumpiion af—

Age of embryo (hours) | 96° B 08° F. ] 00° F. 1100° Fo1102° 1,1 103.5% ¢ 982 F. ] 98° F, 1 99° F. | 100° F. 1 102° l’.i 103.5°1 06° F. GRT FV 099 P, 1 LOOPF ) W2 F. - 103.5°
{Véx- | (lex- | (Bex-| (Fex- i (4ex- r. (1 (lex- | (Lex-§ (3ex- | (Box- | (1e F.(1 ] (lex- | tiex- | (3ex- | (Bex- | (dex-§ F.(1
peri- | peri- peri- | peri- peri- - { experi-{ peri- peri- peri- peri- | peri- jexperi-| per- peri--{ peri- | peri- | peri- | experi-

ment) | ment) | ments) {nents) { ments) | ment) } ment) | ment) | ments)  ments) { ments) { ment) | ment) | ment) | ments) { ments) | ments) | ment)
Calaries] Calorics] Calories! Calories) Calories] Calories| Liters | Liters | Liters | Liters | Lilers | Liters | Liters § Liters | Liters | Liters | Liters  Liters
b 5.2 1.9 12,9 16.4 20.2 14. 0 1.0 1.6 2.0 2.6 s 3 A R 29 2.9 4.0
L3 14.3 2231 180 1.0 1.8 2.3 3.0 3.8 3.2 1.5 28 3.3 4.5
1.6 16,2 26.2 19.7 1.4 2.1 27 3.5 4.3 A R, 3.4 3.9 5.1
4.5 i8.3 20.0 2.1 14 2.4 3.1 4.0 5.0 4.1 1.3 3.2 4.5 6.1
18.Q 2.8 1.5 2.5 3.4 4.5 5.0 4.6 L7 4.9 5.1 6.9
18.5 2.2 1.6 A5 3.8 5.0 5.8 5.2 21 4.1 6.0 7.6
24,1 25.6 1.8 3.6 4.3 A4 6.8 5.6 1.9 5.0 6.8 8.4
284 1.9 3.5 4.5 6.0 .3 6.6 3.2 8,7 2 9.1
3L¥ 21 4.3 5.3 6.7 82 oy 2.8 6.2 81 0.5
35,7 2.1 4.3 6.0 Tud 8.3 4 T 9.2 119
30.7 2.6 5.3 6.6 8.2 9.6 4, L2 0.2 12,8
43.6 2.9 5.7 71 9.0 11,0 4 ) 1.3 13.9
47.6 o 3.3 6.3 7.7 9.7 .6 [iN 25 15.2
aL6 { 4,2 w0 8.5 } 106 L8 3. 13.3 1
55.9 X 4.4 7.9 9.3 WA 1 G. 14.9
6.9 0 4.9 8.3 10.0 1.6 13.0 3 8. 149
64.0 .4 5.6 8.7 10.5 1.6 1.0 8. 16.0
67.3 75.2 6. 9.3 111 13.0 13.9 0. 17.
70.1 79.2 6.8 0.1 1.7 1.2 137 1. 17.8 . L
41 52,0 7.3 1.0 12,2 13.46 14.2 5N 188 215 18.3
sl 86,6 7.9 1.5 126 13,7 14.3 2, .90 2.1 229
8.9 87.4 87 1.6 12.9 14,4 .6 21.0 2.7 2.8
519 80.4 10. 1 12,7 13.3 14.8 4.4 2L8 R B
$6.3 §9.1 I 9.8 13.3 4.0 146 15.7 } 219 n.7 24.7
Sl 89.1 9.5 108.8 9.5 13.7 14,5 15.4 6.6 2135 b2 T I DN
87.9 1, 9L8 102.9 1%0. 8 { 1.7 14.0 1.7 158 17.3 2L.3 5.
59.6 9.6 | 110.0 s 12.0 13.9 14.9 16.7 18.5 213
1.8 108. 8 195:0 128.3 12.6 1.6 15.2 186 20.1 22,1
100. 8 121.2 1370 ) 12.3 .8 16. 1 229 212 241
10.0 139.0 40, JEM Y 15.5 V. } 2500 V359, 26,8
1208 | 19.7 ; 1324 ... e 23,2 5, 2.5
134.0 | 715351 .7 ... 20,4 .6 RAR
145.0 166, 0 14.5 255 7.2 W34 0.6 RENL
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The higher the temperature of incubation the greater the metabolic
ate, and consequently, the more rapid the development of the chick
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and the earlier the hatch. However, there is an optimum rate of
growth, which is produced Dy « temperature of 100° B, and any
deviation from this growth rate produces an inferior chick and a
fewer number from a given number of fortile egps.
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The heat elimination for the fourteenth day at various tempera-
tures was as follows: 96° F., 40 cal.; 987, B0 cal.; 99°, 05 cal.s
100°, 120 cal.; 102°, 145 cal.; 103.5°, 130 cal,

The effect of temperature on the energy metabolism of the chick
embryo was greatest during the sccond week of incubation. After
this ttme growth praceeded nt a uniform rate regardless of tempera-
tures, as shown by the fact that most of the curves paratlel one
anocther.

The total heat elimination for the entire period of incubuation
computed from table 2 to time of hateh appeared to be the sume
regardless of temperature and was approximately 2,000 kg cal. per
100 embryos. As the temperature of incubation was lowered the rate
of metabolism decreased, but the time of incubation was increused
so that the total, which is n product of these two, remuined constant.

EFFECT OF HUMIDITY ON ENERGY METABGLISM

To determime the effect of relative humidity on heat elimination
and gaseous exchange of the chick embryo, a series of experimentis
were made covering the range showu in tuble 3. The conditions other
than humidity were constant, as follows: Temperature, 102° F.;
oxygen, 21 percent; carbon dioxide, below 0.5 percent,
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Heat elimination and gaseous exchange were nol appreciably
changed by hwulidity during the first 10 days. During the third week
there was a definite deviation. Energy melabolism at 60 percent rela-
tive humidity continued aut a higher level throughout the incubation
period than at cither higher or lower humiditivs, which indicates that
the chick embryo develops more satisfactorily. When the humidity
was raised to 70 percent or dropped to 42 percent, there was a de-
crease in energy metabolism, indicating n somewhat less satisfactory
growth, The effect of an increase to 84 percent or a decrease to
24 percent was approxnnately the same in further refarding em-
bryonic growth. When the humidity was further decreased there
was an additional drop in energy metabolism, indicuting that this
condition is very unsatisfactory for proper growth,

The varintion in homidity did nol have any noticenble effect on
the total time required for development of the chick embryo, the
Lime of hateh being practically the same at all humidities, but figure
14 shows that & drop in temperature of 2° from 102° ¥, caused o
retardation in timwe of hateh of approximately 20 hours.

A series of experiments conducted at a teinperature of 100° T, with
humidities of 30, 44, 62, und 84 percent showed the snme charncter-
isties as the one at 108° K.
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WATER METABOLISM OF THE INGCUBATING EGG

The amount of waler climinated by the incubating egg depends
principally on the humidity of the awr surrounding the egg.  Fig-
ure 15 shows the water climination for the first week of ineubation
In grams per day per 100 eggs at from 8 to 88 percent humidity.
Water elimination deereased divectly with increase in humidity.
A change of 1 percent in humidity produced a change of 0.65 gram
in water elimination per 100 eges per day.

The water elimination at 8 and af 13 percent humidity indicated
an inerease in rute and that the linear relationship no longer applies.
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The eclimination at 88 percent also deviated from the linear relation-
ship but in the opposite direction from that at 8 and at 13 percent.

It is reasonable to assume that at the saturation point {100 per-
cent} there would be no loss of water from the incubaling egg,
Asswming this is frue the curve would pass through the 100-percent.
point. The data seemed to substantiate this asswmption.

During the first week of incubation the water loss at a given
humidity remained practically constant, but from about the teath
day to the time of hateh the amount gradually increased. At 60
percent relative humidity, the elimination was 30 g per 100 cuys
per day during the first week and by the time of hatel il had become
nearly 40 g per 100 eggs per day.

A very accurate determination of the time the hateh oceurs can
be made from the measurement of water elimination. For this pur-
pose. the water elimination at a given humidity may be considered
as constant from the beginning of incubation until hatehing begins.
When the chicle breaks the shell a large quantity of water is liber-
ated, incrensing abraptly ta 12 to 15 tintes the original quantity.

540 r
525 ;
510 vy
435 t

-l

nSiER
[ TIT17

)

[L.1+]

(=111
1

(

[

=

th
EESEENN

e o ot i R S

%
r

A

A
&
g
l
4

¥

i
A5

w
th

Lo

f
]
g

1]
FOHay

e
|
Hougs

i
3

~ D
ouno
!
M
Pttt

Day
Payg

3

102 °F. AT 19 DAYS || HOURS

L
2
i

23 oayg
i
T

W
20

AT

4

== — e pa P 12 K pAP L
ML tn
s
IR3.5 "R AT 19 DAYE 4 HOURS

WATER FER 100 EGGS PER

25 °F

11

i1t
94 o |,
F ar
T
i
Gt

}

.ﬁ
1
|
iog~
b I
Pl S
i

[ 7]
=]
ﬁ“r*n

!
24 25

I
1:] 2 20

21 22 2
AGE OF EMBRYD (Davs)

FIGIRE 16G,-~1ime of haleh ot vioclous tempecntures as shown by witer vlimlmation {eela-
tve hnmidity G0 pereent, oxygen 21 percenl, eirhon doxhie wlow 05 pereent) Mt
portion of earves fndiceates perid of baehing.

Figure 16 shows the increase in water elimination at each fem-
perature studicd, relative humidity being 60 percent. oxygen con-
centrition 21 pereent, and carbon dioxide content kept below 0.3
percent.  The portion of each curve where the slope is greatest is
the gime when the chicks were hatehing.  Thie higher the teriperature
the earlier the hatch. The time of hatel did not vary proportion-
ately to the temperature but more nearly as the lograrithm of the
temperuature.
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Figure 17 shows the hatching time for all temperatures between
96° and 103.5° F. as determined from these data. The hateh for
optimum temperature (100°) accurved at 201 days. Tt was delaved
314 days at 96° and occurred 1 day earlier at 103.5°,

EFFECT OF CARBON DIOXIDE ON ENERGY METABOLISM

The variation in composition of the gases surrounding the eggs
during incubation Las been found to have a decided eflect on em-
bryonic development. To study the effect of carbon dioxide con-
centration on energy metubolism. two series of experiments were
conducted, One series was made with carbon dioxide concentra-
tions of 0.5, 2, und 4 pereent. These concentrations were held s
vonstant as possible throughout the entire incubation period. The
factors other than earbon dioxide were ns follows: Temperature, 99¢
T.; relative humidity. 60 percent: and oxygen, 21 percent. Curves

104

Q
3

o

TEMPERATURE {"F.)

I

20 21 22 23
DAY OF !HCUBATION

Porns 1TT.—Thne of hateh ot voelons femperbnees,

a, b, and ¢ of figure 18 give the resulls obtained for the carbon diox-
ide concentrations of 0.5, 2, and 4 percent, respectively. _

During the other series of experiments the temperature was 102°
T, relative humidity was 60 percent, and oxygen 21 percent. At the
beginning of the experiment the cerbon dioxide concentrution was
that of normal air.  As incubation procecded the percentage of cur-
hon dioxide gradually increased owing to elimination of this gas
by the growing embryos (fig. 9. @), until on the tenth day the con-
centration in the chamber was 5.5 percent. It was held constant
at this percentage for the rest of the incubation period. Other ex-
periments were condueted under similar conditions except that the
enrbon dioxide was allowed to increase te 10 percent (fig. 9, 3),
which required 12 days. and was held constant at this percentage
for the rest of the incubation period.
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The embryo develops more slowly the lower the temperature so
thaf a time-factor correction for temperature nust be applied in
order te compare the results obtained at 102¢ ¥, with those obtained
at 99°,

Curves f and «, figure 18, were hoth plotted from results obtained
when there was not more than 0.3 percent of carbon dioxide in the
incubation chamber. Curve 7 is for a temperature of 102° ¥, and
curve ¢ is for 89°. The difference in time between these two curves
for any valune of ordinate is the time factor which must be added to
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ey 18—Bffvet of various peroentages of vorfon dioxide on eneey meishollsm, Sop
ekl for diseassion of ogdividunl cueves,

vilues obtnined at 102° {o malke the results compurable with those
obtained at 997 This correction for time Is given in table 4, last
column.  To make the results obtained at 102° comparable with
those at 99¢, eachi value was plotted at the time given in the frst
column of table 4, plis the thme-correction factor in the last columm
of this table. The results obtained for the experiment in which
the carbon dioxide voncentration increased to 5.5 percent are given
in curve ¢ of figure 18, and for the one in which the concentration
was as high as 10 percent, in curve oo Al the curves in figure 18
except curve fogre comparable.

Curves for oxygen consumption and heat elimination {(tuble 4),
it plotted, would follow the sume weneral trend as those shown for
carbon dioxide, differing only in absolute values.
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TARLE 4.~ Kffect of va.iation in carbon diexide concenlralion on energy welabolism of click embryos at different lemperalures with relative
hwmidity 60 percent and oxygen concenlration 21 percent
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The effect of variations in carbon dioxide concentration was per-
ceptible by the third day of incubation wnd became more and more
pronounced as incubnlion proceeded. The carbon dioxide elhmina-
tion was gpreatest when the carbon dioxide was legs than 0.5 percent.
As the concentration of carbon dioxide was increased the develop-
ment of the chick embryo was more and more retarded, as shown by
the decreasing amount of carbon dioxide eliminated. A content of
2 percent for the entirve incubation period was not so hurmful as one
in which the carbon dioxide was that of normal air at the beginning
of ineubation and gradnally Incrensed to 2 pervent on the seventh
diy, to 55 percent the tonth duy, and held at 5.5 percent for the
remainder of the ingubation period.  Nor was the latter condition so
harmful as 4 percent throughout the entire incubation period.  Most
detrimental of all the conditions studied was allowing the carbon
dioxide to accumulate from normal gir ol the beginning of Incubation
to 10 percent on the ewelfth day and then helding it constant for
the rest of the inculaticn period.

Curves d and ¢ (fig. 18) (with carbon dioxide concentraiions of
5.5 and 10 pereent, respectively. daring the latter part of the ineu-
hation period) show grealer energy mefuabolism for the first 10 davs
fhan when 2 und 4 percent were maintfained during the entire period.
The reason is that in the case of the first two concentrations the
carbon divxide at the heginning was thal of normal air.

EFFECT OF OXYGEN DN ENERGY METABOLISM

The effect of various oxygen concentrations, ranging from 15 to 50
percent, on heat elimination and gaseous exchange was determined.
FThe conditions Tor incubation other (han oxygen were: Temperature,
99° F.: orelative humidily, 70 percent; carbon dioxide. bhelow 0.3
pereent.

The resulis are given in table 5. During the first 2 weeks of ineu-
hation, there was no perceptible effect on energy metabolism of an
increase or decrease in oxygen conceniration over that of normal nir.
After the first 2 weels, the energy mefabolism with 21 pereent oxygen
was the mreatesl. With 30 and 40 percent the metabolism wasg
shghtly Jess than with 21 percent; with 50 and 18 percent it was
approximaiely 10 percenl Tower, whereas when 13 percent was used
the metabolism was only about four-fifths of that at 21 percent.
Therelore, a decrense in oxygen concentration is more detrimental
than an increase since a decrease of one-seventh retards the energy
metubolism by the sune amount as an increase of two and one-hulf
times,




TasLe 5.—Effect of variation of oxygen concentration on energy melabolism of chick embryos with lemperature 99° F., relative honidity 60
percent, and carbon dioxide less than 0.5 percent
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TaBLE 5.—Effect of variation of oxygen concentration on encrgy melabolism of chick embrijos wilh tempirature 99° F., relative humidity 60
percent, and carbon dioxide less than 0.5 percent---Continued

{Rosulfs. sxpressed peir 100 egies ner 8§ honrs]

Heat elimination ! at indicated percentages ol

Carbon dioxide elimination at indicated percent-- | Oxygen consumption at ind*~ted percentuges of
oxygen

oxygen ages of oxygen
Age of embryo (hours) 15 18 2t 30 10 30 15 18 2 30 10 50
(Lex- | (Tex~ | (Fex-1 (rex-{| (lex=| (leox- | (l-ox- [ (lex- | (Bex-§ (Mex- | (hex- ! (lex-
peri- | peri- } operi- | peri- § peri- | peri- | peric | peric [ peri- § operi- | peri- | peri-
ment) finent) | ments) ment) { menty:] ment) { menty | ment) [ments) { menty | ments { ment)
Calorics| Calories; Calories| Calories| Calorics] Liters | Liters | Lifers | Liters | Liters & Liters
19.5 20,:§ 240 3 22.8 3.3 .3 3.4 3.9 4.0 3.4
23.2 23,2 41 3.8 4.3 4.6 4.2
“25.6 30.6 4.4 4.3 1.9 5.1 4.6
28,47  3L3 1,8 4.8 5.9 5.3 5.2
37 36.2 5.6 2.3 6.1 6,2 &, 8
35.7 38.0 6.2 6.4
39.7 43,2 6.6 7.0
43.0 46.8 7.1 .8
47.6 51.2 7.8 -
L6 5.5 8.5
55,9 80,7 . 0.4
60.2 63.8 10.4
64.0 68,2 1.3
67.3 TL2 1.9
70.4 1.8 12,0
.1 1.0 12,3
78.1 7.0 i2.0
81.9 72.2 120
84.9 2.4 3.0
86.3 734 18.5
87.1 9.7 13.9
87.0 83.4 4.3
2, 80.6 84.2 .4
5. 03. 8 86.0 4.3
87.5 1 100.8 87.8 4.8
9941 10,0 96. 8 3 15,4
127.8' 1 121.8 106.2 ——— 16. 4
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134. 6 145, 0 138, 6 20,2 18.5
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(0 weiimen] veercan 2 i

2 Experiment ended,

15 18
{Lex- | {1ex-
peri- i peri-
menit ! ment)

21
(3 ex-
peri-
ments)

30
(i ex-
peri-
nient)

40
(1 ex-
peri-
ment)

50
(1 ex-
peri-
ment)

Liters ; Liters
4.8 )

|

Liters
5.1

6.0
6.8
7.2
8.1

9.2
.2
1.3
12,5
13.3

1403

Lit

Liters
7.6
10,7
10.6
8.1
19

Liters

037

HEQTTADINHV A0 "LJIHUd 'S "N ‘688 NTILATTAT TVOTNFDNT



http:Ca/orit.Ii

"ACTORS AFTECTING HATCH OF MENS' LGGS 41
SUMMARY AND CONCLUSIONS

The eggs used in these experiments were obtained from a selectad
flock of White Leghorn fowls at the National Agricultural Research
Center, Beltsville, Md. Only eggs less than 7 days old were used.
They were carefully selected for size and shape, und freedom from
erucks and defective shells.

The calorimcters which were used for incubation were specially
designed, constant-temperature, continuous-water-flow type, provided
with meuans for preventing interchange of heat between the calo-
rimeter and its boundarjes und for meusuring the heat given off by
the growing embryos. The calorimeter comprised also the respira-
tion chamber, which was of the closed-circuit type, with means for
constantly interchunging the gas in the chumber and for removing
the products of gaseous exchange and supplying gases necessary to
life and growth. ‘ :

All measurements were mude with procision instruments and with
high accurncy. All factors except (he one under investigation were
kept constant throughout the series of experiments,

During the investigations on the effect of temperature on hatch
and on energy metabolisn:, the following were used: 96°, 98°, 94°,
100°, 102°; and 103.5° F. The factors other than temperature were
maintained as follows: Relative humidity, 60 percent ; carbon dioxule
congentration kept below 0.5 percent; oxygen, 21 percent,  The hateh
was greatest at 100°.  The chicks produced at this temperature were
also superior in appearance and vitality, The detriniental effect of
cither higher or lower temperatures became greater as the deviation
from the optimnm inerease.

The effect of temperature on heat elimination and gaseons ex-
change begun to show after the firgt few duys. The higher the tem-
perature the greater was the energy metabolism and, consequently,
the more rapid the development of the chick and the earfier the hatef.

The effect of relative humidity on hateh and on energy metubolisin
was shown by experiments with humidity ranging from 8 to 88 per-
cent. In this series of experiments, the following factors were al-
ways held constant: Temperature, 102° F.; earbon dioxide kept be-
low 0.5 percent ; and oxygen, 21 percent. The optimmn humidity for
hateh was found to be 58 percent. In a series of experiments at
100° the optimum was found to be 61 percent. In both series, as
the hamnidity varied either way from the optimum the hateh became
less, at first slowly, and then more rapidlv as the deviation incressed.
Little effcet on gaseous exchange and heat elimination was noted
during the first 10 days. During the last half of the incubation
period, the energy metabolism was higher when the humidity was
optimum than when it wuas either higher or lower, indicating that
the embryo was stronger and developing more rapidly berause of
more favorable conditions for growth. The larger the deviation of
humidity from the optimum the greater was the detrimental effect.

The water elimination of the embryo was found to depend prin-
cipally on the humidity of the air around the egg, the water elimina-
tion being less in direct proportion to the increass in bhumidity. The
water loss for the first week was practically constant hut increased
gradually thereafter to the time of hatch.
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The time of hatching was determined by the large incrense in
water elimination when the shell was broken. Temperature was the
only factor studied that showed an appreciable effect. The length of
the incubation period varied frowm 19% days at 103.5° F. to about
2314 days at 96°. Hatching took place at about 2034 days at 100°,
which is the optimum temperatuore.

Experiments were made Lo determine the effect of 0.5, 2, and 4 per-
cent of carbon dioxide on hateh and energy metabolism. During these
experiments the oxygen was held at 21 percent, the relative humidity
at 60 percent, and the temperature at 99° F.  'With 4 percent, less than
one-fourth as many chicks were produced as with 0.5 percent. With 2
percent the hateh was over 85 percent less than with 0.5 percent.  Other
experiments were conducted during which the carbon dioxide elimi-
nated was allowed to nccumulate in the calorimeter until the concen-
tration was 5.5 and 10 percent. In these experiments the oxygen was
held at 21 pervcent, the relative humidity at 60 percent, and the tem-
perature at 102°. A concentration of 55 percent under these con-
ditions was not so harmful as one in which the concentration was 4
percent for the entive time, the hateh for the former being 45 percent
as compared with 20 percent for the latter. The most harmful con-
ditien studied was the one in which the carbon dioxide was allowed
to aceumulate to 10 percent and was held constant for the rest of the
incubation period; a 16-percent hatch resulted from this treatment.
The data obtained for heat elimination and gaseons exchange show
that concentration of carbon dioxide has o decided effect on metab-
olism. Ths metabolism was greatest with the lowest concentration’
and decrensed with inerease of carbon dioxide.

Experiments with 15, 18, 21, 30, 40, and 50 percent of oxygen were
conducted to show the effect of this factor on hatch and on energy
metabolism.  During these experiments the carbon dioxide was kept
below 0.5 percent, the relative humidity at 70 percent, and the tem-
peratare at 99° F, The best hatches were obtained with 21 percent
of oxygen. The hatch decreased as the concentration varied in either
direction from this percenfage. An Increase In concentration was
not nearly so harmful as a decrease in concentration of the same
magnitude. Gaseons exchange and heat elimination were practicaliy
the same for 21, 30, and 40 percent of oxygen and were highest at these
percentages. With 18 and 30 percent, the metabolism was retarded
during the last week of incubation, and with 15 percent the effect
was very detrimental.

The respiratory and thermal quotients give a very good indication
of the kind of food materials being metabolized. The respiratory
quotient was 1.00 for the first 2 duys and dropped to 0.66 by the
cleventh day and was fairly uniform during the remainder of the in-
vestigation. The thermal quotient began at 2.60 and rose rupidly to
nbove 3.00. The lowest value for vespiratory qnotient and the highest
for thermal quotient occurred on the ninth and tenth days of incuba-
tion. The resnlts of this investigation indicate a carbohyvdrate metulb-
olism during the first few cdays and fat and protein metabolism
almost exclusively after about the tenth day.

The intensity of metabolism in terms of heat elimination was deter.
mined for the chick embryo and also for the embryo plus membranes.
The results show that in determining the relationship of energy metab-
olism to weight of live tissue the membranes must be considered.
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Following are the most important vesults obtained in this investi-
Fation :

The optimum conditions for incubation and for growth of the chick
embryo, as determined by energy metabolism, so far as the physical
factors are concerned are temperature 100° F,, relative hamidity ¢1
percent, oxygen 21 percent, and carbon dioxide below 0.5 percent,

The temperature should vary not more than 0.5° F. from the
optimum. The relative humidity may vary 10 percent with very little
detrimental cffect. The earbon dioxide should uot be allowed to
accummnlate to a greater concentration than 1 percent or the oxygen
to drop below 21 percent.

It should be emphasized that the results heve reported apply only
when the conditions of the temperature and of the almosphere, as
related to carbon dioxide and oxygen, are as indicated in this bulle-
tin. The results are not considered applicable to sectional-type nml
home incubators in whieh it i not usually possible to  control
effectively the conditions mentioned.
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