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IN'l'RODl'C'1'I0N 
~ 
~ln 1'e('(>nl years the increasing liSP of incubators in hatching ehick­""'8 fot' the rRplel1ishlllcllt of poUltl'Y flocks has made desirable It 

mom complete knowledge of factors that influence hatching results. 
The .19(30 census indicates that the llumbel' of chicks hatched anllltally 
in this country is in excess of 1,100,000,000. To produce this l1lUll­

Lwr, owing to the high mortality of the embl'Yos during the illCU­
lmt;ion period. requil'es approximlttely 1,800,000,000 eggs of Iweragc 
hatchabi Iity. 'The failure of 700,000,000 eggs to hatch represents all 

HlIIllUd lllonctltry loss of at lC!lst $14,000,000. 
As .Iong ago as PiJO, !\cc~)L'dillg ~o HelLu.Hllu· (.;J4),~ it was rtlalized 

Ihat Jadonl IWeYltlhng dUl'll1g the IIlCUbat101l of hens' egg~ markedly 

1 Acknowledgment is mad!' of th(\ 1l6sistance of W_ B. }i)merson. who con,lucteU thl' 
g(~nel'al routine analyses; Emmn M. Prln/Ile. who had charge of all computations
lind a~sisted in preparing the mutt'rlal; and E. W. Sh(~('ts, M. A • •lllll, Palll E. Howe, lind 
A. 	It. L('e. rur their suggestlous ami n,h-Ice III plullnlng lind conducting the work. 


2 Italic nlllnbers In parellthe~es refer to Llterntllre Cited. p. 43. 

10;;725°-37--1 



2 'l:ECHXIUAL J)L:l~LgTjX 55:~, 1.;, ~. DEPT. O1f AGlUOULTUlm 

affect tIll' de\'elopmeni; of the embryos. Some of the factors which 
are of pal·tullount import/wce are temperature, humidity, and the ;
ILlllount of: c:tu'bon dioxide Ilnd oxygell in the atmosphere StllTOund­
ing tht eggS. As lute as 1840 f:ome iu ITestigntors still nlai nbLined that 
:t ,rel·t ile egg did not respire IllHi could develop normally "'ith n,ll 
ail' C'xdnded. Sinc\' that time it hus been fully established that long 
before the IUllgs begin to fUJlction hl the chick embryo, gaseous 
inter('1mnge t.akes pJac:c through the porous shell. 'rhe amOlll1ts of 
\'al'iolls gase~ in wlJiell the egg is incuhllt'ed, then'fot'e, would affect. 
appt'cl'iably this gast~olls inte,relmnge and thus t he development of 
the elllbryo. Each of these iactol's affecting lllltching results must 
be eontl'Olled with pl'eeision if the. bps! hatch of vig()l'oUS ('hicks is 
to lIl' obtained. 

Heseal.'ch on the (\ffect, durill/! incubation, of the telllpl\l.'aLm·C'. 
hlllllidit.Y~ and amount of cn.rbon dioxide and oxygen ill the ailllOfi­
plwl'(\ sllr!,(lUncling; the eggs has yield('(l many l'esults~ yet: informa­
I ion ('onc:el'l1ing the optimum conditionsfol' 1l01'mtLl development of 
the ('lI1bI'Yos is indefinite and unsatisfactory. It was the aim, in the 
illwstigations reported in this bulletin, to ascertttin the optimum 
('OI1l1il iOlt f'H' eact of thes(' factors :for embryonic growth and for 
hatehing. It. wns a,lso desired to ascertain the speeific effect on em· 
hryonic growth and on hntel! of a chlwge in any olle of these factors. 

Witl.l int'l'eased knowledge of the underlying principles govern­
ing Ow growth of the ('mbryos during inel1bation, it shollld be pos­
!-ti ble to reducC' mlttel'ially tl1(~ large economic loss ill the United States 
C'11('h year. 

REVIEW OF LITERATURE 

EFFECT OF VARIOUS FACTORS ON HATCH 

.Mnny inwstigators, namely, Burke (7), Cadman (.9), Ohattock 
(JO), CoyaH (11), Dareste (12), EycleshYl11er (17), ];)hilips (31), 
Philips and Brooks (313), and Skinner (J8) have attempted t.o de­
terl11ine the optimum temperat\ll'e, during different. stnges of incuba­
tion, to produce ~he greatest number of vIgorous chicks from n given 
Humber of eggs incubated. In most Cllses little was known concern­
ing the physical conditions other than temperature. Variation in 
humidity 01.' the gaseous constituents of the atmosphere sUl"l'oundulg 
the ~ggf.; may hnve so affectpd the grmyth of the embryo that results 
attl'lbl1ted to temperature were causec1m pllrt by other factors. 

The temperatures of incubation were invariably measured above 
the eggs. Because of the temperature gmdient involved, there is 
doubt as to the actual tempemture of the air surrounding the incu­
bating egg. Atkinson (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 n celluloid egg set among the other eggs, £mmd that in this 
position it registered 2° lower t~an a thermometer hanging directly 
above the eggs but not touchmg thci1' They obblined the best 
hatches ttt temperlltures of 99° to 100°, rneasmed by the thermom­
eter UI the celluloid egg, the hatch decreasing at temperatures either 
higher 'or 10'''1.'1'. Th~ optimum t~mpel'lltnre as given by investigators 
whose works were revIewed callged from 95° to HMO just. above the egg. 

It is rather difficult to determine the humidity of the nir surround­
ing the eggs in the limited space in incubators ordinarily used for 
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experimental purposes. The mammoth-type incubators have seldom. 
been used. 'When n. wet- und dry-bulb hygrometer is useel in an egg 
chamber, the humidity of the air surrounding the wet bulb WIll 
always be higher than that in the rest of the chumber unless the air 
velocity is at least 9 feet per second. The rate of evaporution from 
the wiek, therefore, will be greutly decreased Ilnd the thermometer 
will reud too high. The spreud in temperuture of the wet und the 
dry bulbs will be much reduceel anel the humidity computed from the 
relldings too hi,l2;h. A comparison 0:£ humidities made by Day (13), 
obtll.ine(l bv llsmg a wet- und dry-bulb hygrometer. fanned and un­
~fllnneel, sl!()\yed that, between 50 and 75 percent relative humidity, 
fallnill~ 10wC'red t\1(' rending of the wet bulb sufficiently to account 
for a cliffcl'l'nce of 10 to 15 percent in humidity. 

The l'('sllHs on the effect. of humidity on hatch obtained by severnl 
investi.~[\tors. namely, Cadman (9), Chattock (10), Day (J3), and 
Dryden (75), show' ",vide varilttions. Little was know]; relative to 
inC'ubntion C'onditions other than temperature und humidity, and 
unquestiollably all conditions vll1'ieel ('onsiderahly during the incu­
bation period and even more from experiment to expel·iment. As 
ellI'd11 I an analysis of each investigator's results as conld 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 (2£) obtained results by use of their 
modifiNl incubator ",l1i('h cover the entire. practicui range of. llU­
mi<lit.,·. ThC'y determined the humidity by gruvimctric measllre­
1l1.C'nts. RuC'h meURII1'pments are Rubjeet to errors in the detennina­
tion of tIl(' temperature and pressme of the ail' at the time measure­
ments arC' tnken. the temperature at whieh the humidity is com­
puted. conclellsnfion of moisture in the ('ol1lleC'ting tubes, 'and other 
factors. They also determined th(' loss 0:£ weight of. l;h(' eggs. Loss 
of weight can be very ac('urnt('ly obtained us it involves only simple 
we.igl1ings. Sillce Joss of weight depends on humidity, it provides 
11 meanR of computing' humidity as n eheck on actual measurements 
The author, using loss of weight as determined by Lamson and Kirk. 
patrick, has 'C'on~putecl humidity. and these computations are from 
I') to 15 p(,l'c('nt Il1gher than those l'eporil'cl by them. The values com. 
pured by the l1uthor show that the best hatches were obtained at from 
55 to 65 p{,l'cent relative humidity and that they fell off rapidly above 
or 11{'10w t1wse percentages. 

Many im'('stigatol's, notably Burke (7), Cadman (9), uncI Dareste 
(12), made. measurements to determine the amount of carbon dioxide 
gas under sitting hens, on the assumption that the optimum for in­
('ubation would be present. The results showed 5 to 25 parts of 
em'bon 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 
carbon dioxide gas in the air under a sitting hen is variable in 
nmount c1ep('ncIing-, for instance, on how closely the hen confines the 
eggs, on wlwther or not the nest admits air freely, anel on the carbon 
c1ioxic1l' content of the ail' surrounding the nest. In various incuba­
tors the amounts of carbon dioxide were comparable to the amounts 
uncleI' hens except that owing to increased ventilation they were 
somewhat lower nt the ('nd o'f incubation. . 
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The experiments of Lamson and Edmonds (1131) !tl'e 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 hatch was obtained when the carbon dioxide 
content was 0.5 percent. The hatch decreased as cllrbon dioxide con­
tent increased; . with a 4.5-percent concentration the hatch was less 
than one-sixth that with 0.5 percent. 

A1t:hotlgh little work has been done on the effect of carbon dioxide 
Ol~ hutch, sl'iII less i~ reporte~l on the effect of varying pprcentages 
of oxygen. "\Vesselkm (89) mcubatecl eggs from 24 to 72 hoUl's in 
vessels tlll'ollgh 'which a Cln'l'cnt of air, containing varying percent­
ages of oxygen, was run. He states that in an atmosphere contain­
~ng 5 percent (It oxygen the embryo lived 48 hours; in 10 percent and 
J1l 15 percent lite persisted 72 hOllrs. In all cases clewlopment WIlS 

subnol'mal, til'; degree in bac1nnlrdness increasing with decrease in the 
a mount of oxygpn. VaI'ionc: morphological deformities were obscLTed. 

ENERGY METABOLISM OF INCUBATING EGGS 

SO :till' 11(; is known, respiration is It ullin'I'sal characteristic ot all 
animals. i\{a.ny expel'iments, notably those OT Aggllzotti (1), DUsing 
(J6), lind Mii:t'ophanow (26), have shown that. the chick embryo is no 
exception to this rule. 

In making their experiments, some investigators coated the sur­
face of the eggshell padially or wholly with varnish or other mate­
rial; otIH'rs inC'ubated eggs in atmosphel'cs of hydrogen, nitrogen, 
01' caL·bon dioxide. They proved that J'cstrieting' the gaseolls inter­
change between the embl'Yo and the external ail' has a decided effect 
on Hw growth (If the elllbryo. If tht' intt'r('hange is only partially 
restl'ictp<l, cll',,{'lopll1Plli' is below norlllal aud ulany monstrosities a.p­
peal'. If tile intprchangeis C'ompletely l'estricte'c1. no dpvelopment 
will take place after tlw first frw hours, during wh ieh time the oxygen 
jn the ai I' cell and in the egg contrnt is sufficient to supply the 
amount necessary for life. . 

Experil1l(>nts on complete eneq:p' metabolism were conclucted by 
Bohr and Hllss('lbaich (5, 6), nnel by Hassclbalch (19), as early as 
1900-190i3 by Ul->C of a specially designed thermostat. Their results 
on el1l~l·g.v metabolism begnn slightly below zero the Hnlt clay of in­
enbation and gradually increased at a. n(,Hrly uniform rate to the 
tenth day, at which tiine the oxygen consUlliption was 9 liters pel' 
100 eggs pel' day, the carbon dioxide eliminntion 5 liters per 100 
eggs per day, and the heat elimination 21 calories per 100 eggs per 
day. From this time the increase was much more rapid, but uniform, 
until the seventeenth day, at which time tbe oxygen consumption 
was 40 Lite]'s pel' 100 eggs pel' day, the ('I\rbon dIoxide eUmilHttion 
ao liters pel' 100 eggs pel:" clay, and the heat elil~1inatioll 190 ca,loyim; 
]/e]' 100 eggs 1)('1' clay. On the seventeenth, Plghteenth, anel l1Ull'­

tecnth clays there seeli1ed to be some retardation in the rate of metab­
olism as indicated by the mtrbon 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
Heth clay were 52 liters of oxygen, 40 liters of carbon ~lioxide, and 
240 calories of heat per 100 eggs per day. The respmttory quo­
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tients were very erratic, ntrying from more than 1.00 to about 0.50, 
with an average of 0.72 f01' the 21 clays of incnbv.tioll. 

The data on energy metnbolisll1 of incubating eggs obtnined by 
Bohr and Hasselbalch hnve been widely used. In fact. the results 
on heat elimina:i;ion have been the only ones nvaiIable. 

Carbon dioxide elimination of incubating: eggs was determined by 
Atwood and Weakley (4), Murray (;28), al1(l by lIa I'('ourt; (18). 1'111'. 
l't!Slilts obtailled by Atwood uud vYenkley and by MUI'l'lly were prllC­
tically the Same. Both obtained data that paralleled those of Bohr 
and HasRelbalch but were appl'oximately 3iJ pel'c('nt higlll'l'. The 
results by Harcollrt were pracHcally the sallle ;lS those obtained by 
Bohr and Hasselb;l1ch. ' 

Lussana, (!'d5) detel'mined the gaseous metabolism of the growing 
embryo dlll'ing the last week of incubation. The results he obtained 
:1're lUlich lower than those obtained by other investigators. 

Henderson (;'20), in his stuclies on the effect of temperature on rate 
of growth of chick embryos, found that "temperature exerts a pro­
found influence. on tllP growth rate." As metabolism is closely asso­
ciated with growth rate, one woultl expect. an uf[reement between 
the two. He foullcl that the clevl'lopment 'wasmuch arrested at. low 
temperatures (95 0 ~"'.) and that an jnC'rease of tempemtul.'e above 95 0 

fuYorecl cll'Yelopl1lent until It tempemture of 1020 was reached. This 
temperatlll'C' gave optimum development, whereas at higher ternpera­
(UI'es the de\'elopment was again arrested, although proceeding at 
a lIlon'· 1':1 pid rate for the iirst 2 weeks OT incubatioll. 

ROIllanoll' prJ) studied the effect. of three h urniclities on growth 
und lllortality of the chick embryo. The gl'owth was optimum ILt 

00 p('J'eent whel'cas at 80 and at 41 percent tlwre was little effcct 
until afl:er the second wpel\:. Dur'ing the last week of inCllbtltio11 both 
the hif[h and the low humidities showec1 c1etl'imental effects. The 
mortality dur.1ng the thir(~ ,~reek was also greatly increased at both 
the high and tll(' low hUllucllty, but the effect was most pronouneec1 
at the high hurniclity. 

Hornnnot!· and Homnnoff (3'r') also studied the effect of air 
composition on growth and mortality of the ehick embryo. In their 
st.nclies "TIlt' inel'cnse in ern'bon dioxide * * :\< ",as at t.he pro­
portional eXpel1Re of the * * :\< oxygen." Consequently. the re­
snits they J'l'port nre n enm111atjye {,ffect o:f! oxygen dl'ficiene~' 'unci CHr­
bon dioxide RIII·plus. They found that 0.4 pel'cent of cal'bon dioxide 
and 20.8 percent of oxygen affected the growt.h yery little, if nt all. 
'Vith increasing amounts of ('[\rbo11 dioxide and dec-reasing amounts 
of oxygen the growth was l't'inl'clec1 in proport.ion to the increase in 
eal'boi1 dioxide' and tile mortality 11Iso increased. "Tith (j percent 
of cnrbon dioxide and 19.G percent of oxygen, no embryo ,,"as able to 
survive more than 2 weeks. 

APPARATUS AND ME'l'HODS 

The respiration ca.1orlmeter which was used as an incubator in t11£ 
l'xperimellts conducted by the author is icleltlly adapted to the study 
of the factors affecting the development of the chick embryo. In 
the form used it n.ffords a means of controlling, with precision, aU 
the physiCltl factors involved and of varying 1m)' one factor in any 
way desired while keeping the others undull1ged. Accurate c1etel'­
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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 respu'ation calorimeter are as fol­
lows: For the measurement of heat produced hI the chamber tho 
dev.ice isn. constant-temperature, continuous-flow, wuter calol'imetcr, 
in which the calorimetric features provide for pl'eVentill~ the pas­
sage of heat through the walls of the clllllnber and :for taklllg up tho 
heat by n. current: of wutel' as fust as it- is generatec1in !'Ill' e1uunbf.'r. 
For the determination of gaseous l'xchung(' tIll' dt'vie(' is n gnstighl; 

Fwunfl l.-Hcspil'ution cuiol'lmelCl' unll IlI'CeHHOI'Y UPIJIIl'ulIlH: tl, talnl'lllwt,lll': II, uxn-rell 
HIIllPly; r', ahsol'ptiOIl truln; 1/, watel' tallk und Mcale; c., Hpll'onletm' [01' IlWUHIII'IIl;': 
f1xygell: f, flask~ for absorptloll or wutlll' \'apol'; !I., cHllister for ubsol'ptioll ur clu'!Jfln 
,I!oxhlll: It, hygl'nllwtcl', 

chamber connected to a, systtllll of (ras absorbers ill a closed circuit. 
The gas confined in the circuit is kept in circulation, the gaseous 
products imparted to it by the growing embryos nrc consta.ntly 
removed, and oxygen is constantly supplied to rf.'place that used. 

Figures 1 and 2 show the assembly of the appamtus. All meas­
urements and control were from the bible (fig. 2) at which the ob­
server sat with all control apparntus within reach. Usc was made 
of two calorimeters, operating independently, to eliminate errors 
which might arise owing to equipment. Both calorimeters were con­
structed 011 the same principles. One calorimetet·, however, had It 

square base and the other wus round, a point which is mentioned j'ol' 
identification luter in connection with datu. 

THE CALORIMETRIC SYSTEM 3 

, The calorimeter consists essenti!tlly of a double-walled, copper 
chamber (fig. 3 a) in the form of.n. cylinder, 65 cm in dinmeter and 
15 cm deep, The walls are separated by an uir space 1 P'Ill, wide. 

'Dtltalled description of resplrlltion culorimetel's from Which the appurntu8 used in this 
investigation was developed Is gh'en by .Lungworthy unll :\'IIilnel' (2,1,24). und Atwatel' unci
Benedict (8). 

'­
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FIGUJttl !!,-Iustl'lIll1cut tllblc and control board fOl' clllol'illlctm': tI, PlIl'ts of glll\'HUOIIW(PI'
llystl'lIl; b, l'ccol'der; c, contl'ol rheostats; d..• multil)l\! switch; e, ullt(llllutlc c<lntl'oll,·t'; 
(, Wheatstone bl'idge; o. potentlollleter; h, contl'o\lel', 

PIGUlttl 3,-Rcspil'lltion cuitll'imetel' uud accesaol'y alJPllrlltus: <t, Absorber coil; 1" co"Ct'S 
to clliorimetel'; 0, helltiug colis for top section; d, cork iusuilltion against tell1pel'lItlll'll
chunges in surroundings; I), electrical conducUy\ty al)pllrntlls for gas Imalysls; (, oxygcu 
supply control a)Jparll tU8, 
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The total volume is approximately 50 liters. The entit'e 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 ail' 
space 1 em wide in which are inserted three electric hentll1g coils, 
uniformly distributed over the entire surface. Ol1r oyer the t()p. OIl(' 

under the bottom, and. one around the sides, of the outer' ('opper 
chamber. By means of these coils heat can be supplied to the air 
space to control the tempel·ll.ture of the outer coppet' wall. A cover­
ing of cork board I) cm thick gives protection against any fluctuations 
in temperature in the surroundings, 

The chamber is designed to hold 89 e~gs. These are supported 
on a perforated copper tray suspendecl from the side wa.lls, 5 em 
above the bottom. Each egg rests horizontnlly in II loop of !l spe­
cin~ly designed wire turnilW, device in the form ~)f a horizontal ,whee 1, 
wluch turns the Pggs by rO.',img them on the perforated tray, '1 he c1p­
vice is turned by II celltrnl shaft which projects out of the cluunrn'r'. 

IIETE1t~11 N"'rION m' HEAT PRODUCED 

Reat is given off by the eggs in two ",ays: As latent heat of water 
vaporized alld as sensible heat Jiberated to the ail' fr'om the sndace 
of the eggs. Both the latent and sensible heat must be deter'mined. 

The water vapor lea.ves the chamber in the outgoing air and is 
colIeeted in tlw fhu:iks (fig. 1, f). The <J,uantity uf heat-leaving the 
ehamber as latent heat in any given perlOd is deter'mined by Jllulti­
plying the weight of water absorbed during the period by the latent 
heat of water. 

The ener'gy eliminated from the eggs as sensible hellt is absol'bed 
by a current of water which circulates through the. ehHlllbel' in the 
heat-nbso.rber coil (fig. 3, a) susp<~llded 3 cm aboye the eggs. The 
coil comdsts of a spil'lll of thin-walled copper tubing approximately 
6 m long. It is so wound that the eoldest and the warmest wnter 
are in adjoining tUl'ns of the coil. 'Water is supplied to the absorber 
coil from a constant head tank and after passing through the coil is 
colll,eted in a tnnk (fig. L d) and weighed to an aeeul'acy of 1 part 
in ~1.O00. 

The tempcmtul'e of the water entering the heat-absorber coil is 
maintained ('onstant, by electric heating. The final control is bv a 
heater which comprises a ",aJer channel made of thin brass tubi"ng. 
In one end of the flattened channel is inserted a.n electric l'esistanee 
thermometer and in the oti1l'r end is an electric heater. Both arc of 
similar constrnction and are of the Dickinson and Mueller (14.) type. 
The coil of the resistance thermometer forms one arm of a special. 
'Wheatstone bt'idge connected to nn Itutoll1lltic controller (fig. 2: It) 
which keeps the mflowing water at the desired temperature. 

The increase ill tempemture of the Witter passing through the 
absorber coil is of fundamental importance in the measurement of 
heat generated in. the chamber and must be determinecl ,vith extreme 
accuracy. The difference between the temperatures of the inftowing 
and outfiowing water is determined by the difference in resistance of 
the two specially designed identical platinum resistance thermome­
ters of the Dickinson and Mueller (14) type. These two thermom­
eters form the opposing arms of a special Wheatstone bridge. A 
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slide wirn is connected between the two thermometer coils. Th is 
slide wire is incorporated in the mechanism of It recorder (fig. 2, b)) 
which automatically balances the bridge for inequalities in resistance 
of the therlllometei' coils !tnd at the same time records by a graph 
the bn.lanc.ing operations in terms of temperltture difference between 
the two thermometers to IUl accuracy of 0.01 0 C. l'he difference hl 
tempHlItUl'e of the water as it, entJws und leaves the chambe.l' was de­
ter'mined fr'equently by IL lllultiple-j unction differential thermocouple 
inser(\,a .in the Wltt~I' ehn,nncl, as II n-l'ificlLtion of t hI- n-lIdil\~S of the 
thpJ'IIlOllll'tel's. 

The weight, ill kilogra\lls, at! WILIer thlltf\ows Ihl'Ough Ull'absOl'bl~I' 
('oil dUI'i.IJg a f;h-cll ppr'iod mult.iplied by the diffel'CIIC\' of \pmpern-
11I1't'. ill u~(rl'(""S ('t'nti~rade, of (ht' wlllel' us it (,1l(e.l'f; und .leaves till', 
dlUllllJl'r l'evrt1scnts the qunntit y of heat I't'moved dUl'illg Ule pet'iod. 

TIll', l'nte at: whit-It ht~ltt is .t'emo,'cc1 il'OIll (Iw (~n \orilllel('r is regu­
lated. to Vl'evcnt fluctuutions in th(' tempel'lttul't' or the uil' in (he 
chamber, us the tempemture ralls 1£ the. :rltte is too fast; ancl l'ises 
ii it is too slow. By propel' eont!'ol ot the tel\l perllture of the watet" 
liS it enl'm's the ehainbcl' !lnd of the quantity of wutcr which passes 
through t he absorber coil, the removal of heat llIUY be made to ac­
corel '\'jth Hs production hl the ehumber within vei:y lllLrrow limits. 
In practice, II, constullt rate of flow is mnintained whenever possible. 
lLllc1 the tempemture of the water is varied according to the qunn­
tity of heal: to be l'emo\'ed. • 

Any intercl1ll,nge of' hent. between the calorimetel' and .its bounda­
ries is prevented by jmeping the outer copper chambcl' surrounding 
the calorimeter in 'the,r'mal equilibrium with the topper ca.1ol'imeter. 
This eondition is detcl'mined by II system of differential thermo­
('ouples instnlled between the 1:\'-0 copper walls with the junctions 
in thermal contact with ench copper wall but electrically insuln,ted 
froll1 it. The thermal conditiOli of the COllI)les was determined by 
readings of a galvanometer. The sensitivity of the system wus such 
tha.t n diil'cl'enee in temperature 1\8 smull as 0.001 0 O. was easily 
dei:eetec1. In actual ]Jl'uc:tice the walls were always practically iil 
thel'muI equilibrium. The conb'ol was by means of electric heating 
dements placed .in the air spate just outside the outer copper cham­
her. IncLl'pcndent heaters were provided for the top, the bottom. 
and tlll' sides to ('ol'l'espond with the tlH'rmocouple system distrjbu~
tion. . 

Provision was also macie against 10s8 or gain .in heat, in the cir­
('u1nting air. A differential thermoelement waS installed with one 
pnd in the incoming air a.t the point where it enters the chamber 
and the, other end ill the outgoing air just as it leaves the chamber. 
Any difference in teIllperat.ure between t.he incoming and outgoing 
air' was corrected by mea,ns of an electric heating coil on the inflow 
air tube. 

'Vhen the passage of lleat into or out of the chamber through the 
walls or in the ventilating air CUl'1'ent is pl'evented, the sum of the 
latent heat and sensible heat removed equals the amount of heat 
flctuany produced in the chamber) except for the two following 
minor corrections: A correction for any change in temperature of 
the calorimetel' or contents, and a correction for the small amount 
o.f heat lost by leakage. 
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Heat leakuge by conductivity tlu'ough the ,'arious outlets contu in­
jug wires and pip'es, which cou'ld not. be entirely prevented but whieh 
was very uniform for given conditions of outsIde and inside tem­
peratures, was determined by holding the calorimetel' in therUHl J 
~'quiIibriulll 10° to 15° C. above the temperature of the roollland 
measuring the amount of electric energy necessat'y to be. supplied 
to keep the temperature. of the calorimetel' constant. 

1l1';J'I<;IIMI~Nl'l()N l)l,' 1.IYIlIlOTllEI!~IAl. Blll:I\',\U;N'1' 

'1'1)(. hnll'Otht'I'llllll equivalt'nt (heat capacity) 01: the cnlorimeter 
('n II be eii It'lIlatl~d i!rolll the weights and specific lwats of the various 
IllatcrIals ('Utering- into its construction. The difficulty with the 
('omputal'ion is the eXllct cleterminat.ion of the boundades of the 
ealoi-imeter thermlll1y. Therefore, in this inyesti~lttion, an actual 
m~asuremcnt was Jl1'ac1e by supplying sufficient electric en~rgy to 
l'llll'(> the temperature of the clulmber several degrees. Durmg the 
in tt> J'\'a I of heating, the system was kept in thermal equilibl·ium. 
The amount of electric energy supplied, which was accurately meas­
111'('(1, dh'idecl by the I'ise ill temperature in degrees, gave the hydro­
rlH'nnal equlYl.jpnt. The hydrothermal equiyalent of the eggs was 
u"sulllcd to be 0.80 of an cqliiYalent weight of wat.er. 

The telll]Wl'atUl'P. of the copper walls of the calorimetpl' was cle­
\(·I'minl'<1. by the liSP of specially ~lesignecl nickel resistance Ihe1'1110111­
('1('1':-;, which \\'CJ'P .Iwlcl firmly agamst them. 

TI1l' tPIll]l('l'atUl'C of t.he [iiI' in the calorimeter was determined by 
IIll'HIlS oJ a pln.tillulllelectric resistance thermometer of the Dickin­
son and ~:ful'lleJ' (14) type, the resistance of which was measured 
Oil n proC'lsioll WheatstolH' bJ'idge of the Mueller (931) type (£0', 2, f). 
] 11 all appal'Hl.us of this type, there are slight, Yltriations in t~e tell1­
p{'ruturl' oi! the ail' in tlie chamber even under the most favorable 
{'onc1itions, This Ynriatioll was determined by a. series of six cliffer­
t'ntinl thermocouples placed within the chaulber. One junction of 
(.ltch coup.le was .in juxt.aposition with the resistance thermometer, 
and the othCl' six jtlnctions were distributed variously around t.he 
intpl'iorof the calo'rimeter, UncleI' condit.ions of actmil use the va­
riation!;; .in temppratllJ'(' at the coldest: and hottest spots were not 
greatel' than 0,25° C, 

THE .RESPIRATORY SYSTEM 

Thc copper calorimeter ('omprises the respiratory chamber in 
",hieh the eggs incubate, The respiratory system, which is of the 
('loHec1-cil'cuit t.ype, hermetically sealed to the ~xtel'IUlI ail', comprisp,s 
thc ('hambel', the gas line, and the ubsorption train, The gaseous 
mediulll sUl'l'ounding the incubating eggs is circulated through thi::; 
system 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 ptunJ? back to the chamber at the center and below the eggs. 
The inlet pIpe is bent into It circular ring, and the air leaves the 
pipe through It series of holes, graduated in size. in the outer circum­
ference of the ring. 

The atmosphere of the empty chamber contains nitrogen. oxygen, 
curbon dioxide, and water yapor in the same proportions as nil'. 

http:appal'Hl.us
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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 cRrbOll 
dioxide and water vnpor. The removal of the exceSs carbon dioxide 
and wat-er vapor and the restomtion of the oxygen used, in such.a 
manner that the quantity may be accurately measured, form the basls 
of the determination of the respiratory exchange in the c1Jamber. 
The movement of the nil' past the eggs is fixed and ~ol1stant, once 
the speed of thp pump is adjusted; tIle air is uniformly distributed 
uncleI' the eggs. thus keeping the gas of uniform composition through­
out the egg chambel'. 

TnI': .AIISORI'TIOi': SYSn:M 

The absorption system (fig. 1, 0) is a shunt ]ine off the main air­
circulatillg line and 1uts two flasks (fig. 1, f) containing sulphuric 
!Icid for absorption of water vapor. These were especially designed 
by Lan~wol'thy und Milner (53.4). The flow of air through them 
wus mamtainecl at such a rute thnt moisture was removed from the 
Ilir in the chumber at the same rate that it was imparted to the air 
by the embryos. In this wuy a constant humidity was maintained in 
the cl1!lInb01'. The volume of ail' to be passed tlirough the absorbers 
was determined by readings of the hygrometer (fig. 1111). 

The all' fl'Ol11 the flasks passes next through a camster (fig. 1, g) 
coni II ining soda. lime. which removes the carbon dioxide gus. The dry 
ail' hom the. water absorbers removes moisture from the" soda lime iil 
passing. This waleI' vapol.' is collected by two absorbers (flasks) COll­
tai n ini sulphuric acid. '1'11e IUlInidifying flask is of tl!e same kind. as 
the flask used for water-vapor absorption except that It is filled WIth 
wHtrl' instead of sulphuric acid. The hlCrease in weight of the ab­
sOl'bt:'rs in a given period shows the quantities of water vapor and 
carbon dioxide curripc1 out of the chumber. These quantities, cor­
re.cted for the change ill composition of the gas within the chamber, 
<It't.PI·mine tht~ quantity produced during the period. In a. ventilation 
.<-:,vstem of this type, as fast as any gas is removed some other gas js 
jlltl'oducpd to m'uintain IItmosphei'ic pressure in the -chlll11ber; in this 
case, oxygpn to rrpiuec that u~ed by the. embryos js supplied auto­
matically (fig. 3, f) fl'OIll a. callbratecl splrometer through a re~ulat­
i ng vah:c OIJl."J'atcd by clect:rical control. The quantity suppbed is 
measured acc\1l'att'l~r for the period. This quantity, corrected for any 
change in composjtion of th'J gas hl the system, equals thequantit;, 
of oxygen used by the c1evelopmg embryos during the period. ~ 

-A~AI,YSIS OF GAS IN THEOBAMBER 

The. composition of the gas hl the chamber at the beginning and 
£'!1c1 of (,lIch pedod was determined by both gravimetric and volumet­
I'IC .analvses. 

For the determination of the quantities of moisture and carbon 
dioxide in the chamber by gravimetric measurement, a 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 throu~h tl1is absorption train where the water 
vapor and carbon dioxide m the gas were removed. The absorption 
train was composed of two specially designed water absorbers (fig. 
4, a) of such size th!tt they could be weighed on an analyticlll balance, 
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two modified zinc chloride tubes (fig. 4, b) containlng soda. Jillle for 
carbon dioxide absorption, and two' water absorbers (fig. 4, c) :/'01' 
l'ecoYerillg the water hnpurted to the gas by the carbon dioxide 
absorbers. 'l'Jds train effecth'ely l'emo\'ed the watel' YtLpOr andcar­
bon dioxide from the ail' passing at t1)(> rate of 1 liter per 
minute. The absorbers were weighed to an accuracy of 0.001 g. 
The increase in weight of the units showed the qmtlitity of WtLtel' 
yapor and carbon dioxide absorbed from the volume of gas passed 
through the train. ThiH yo1unw was meaHured to an tH~r:uracy of 
0.001 liter. • 

J:'IfH:m: .1.- ·3~l'lliu fOl' j;rIl\'iuwl,'!r' ;;IlS IlUlll,\'~is Ilud lIletl'" fo,' lIlellHul'ing j;IlH to be 
I,unlyzt.'d: (I., 1"IIl~I,H fol' abso,'ptlo., of wnter; I,. t.UhCH f(ll' absol'Jltion of carbon dioxide; 
(', lIasl,B for llilSUI'lltion of wllter "liminllted by soda lillie In /J. 

Salnples of ~~al:i from the chamber 'were analyzed volumeu'ically to 
an aecuracy of 1 part. in 10.000 f'or carbon dioxide and oxygen. The 
gas was p'assecl from the' sampling tube jnto a 100-C'c measuring 
burette graduated in 0.1 cc and easily read to 0.01 cc. The pressure 
was adjusted to cqmLl that in a compensating burette ·whose yolume 
was equal to that of the measuring burette. Bebyeen the two bur­
ettes was a Slllttll mercury manometer. Equality of pressure between 
the measnr,ing and conlpensn,ting burettes ·was determined by an 
electrical contact in the manometer, which lighted a signal lamp 
when equality oJ: pressure 'was established. The measurh1g and com­
pensath1g burettes and manometer 'were placed in a water bath to 
mahltain constant temperatures during the analysis. The carbon 
dioxide and oxygen were remoyed by absorption l)lpettes which C011­

tainec1 potassium hydroxide solution for absorptiOll of carbon dioxide 
and pyrogallic acW solution for absorption of oxygen. 

To (~etermine the quaJ1tities of nitrogen, oxygen, and carbondi­
,oxide 111 the chamber by these methods, the yolume 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 equi pment. TIll' 
volume so obtained was verified by ascertaining by Ill1alyses the pro­
portion of CIlI'i.lOIl dioxide ill the cluimber, jhel1 udmitting a meaSUI'(\t! 
quantity ·of this gas und subsequelltly determining the incl'ease in 
the cm·boll dioxide CO.l1tent of the gus .in the ehambel', 

TESTS FOR ACCURACY OFCALOR1METER AND RESPIRATORY SYSTEMS 

The apparatus as a calorimeter and as a respirat.ory chamber' 
was tested at frequent intervals to det(lrmil1t, tIl\! HecHl'uey 01' the 
measurements. To test the iU'strument us a calol'imet el', electric 
energy was converted into heat in a resistallce coil within the chamber, 
The quantity of heat produced in a given period of time wus uccu­
rately determined from measurements of current flowillg in the coil 
and 'from the voltage drop across the coil. Measl1rementsof the 
hellt produced by the eleetric heating element agreed with the 
calodmetl'ic meas'urements of this heat to within 1 pel'cellt in six 
tests of 8 hours eaeh. 

To test the accuracy of ,the apparatus a~ a )'espil'utory chumber, 
ethv1 alcohol wus burned .Ill the chamber 1I1 snch a nUlllner as to 
insure complete combustion. The quantity of oxyge~ used i?l ~h('. 
('ombusUon was measured, and the produ(,ts of combustlOll, consIsting 
of water vapor and carbon dioxide, Wel'e ('ollected .in an ubsnl'ption 
tt'uin and we'ighed, 'The quantity of oxygell required to burn the 
alcohol and t he quantities of c!ll'boil dioxide and watt'l' \'11))01' resulting 
hom itR ('ombllstion w(lre C'olnputpd :fl'OIll the chemical {>quution for 
the reactions occurring in the combustion of ethyl alcoho.1. The com­
pllted Ul)clllleaSlIl'l'd amounts agreed to withiil 1 percent in t.hl'ee 
tests of 8 hoUl's duration each. 

EXPERIMENTAL PROCEDURE AND EGGS USED 

The £'xpel'iments )'('port('d 11('1'('111 ,Y(')'e mud£' from Murch 1924 to 
A))ril 1928, flUl'jng whic'h perjod 4,000 eggs were incubated and 
forty-four o-w£'ck tt'sts wpre conducted. 

Eggs lls('d in thes(I experinJ('nls were obtained from a selected 
flock of White I.Jel!hol'l1 fowls kept at the National Agricultural 
Resea1'ch Cenl(')' at Beltsyille, Md. TIll' feedjng and handling of till' 
birds wert' such that eggs of high fpl'tilit~t and hatehubiHty WPl'l' 
produced. The hen>; WPI'e trllp-ll(1sted and the eggscolleetwl every 
3 to 4 holtl's. TIll' l1UmUel' of the lwn and the rlatelnid wa>; marked 
on the l'gg, Oldy Pgg>; k,;s thalli duys old W(lI'e llst'd in thcpxped­
ments, and u II the eggs wpre kept under favorable conditions befol'l' 
incubation. They were seJected for lIniformity of size and shape and 
for freedom from fine ('racks and rlefectiw 'shells. The eggs WeI'l' 

weighed to the nearest 0,01 g, and the outJill(> of nle uil' cell was 
marked Oll the shell of each egg. They were then put in the calo­
rimeter, whieh was immediately sealed, and the conditions which werc 
to prevail during j)]('ubatjon relative lo tl'mpel'uture, humidity. and 
otheJ' physical factol's wen' (lstublishecl as quic'kly as possiblp, '3 to 4 
hours bej'n~ l'equired, Observations of physical conditions wen! begun 
immediatelyund taken every few minutes for the incubation period 
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of 3 weeks, except for interruptions due to candling. Heat eliminlL­
tion and gaseous exchange were determined for each 8-hour period, 
the results giving a mean value for each period. 

The temperature, humidity, and concentration of oxygen and car­
bon dioxide in the nil' 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 particular ex­
periment th", mean temperature was 1020 F., with a mean variation 
of only 0.007 0 

, the maximum variation from the mean temperature 
to the eighteenth day being 0.5 0 

• The relative humidity mcasure­
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ments were made with a, hail' 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 humidity 
was 3.0 percent for short intervals. 

The oxygen and carbon dioxide concentrat.ions were obtained fr0111 
the volumet.ric 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 
from this value was 1.0 percent at three points for a few hours each. 

In determining the effect of anyone 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
stant concentrations of oxygen and carbon dioxide, whereas a differ­
ent temperature was used in each experiment. 



li'ACTORS A~'l,'ECTI~G HATCH Oli' HgX~' EGGA 15 

EFFECT OF VARIOUS FACTORS ON HATCH 

EF~'ECT o~' TEMPERATUltE nURING ,INCUBATION 

To determine the optimum tcmperatUl'e for incubation It s<:'l'ies of 
tests was conducted at temperatures of 960 

, 98 0 
, 99°, 1000 

, 102°, anel 
103,5° F, In all these tests the relative humidity waS kept at GO 
percent, the concentration of oxygen at 21 percent, and the Cltd}oll 

dioxide below 0.5 percent. The air movement pnst the eggs was 
approximately 12 cm per minute. 

'l'he results in terms of percentage of fertile eggs hatched :U'C shown 
in figUl'(' 6. Eneh point plotted 1'<:'))I'('sents til" hat<'h ohblil1l'cl -1'1'0111 
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approximately 90 eggs. The best hatches were obtuilled at 100° F., 
which indicates tlwt this is about the optimum temperature for incll­
bation. The hatch decreased at higher and at lower tempel'utm'es, 
slowly at first, then more rapidly as the deviation from 1(){)0 ill­
creased, until at 96° and at 103.5° nearly all the embl'Yos died in the 
shell. 

The appearance of the chicks varied considerably with the incu­
bation temperature. At 1020 F. they were not so large, fluffy. and 
lively as at 99° or 100°. There were also many abn.ormalities.. '.rIm 
most common troubles were crooked toes and sprawhng legs. In the 
latter case the chicks were unable to stand. Crooked necks also ap­
peared frequently, the chicks never having been Ilble to straighten 
them after emerging from the shells. Practically no abnol'lI1ulitic!; 
occurred at an incubation temperature of 100°, crooked necks never 
appearing and crooked toes very infrequently, and the chicks wen' 
strong and vigorous. 
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EFFECT OF HUMIDITY DURING INCUBATION 

,"Vhen the investigation was undertaken, it was the consensus of 
opinion that 102° F. would be found to be the optimum temIJeratm'(I 
for incubation. Therefore a series of experiments was conduded at 
this temperature with the relative humidity ranging from 8 to 87 
percent.' The nxygen content was kept at 21 percent, carbon dioxide. 
below 0.5 percent, and the air movement at 12 cm per minute past the 
eggs. Later, when it had been detcl'Inined that the optimum tem­
perature for incubation was about 100°, experiments, witJl conditionfi 
as previously stated except that the temperature was kept at 100°. 
were conducted at humidIties of 30, 44, 61. and 85 percent, to dete)'" 
mine whether the effect of humidity On hnteh was tIl(' sam!' at both 
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temperatUl'es. ~""igum 7 shows the hatch obtained at the Yal'ioul:) 
humidities sb,lJiecl at both tcmp!'ratures. 

The best hatches were obtained Ilt 58 percent. humidity fIt 102° and 
at 61 percent humi(lity ut 100° F, The, eifect. of "lll'iaUon of humid­
ity was pra.ctically the same at, both temperutul'es. 1'he hatch ell'­
creased as the humidity val'ied in either direction £I'om the optimum, 
at first slowly and then more rapidly IlS the deviation incl'eased~ until 
at 8 percent humidity, only 15 percent of fertile eggs hatched. Fairly 
!;atisfactorv hatches may be expeeted within the mnge of humidity 
from 40 to"70 percent, but at higher 01' lower humidities small hntche~ 
of poor-quality chicks are bound to occur. 

I 
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EFFECT OF CAnnON DIOXIDE CONTENT DUUlNG INCUlIATION 

The Tesuits of a, series of ('xperiments to det(,l'mine Ih(' effect of 
nll'y~ng p('rcentages of carbon dioxide 011 !wtch are shown .in ~i~m'e 8. 
Cut've (l shows the eifpct- (In hatch of vlu'ylng the carbon cllOxldr con­
centration from 0.5 to 4 percent, the pel'centag-t' in the chamber being 
kept cm;stant throughout eneh in(,~lbati()n period. The other factors 
were: 'lemperlltm'e, 99° F.; relllt-Ive hUl1l1cllty, 60 pN'C'ent i oxygen, 
:21 pel'cent; ait, movement, 12 cm pel' minute' past the egg, 

,....... 
ffi I 00 	 ;o I 	 1 I
ffi 90 I , 

& 80 ~ I I 

o 'r--:::.... 1 I , 1 j 
~ 70 

~l-I ~b_ 	 I I ; !:= 60 .... 'i"'-:-..
;i 50 I 
~ 40 

i"-... :-:'t:' i"-- IJ 

~ 30 
~ t-:- I 


'" I K 1-:-
UJ 20 	 I ~.J 

--~ 
~ 	 I 

2 3 4 5 6 7 8 9 10 
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J:'l(.lem: S,-l:Jll'ect of clIl'hon dioxide during inellbation Oil hatch: II, NXllerilll(!nt.s in which 
pel'cent:!g\! or ~1l1'1J()n llioxitlc III points Inllicatt'" WIIS k'.'pt: cOIIHt:lnt tlll'Ollghollt inClIlJlltioll 
Uelllpcratlll'(' 1)0" 1>'.) ; IJ, ~Xp(!I'iln(!nIS in whkh ClIl'hon dioxide fOI' point 3: WIIS liS showll 
in curve u" figul'c U, nlJci that" for IlHillt II II:'; HhoWIl ill l'lI1'V~ U. lig"urp !) (ttlmpt:ratllrt~
lO:!!" P.}. F~r both C\!1'\'es n'lati\'c 11111ultllty wus 00 jJerecnt, oxygen 21 IlcrCent. 

CUl'\'e b is drawn through three points, obtained us follows: For 
the point plotted at' 0.5 pCl'cent the carbon dioxide was constnnt 
throughout the incubation pel~iod, FOt, the point ru plotted at 5.5 per­
cent the elll'bon dioxide eliminated by the eggs was allowed to accumu­
late ill thr ehamber'. The amount in(,l'easecl, as shown by ClH've a. 
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DAY OF INCUSATION 

JfIGUHf; n,-( 'onC('Htl'alioll of' e:u'!Jon tlioxi<i('o wllf'll Hllowt'd 1.0 Hf'CUlllulatt" in C'alol'iIIlCU!I': 
II. 0." I.Il ".(i PCrcclll; b. O.U to 10 rol~r~('lIt. 

fignre P. until on the truth day it had reneile<l 5.5 percent; after the 
tenth day jt was held (,Ol1st'llllt at ~.5 pel'cent. For the point :IJ 
plotted at 10 Pel'cent the cllrboll diOXide \\"a;;; allowed to accllmulate 
in the ('hamo(',' and the alllOllnt rose, HH shown by cune 0, fig­
ure 9, until on the thiJ"tecnth day it had reHC'hed 10 percent i after 
that it was held constant at 10 percent. During these experiments the 

lQ5i25°-:li--3 
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tempemture wus 102° If.; relative humidity. (j0 percent; oxygen, 21 
pe.l·cent; air movement, 75 Clll per minutw I)ast the egg. IfigUl'e 8 
shows that the decrease i 11 hateh is prop(wtionu1 to the incl'PHiil' in 
earbon dioxide. An illcrease of 1 pel;cent in carbon dioxide rcduC'cd 
the hatch about 15 percent in the experiments in which the carbon 
dioxide waS kept c')nstant. 'With,~ pei'cent of c!Lt'bon dioxide, less 
than ol1l'-fonrth as many chi('ks "'PI'e produced as with 0.5 percenL 
'Vith 2- percent of carbon dioxide the hatch was o\'et' 35 percent le~s 
than with 0...; percent. 1\. gmc1uHI increase of carbon dioxide to fiJi 
]){,I'('('nt was not so hnl'milll as one in which the C'oncentmtioll 
waS 4 pel'cent for th{' entire time, the haJeh j'OI' the fOI'nlet' being 
45 pen'c'nt as cOlllpart'(l with 20 jlt'I'('('nt j\n' the latter. ,Vhen thel'e 
was a gradual in('I't'ase of 10 IWr('C'nt of ('arbon dioxide during the 
first 12 days and a (,Ollstant Pl'l'(:elllag(' of to 1)(,I'(,pnt after the twelfth 
cia)", till' ha tch-J (j p(,I'('ent-was a. litt Ie 10\\'C'r tha 11 when the carbon 
d ioxid(' was kc'pt at 4 PPI'C'Pllt duri_ng the cntirC' incubation period. 
The tpll1pcI'aful'C' wl1('n 10 PPI.'C'PIl{-- of ('arbon dioxide was l1!-ll'd wa" 
not ~o fa yorable for iJJculmt ion as whcn 4 ppJ'ccnt was used. 

HCRlIits ::;imiJal' to thos!' :-ihO\\'1l ill C'UI'\'t' a. figlll'C' 8, w('rC' also ob­
(:ail1('(1. with a. I'clativp hlllllidify of 84: PC'I'C(,Ilt. 'Vith 0.5 peJ'('cnt of 
('arbon dioxide, 51-percC'nt hafl'h ,\'as obtained; with 5.5 pCI'('('nt- of 
('aJ'lJ()Jl dioxide, aa-percent haf('h; and with 10 pCJ'('('nt o:f ('aJ'boJl diox­
ide. ll-pcl'('cnt hat('h. TIlt' I'atio of the hateh at 8·b !>t'I'('l'n( rC'latiYC 
humidity to thut at (jO pt'I't'ent \\,aR as 1'ollo\\':-;:\\'ill1 O.i) PC'J'{'l'llt or 
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10 pCJ'cent of Clll'Loll tlioxide, f~ (J.(j\). As the ratio of the hatch is 

01' tlll' same nlll~nitlld(' in pach cn::;C', it lIlay bt' cOI1C'ludC'c1 that: tlw 
deleterious cffect: of high J'('latiw hllmidityi::; the !-lame at all con­
centratjons of cltl'bon dioxide. 

Th(> diffel'l\Il('e ill hatch at 0.5 ppJ:cpnt of cal'bon dioxide in the two 
curve::; of fignre 8 is clue to tC'IllPl'J'atUI't'. The hatch at \)\)O If. was 
nelll'ly J0 peJ'eent grcater tha 11 at 102 0 

• Figure 6 also shows the sallle 
<lifl'el'l'lH:e betwcpn these two tt'l11ppJ'ahll'CS. 

EFFECT o~' OXYG~~N CONTENT DURING INCUBATION 

Eggs WC'I'(' incubated in an atmospher(' cO.ntnining 15, 18, 21, 30, 
40, and :)0 pcreent of oxygen. All t1W!;(' t'xpcrinwnf,.; wcrB conducted 
at a tC'mpcrature of 99° If., rcllltivC' humidity of 70 ppl'cent, carbon 
c1 ioxicle below 0.5 percent, ancl ai I' mo\'ement of 12 em pel' minute 
past tilt' eggs. Thp effect of the vaJ'yillg pl'J'centages of oxygen on the 
hatc'h of {('rtile eggs is shown ill £iguI\' 10. 

The bes~ hatch was obtaillecl. ,,:ith ~1 ~)eJ'c~'nt of ~)x'ygC'n. It is 
appnrent from the results that It ]s v~J'y Il1lportant for nOI'l11a1 de­
velopment that the oxygen conccnlmtlOn should not be allowed to 
decl;ease below the amount in 11ol'mal ail'. and that un excess of 
oxygen is not nearly So detrimental as It cleficiency. .<1 deficiency 
of 5 percent of oxygen reduced ('he hatch from 81 to 55 percent, 01' 

nearly olle-thil'd, yet an excess of 25 pereent of oxygen was required 
to I'educe the hatch that HInch. The hatch decl'cm:lNl approximately 
1 percellt for each increase of 1 pcrcent in oxygen eoncentratioil 
between 30 and 50 percent, wlll'l'eas for each decrease of 11)el'cent in 
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oxygen below 21 percent the hatch decreased 5 percent. In incuba­
tion it is impossible to hnv~ Iln excess of oxygen lIl1Ies5 it is ar'tificially 
::mpplied. It is Vel'y ensy, how£'vcr, to get a deficiency, as t:hecarbon 
dioxide eliminated is l)roducec1 at the exp'.:lnse 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, nlthough it is difficult to see how this could be u 
decidedly important factor. 'With velocities of ail' movelllent rang. 
in/! from 10 to 75 ('111 pl'!' lllinlite past the egg no difference in the 
hatch could be detected. 
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OXYGEN (PERCENT) 

FI<J!ilt~l 1 O.-!'; rr('('t of OXY~(,1l dlll'ill~ ilH'lIhlltiOIl 011 (l('I'C('lllll).!<' of fpl,tlle (>~J;f; hatchet! 
(tPlllp(·I·ntl1l.'(' HVo 1.\. 1"pIUUVll htllliidit-~· 70 IWl'CPUt, ctlrholl dloxitlp h~'low U.:1 lIt'rct!llt). 

EFFECT OF VARIOFS FACTORS ON ENERGY METABOLISM OF CHICK 
EMBHYO 

FIRST 5 DAYS OF INCUBATION 

ThC' ('arbon dioxide elimination rrnc1 oxygen consumption of the 
elllbryo at the beginning of incubation arC' so small that it is very 
c1tflicnit to meaSure them nccurnteJyby methoc1s u:;ed in this investi­
gation. The l'esults show definite' me'asumble quantities by the end 
of the second day of ill(,llbation. 

Heat elimination during the first 3 or 4: days is even more diffil'ult 
to determine than the gaseous exchang-e, and much doubt exists liS 
to what OCCUL'S dm'ing this period. Bohr ancl Hasselbalch (0) found 
heat absorption b~r the embryo for the first 3 clays, and Rapkine (.JJ) 
of[('rs an explanation for the possible theor£'tical value of such results. 

There are I1Hmy sources of en'or in measuring the sHuttl quantity 
of hent il1vol \'(~d, and the introduction of anyone of these error;-; 
Illi/!ht easil~' ehange the results so I:hat hent absorption would bl'­
corne heat elimination Ot' vice versa, The results of this invt'stiga­
1:iol1 fl'l'CJuently showed heat absorptioll dur.'ing the first 3 cluys of 
incubation, but such result.s were obtained only when the experinH'llt 
\Yus begun aftet' the calorimeter had stood for severa.! days nt room 
tempemtures of from 70° to 80° F. und the temperature WllS then 
raised to that. for incubation in 4 or 5 hours, "Then incubation was 
begun after the calorimeter had been kept sl ightl y above i neublltion 
temperature for several duys no such results wei:e obtained. Thus 
it appears tha.t results showing' heat absorption were clue to the fol­
lowIng: Some part of the ea.lorjrnet('l' where temperntl1l'e menSlll'e­
IIwnts were llot made maintained a. tempemtnre lower than that for 
il1cubation, anel n small amount of hent 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 lind made it appear that the heat 
was Ilbsorbecl by the embl·Yos. 

Because of these diffienlties in determining heat ~)roduction, it 
seemed advisable to treat this portion of the incubatIOn period by 
itself and obtain as accurately as possible, from all available data, 
values which will apply to all work subsequently discussed. In this 
investigation, there were 30 experiments in which the incubation 
factors were such that the results the first w~ek should have been the 
snme. Some of these were mude after the calorimeter hud stoocl at a 
tempemture lower thnn that for incubation ancl others after it had 
stood at a. temperatm'e highet· tlllUl that for incubation. The meaH 
of nIl the results of these experiments should represent the actunl 
facts very closely and better than the results of anyone individual 
l'xpet:iment. These results appear in table 1. The daht in the last, 
('olumn are used throughout: this investigation as reprcscnting the 
heat output for the first 5 days of til(> incubation period. 

~eAULE I.-Heat ('!.ill/il/n/iol/ of JO() ('IIII.~ in 8-hollr P(,l'iOI/8 {III' 111(' {iI'NI ;J t1(/1/.~ 
o{ iilwI/mliol/. 

-------,--_. ~ .-_--,--_.- -----:--- ..~- -~--

I 
~tenll rc..'H1l1s in Sllunrc l\lean results in rOLJtld 

('lllnrilllCtl~r (>llioriulClcr 
l\'fcnn ofAge or emhryo the two Hesults(hours) 

No pre- j""!!illli' No nre· I I'rClillli'l el,lori'!" adjusted'
liminHry nury l\Ican limiunry tlary i\fean clers 

/ _______I__h_CIl_ti._ull' .hellting _-_I healillg .~lClIlillg __________ 

Calories Calorie.~ Caloric., Clllorie., C"loric.I C"lorie.I Calories Cllioric.,4 ____ .• ,. __ .... _____ _ 
-I) ·1 0.0 2. a U. t U. I 0.00 

12 ............ ~ ... ,"~ .... ., .... ~ .. -1.0.0 2.:1. I .U .00 

20. __ ........_...... . 
 -1.O.i 2.8.I.n.0028_ ..........._•• _._._ 
 -1.2.8 :\.:l.:I.O.OO
:10 •• _____ ...... _..... -I. 2 .3 2. i .4 .0 . no
44. .. __ ......... _.••. 
 -. U .!J 2.8.2. I .05
52 •.•. ___ •• __ • __ , __ ._ -I. n 1. 2 3. n . 2 . t • 10liO •. _______ .. ____ •• 

-. i . 3 a. 0 • 4 • 1 • 20 
-.4.5 3.2.0 ~a .30~~: :::::::::::::::::: .5.3 :1.0.i.5.508-1. .... ________ ••••• I.n.o 3./.0.i .iO 

112 •.•• _............ . 
 1.2.0 :1.5 1.2 1.0 1.00 
JOO •. __ ._ ........... . 
 1..5 .1.0 3.i \..; l.a 1.2.5
108 .•• ___ .... ___ •••. I. Ii 1. 2 -t. I) 1 R I. Ii I. 55 

2. 0 1. !l .\. a 2. n 2. 0 2.20n'I::::::::::::::::::1 2. ·1 2. 5 .1. fj :>. ·1 2. ·1 ~. -lD 
.. -. - ... - __._._-!-_---L..__'---_-!.-_-'-__._2... ___--

I '1~)lC mOllus ill thuei~htll column were plotted 011 cross-section paper aJ1l1 it slIIoothed t1urvu urn\\'u through 
tho IJlolted poInts. 'Phe dutn in the lust ,colulIlll wore tukon rrom th]!; curVI!" 

ENEltGY AND WATElt METABOLISM OF DEVELOPING CHICK EMBRYO AT 

OPTIMUM CONDITIONS OF INCUBATION 


The energy metabolism of the chick embryo gives an accumte 
measure 0:[ its rate of development. Figure 11 shows heat elimilHt­
tion, carbon dioxide elimination, ancl oxygen cOnSUllll)tion for the 
entire period of incubation when optimum conditions prevail, tem­
perature being 1000 F., relative ]uunidity 60 l)ercent, oxygen 21 per­
cent, Itud carbon dioxide below 0.5 percent. The points plotted for 
each 8-hoUl' period represent the mean of four experiments. 

Energy metabolism was too small to measure at the beginning of 
incubatIOn but increased in magnitude uniformly for the Jirst ·week. 
After the iirst week the rate was accelerated until the thirteenth day. 
.Between the thirteenth and seventeenth days it again increased uni­
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lormly. Between the seventeenth and nineteenth days .it became 
pr!wtically constant, but Ilftel' the nineteenth day it him'eased more 
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l'H,pidly than nt any pl'E'\'.iolls time, The .mean rall:' Jot' the IW\'iod 
between the thirteenth and. seventeenth days was approximately 20 
times thnt betWl!p-ll the first Ilnd seventh clays, and the ratl:' between 
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, 
the twentieth a1lc1 t w('nty-first days \"as ['0 ti mes that I)et ween the 
Drst aad SPWllt Ii tla \'s. 

IIlYestigatioll as t'o tIlt' I'pason that tilt' ]ll'at C'limimltion and gns­
eous C'xchange ill('renHed only slight lyon the pigiJt(,Pllt 11 day atfol'Cls 
a fert ile field Jor physiologists and l'l11bl'yologists. Vcry pronounced 
physiologiclll changes are taking pInel' in the embryo at this time 
and one is prolmbly dosely asso('iatecl "'ilh the other. The l'espira­
tory system 11Ild(,j'gops a ('olnplete challge about this time, ",it'h initia­
tion of pulmonary l'l'spimtion oJ lLimosplll'l'it air. l{omnllot£ (.J.j) 
in summarizillg ('PI·tain data. on growth of embryo Jinds a marked 
retardation in p,()\\'th at this timp. 

INTENSITY OP ENEUGY META80LISM .I'~;U GUAM WEIGHT OP LIVING TISSL'E 

The l'ebtiowih ip lx,tween (,JU.>l'gy llIl'tabol iRI1l and (,l1Ib1',)'o11 ie growt11 
has l.IN·]) l!asl'd allllost ('nlil'l'ly Oil tlil' ,,·('t \\'(·ight of th(' ('hick (·.1111)]'),0 

nl()l1l'~ thl' wl'igllts o'i' tlw ."olk :·me nll(l of the aUantois being lliSl'e­

gnrdl1tl. ::\ppdlwlIl (.]0) dis('uHs(>s this question nlld shows the hn­
POI'I.IUI(,l' of cOllsidl'l'illg the 1IIl'lIlbl'Hlles as w('1l as the ('.111\;1'),0. Inde­
ppmll'll! dat.a Oil wet \\,l'ight s oj' embryo, of yolk sac, and 0'1' !Lllantois 
obtalJl('d h,V B,Yt'rly (0), !ogdhcl' wit h the cbta :for heat elimination 
by Ill€' anthor (table ~), made it possibl(', to eOlll]mte the l'atio of 
the heat elimination to the \ret.\\·cight of chick embryo, to the dry 
\\'(.ight of embl'Yo aud l1wl11branes, and to the \ret weight of embl'Yo 
a1l(1 1IH'lIlhl'PIll'S. The J''.!sults are shown .in JigUl'C 12. 

The C'urve invohrillg nIl' wet. weight of embryo and memb1'ltnes 
starts with low ndup~ at Ow beginning of incubation and rises to 
n maximum 011 tl1<' third dny, then dc('rpases rapiclly until the ninth 
dny. The CUI'\'p inyolving dr~' w(light is simj}ar in the course fol­
lowed to thnt involving wet weight durin/! this period. differing 
only in absolut{· YHlue. .A.fte!· the n.inth day, however, the curve 
involving wet weight rises agllin ",herem; thnt involvlngdry weight 
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t'()Iltinl1(>s to fnll. Thi~ shows thnt th(>I'(> is all il1C'I'('using p(>l'centnge 
of solid muttel' ill tht' PlJ1un'o as jts agp jl1t·l·pases. The el.ll·\·e ill\'oh'­
jllg the. wet weight of emlil',YO a10lw 'is rPI'Y high at the beginnint,.( 
of in('ubation but: dpC'I'ellsPs )·apidl,r. I'paehing a constant: \'aJue about 
the pighth day. Tbe difl'l'I'PIlC'P in :fOI'Ill of the C'tIl"'('R fol' wet w(light 
of em bl'Yo' a lone and )01' \\'('t'· weigh t oi: l'111 bl'''o and IHem bl'H nt's shows 
thut at "the Iwginlling of iUClIuatioll t.h(' {'llt1II'YO is an inHignifieant 
pUl't of the total Jiving tisque, the weai('st pal'!" being till' yolk sac 
\l'llit'h has It weight nearly 10 timps that of titc' (·llIbl·YO. 

HESPlltATOItY AND THF.HMAL QUOTIENT 

TIlt' "('spira!:o]'" C'fuoti('llt.is til(' I'atio of the litm's of cnl'llOll !lloxide 
(~llrninutl'd to Ih(; lit('!·s of llXygl'll ('oIlHlIl11('rL The therllLal quotil'llt, 
as det/.'l'lIlinl'd ill this I·espun,h. is till' I'alin of ('alol'il's of IwaJ l'Jillli. 

l~l<i\'lnl l:l ..··ltl·spimIOl·y Il\llllh'H! IUIII thNIIHlI 'I\lO\\t'1l1 (e\llHr>\lh~tl r"Olll Cnrh[)ll lllllxhll'). 

natA-'d io till' gTHms of ('lIl'lloll dioxide plilllinatpd, 'Illest' two <1el'i\'pd 
factor:.; an' of gJ'(~lIt illlpol'(aJ)('p, lll'('ol'rling to Ke('dlJalll (.2EI). \\'111;'11­
{""Pl' II stud \' of nwtaiJol ism is bring lltack CILl'iJohyclmte llll'talIO­
Jislrt aloll(l 'is 1'('PI'(ISl'nINI by u n'sj)il'atol'Y ql1olil'nt' of 1.00 and it 
tlwl'I1wJ quotient of :2.;"57. Fnt alol1(l gin's n. rcspil'i1ton" quotieut of 
0.71 and It t1wl'llwl quotient or a.:w, and in the ('Ilick' Pillbl'YO pro­
rein gi\'(ls pl'adieully til(' SHlll1' l'l'spil'llio1'Y quotipnt Hlld thpl'mld 
(jllOtient as does Jat, whpJ) the l'll£l pl'Oduet is \lJ'iC' aeid. 

Th(, ntiul's '1'01' tlH's(l faetol'S obtained in this investigatioll al'e 
...llOwn ill figul'(' 13. The ]'('Spil·utOI·.Y (luol iC'nt was 1.00 fol' (Il(' first 
:.! ,hl\'S dl'opP('(.l rapidly toO.GO by the ninth day, I'ose to O.(jIj by the 
elc\'(:llth day and I'elllldnl'd ,l':Lirly uni-/'Ol'lll d lll'ing the l'l'll111in(fel' of 
the inn~stigati()n. The thpl'l1laI quol-ien(- l)('gan lit :2.GO and rmw 
J'apiclly to aboyl' 3,00. The l'esul Is oJ this .i 11 n~stigatjoll i nd ica Ie It 

clll'uohj'c1l'at:e l1H>laboliSI11 during the fin,( f!'\\' days nnd fat and 
protein ml't"ltbolislll almost C'xelul:ij"C']y arh.>1' tlbollt the {('nnl duv. 

TIlt' \'a ltJ('s obta iller] in this iJ1\'cst:if!'ation-I'espil"atol'Y quot1ent 
of 0,(17 1111<lrhel'Jl1ai quotient of 3.03-aflel· the s('eoncl week of jl1cu­
batioll nre poth sOlllewhat lower tltan tit(' theol'etical Yttlucs :fol' :I'M 
allelIH'ot('in, These low ndlles can be explained by assulliing It trans­
formation of fat 01' pl'Ote.in to sugal'. The low values for l'esj)il'u­

http:pl'Ote.in
http:C'fuoti('llt.is
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tory quotient nncl the hig-h \'altles for thel'lJ1al qnotic·nf. on the ninth 
lind tenth dan; of ineubutioll sUg'g'<'st n field of' inn'sUp:lltion with 
regard to till' 'tl'unsfol'lnntioll of protein or fat to SllgHI', 

I,FFECT OF TEMI'EUATUlt~:ONENEUGY METABOLISM 

To determine the ('f1\·et of \'ur.inJion in tempPI'atlll'(' of incubation 
on heat elimilHltion alld gaseous exchange, {'xpel'illlents W{,l'e cOIl­
ducted at 9U"\ 9Ho. 99°, JUDo, 1U2°, and 103,5° 1,', The cOllditiOIlS 
nther thun telllperatul't' ,,"el'e ill all cases as follows: Relatin' 
hllllLidity, (jO pen'('nt; oXYg'en ('olleentration, 21 percent:; and carbon 
d ioxiclc· (~'OIlC<'1I tl'!]t ion, Lwlnw n,D pel'('t'n t. The I'CSU Its obta itwd a ppea I' 
ill table 2, Heat elimi.llation in Ipl'ms of 100 el!l!s pel' day .is sho'YJI 
in figu.l'<' 14 fOl' th~· entin.~ j('IIIP('I'utUl'(' I'anw' studit'c1, The (,lll'Yl'S j!OI' 
enl'boll dioxide ellmination and OXYg'(l1l ('onsllmption. if plottpd, ,\'otIld 
difft'I' ollly .in absolute value :fl'Olll the ('lll'\,PS JOI' he·at. 

T('Ill])('i'atlll'(I has a (kl'isiVl' t'II'(·('t Oil th(l ('lIl'I'I!Y 1I1pta1)6Ii~1l1 of I Ill' 
('hit'k elll1)I'\'O dul'illg' in('ubatioll, nili gl'l'Htly l'l'tnl'dl'd at low 11'111-

jll'l'Utlll'Pli, !'JUt liS the 1t'1l1jl('I'Utul'(' is I'ais('d tlw'l'P i~ a lllal'kl'r\ ill(,l'cas(' 
as liho\\'ll oy the positiou:; of the ('Ul'\'CS Jut' fil!Ul'(' .14, 
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TABLE 2.-1?jJect oj vori(ltion oj incu/mtor IcmpcmtllTe on cnrr{l!l111I'1aboli.~1n <>f chick rmbryos with Tcla/it,£! hl(mirii1!l flO perceltt, oX!lgen 21 
7)('rceul, "'lid carbon dioxide les.~ than V,ii p£'r('el1t 

()tesuUs lim lor 100 ,,~~s per S h(Jursj 

IJelli elimination I nt- Carhon dioxide ,'!illlin,uionllt--· Oxygen consllttt\ltion 'It· 

J.:j 
:> 

102' 1" 103.5'0 no' ,... 0,' F 99' r. \00' F 1102. F• 103.5' 00' .F. 9S' r. 90· F. 100· F. 102' f. !O3.5° Q•,,,<Om''',, (h'''"' I 00· F.I "'. F. ,.. ,•. \'''" F (n ex· (.\ ex· F.(l (lex· (l ex' (3 ex· (6 ex· (4 ex· F.(1(1 ex- (l ex· (a ex· (0 ex· (I ex- F. (I (J ex· (I ex· {3l'X' H 
peri- J)f.'ri- }lcri- pcri- prri· eXlleri· JjPri- I)(~rj- lu..'ri... peri· peri· experi· peri· pl'ri- pcr!. peri· per!- exper!· 0 

menl) ment) mCllt~) menls l JlJllnt~) m~nt) ruent) ml'ul) IIIcnt~) ments, menls) In('utl ment) mentj ments) men Is) ments) ment) t:;:. 
Ul .._- '-- .--- ._--- ­
:>­

Cn/arirs.' ~I CU[Ori:'1: ;::: ('u/oric.' ('uiQri,w Lita.' Liters Litrrs Liters Miers Lilers Lilers LilfTS Lilers Lilrrs Lilas Lilers I:l 
3.•.• \I.1l 0.0 tl.O fl.\l \l.0 1l.0 0.0 0.0 0.0 0.0 0.0 0.0 ~ 
II. .n .0 .0 .0 .n .0 .0 .0 .n .0 .0 .0 t:l 

,19. .0 .0 .0 .n .0 .U .0 .0 .0 .0 .0 .0 a 
27 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .1 H ..... 
3~_" .0 ,II .0 .0 .n .n ,0 .0 .0 .0 .0 • 3 
43 ... .0 .0 .0 .0 .0 .1 .n .U .0 .0 .0 .3 ~ 
51.. .0 .0 .0 ,1 .1 .1 .0 .0 .0 .l .0 } q 

a . ­
l\\l .. .5 .0 ,1 .1 .1 .2 .0 .0 .0 .1 .l ..... 
67. .2 .1 .1 .1 .2 .:1 .0 .1 .1 .2 .1 .0 ~ 

;.­
75 ~ ... .Il .1 .2 ,I .2 ..! .1 .2 .1 .2 .2 } .5.) .) H.1 .2- .:\ .3 .2 .3 .2.4 }"L. I ":; ";; .:1 { .) a
OJ.. ! .. .:l .1 ... ~ f; ~2 .5 .4 ....·····:8 ..,
90•. I .11 .:1 ::;- ::i , .. .-1 } .4 { 

,2 .3 .4 .0 
107 . .2 .4 .·1 .:1 .5 • ·1 .:l .4 .n .7 
115 I .4 . 5 .4 ... ~.5 .:1 .:1 .5 .4 .. .6 0 

! I .fi • :1 ,3 ,:l .5 .0 .. .6 
1:\1 • 2.2 :1.:1 2.2 2.:1 4. ·1 .5 .11 ,I) ...., .0 .6 .6 .:1 .f, .0 .0
12:1 I.r. 2.-1 2.11 I I.!l 2. il :1.4 .4 .5 .5 

I-:j 

• o· j:::,-1 .7130 :1.2 ~.3 2..5 2.~ 2.H 11.:1 .a .11 ~ r. .~ .. .n .-1 • .l' } 
~147 5.2 2.X ~.~ !!.H .9 .~) .11 .S .Ii .·1 .:l .7 .S 1.1 

.·1 {lfi!i 2.9 :1.0 :1.2 :1 II ll.' }!t2 .7 ,Ii .~ ! .~ .lIn • j' !{ .f! .S Ul 1.1 

.S 
...... 

11):1 5~R :l.l! :1. n 3,;; 10.2 .n .7 .7 .. .11 .s" .0 1.2 I.S :ii if:. 
171 ~. 2 4.2 :t 7 5.H .1. .~ .11 .7 .. .. S 1.111 L2) .1 P " ·r 1.·1 1.-1 1.11f 

Liltl,H 5.2 4. ;, ·1.0 Itll f). Ii (i. 3 ,0 .S .~ .H . 1.1 i • ~ .1 1.1l1I.l 1.5 !,-!! j 
2.11 t:l 

187 5.H ·1.11 7.!J 6.2 7.2 . i • ~J 1.11 !.:! I ::AI ·!l1 1.:1 1.6 ;;. :q L7 a 
HlS :1.6 5.S 1.•• 7.\ 7.4 .n .11 1.0 .1.1 1.4 1. I i 1:3\ t2~ Ui 1.9 2.2 0 
2\~1 } 5.!1 ~.4 1;.0 8.1 i.-I .~o I.(} 1.0 1.2 L;; I 1.2 I 1.1; I 1.1 I I,ll! 2. 1 26 '} 2..3

3.5 { Ul 

2lJ 2.6 5.1l 7.L H.·I 11.4 j~ 0 .0 1.0 1.1 La 1.7 1.:1 f\ .n I.S 2.-1
1.1 i{ :1.0 I 

210 ·\.·1 o.~ I.ti !l.·1 lit 7 'K5 .7 1.1 1.2 1.5 1.\1 ~l.. u 2..6 :1.:1 2.5 
t),7 I ., I. Ii 1.4 r 1.2J 2.1 ::.•1 2.7 :I.:I,}227, :I.,'; Ii. 0 K2 1t1.·1 I!!.·I .S 1.·1 .) II 1.·1 1.71 

ZI5 ... .. -~ a.7 75 11.·1 12. I I:I.S ~,. ,:; .8 I.r. I.n J.S !!.:l I.U 1.2j I.S 2.0 2.1> :1. 5{ 3.3 
~-.--~ ~-~ 

I.U 2. (j :1.0 3.0 

25\ ................. _.. ;1.5 1~.:\ t IU, 1-1.7 lS.5 12.5 .n \ 1.5 

243 ••_........... 5.:\ H.~ 11l.S 13.1l J.I. -; 12.1 .0 1.-1 I.Il 2. II 2.6 1 1.5l
1 1.S 2.!\ I 2.0 . ~:~ i 1.U 1 2.S 2.7 :1. ,j t'i I 3.4 

1necfluscorthe minute t'1t:Hlge:-; in heat eliminllt.ed rlurirtg the tlrst 5 ,Jays nIH) thecliml'ulty of determining: tlWtll 'l('('urrltl\ly, nn results nrc ,gh"en for indi\~iduall~xIh~riU1ents. See. I\J 
table 1 anll explanation ill leXl, Ol 

http:eliminllt.ed


TABLE 2.-EfJect oj variation oj incubator tempcrature on rnrTgY 1Iletnboli.~?n oj chick ('mbrllos with relntivc humidity 60 percent, oxygcn 21 l\J 
percellt, and carbon dioxide less than OJ; 1JcrCl'l/t~~Contilltlcd ~ 

~IHesUl!511rl' for 1I~1 ('~~;; I','r S hour') t-: 
c 

Hent (llimillatiOl1 nt - C'\rhon dioxide eliminlliioll nt ()xyglm T't)n5umption ui- it 
~ 
H 
Q 

0 0 0Agc of cmbryo (hours) 960 1'. Oso .F·I nll 
o F'IIIlQO F. I102 I1111 

ORO F. 0\1° F'jIIKI' F. 1Il2' I~.I 103 .•;° Or.' F'ltI;,. 1-'. rHl: F'IIOO" F.l to2° F. 103.5°
F·IIO;I.5 F. 

prri. Ileri· peri· peri· peri· experi· prri· peri· peri· peri· peri· experi· pen· peri· peri· peri· peri· e\':peri­
ment) ment) ments) menIs) ments) ment) ment) ment) ments) ments) menls) Imeni) ment) ment) menls) menls) \ ments) ment) t::: 
(1 <'x· (1 ex· (.1 rx· (n ex· (4 ex· F. (1 (1 ex· (I ex· nex· (flex· (I ex· . F. (1 (I ex· (i ,'X, 

'I' 

(3 ex· (5 ex· (40,· F. (I ~ 

__________1___1___1___1___1___1___1___1___1___1___, ___,---, ---,---.---,---,---,--- c:< 
t"' 
t"'Calories Calories Calories Calories Calories Calories Liler., Litas Liters Liters Liters LitffS Lilas Litas Liters Liler.• Liters t Littr., 

259 5.2 111.9 1~.9 16.4 20.2 14.0 .1.0 1.6 2.1l 2.6 3.3 2.0 29 2.9 4.0 4.S j 4.0 ~ 
267_~ ... ,~ ... __ • __ ~~_~~ __ i.3 !l.3 14.3 18.5 22.3 18.0 1.0 I.S 2.3 3.0 3.S 3,2 1.5 2.8 3.3 4.5 5.5} 4.6 ... 

.)_.­275...............__ •.. i.O II. U Jr.. 2 20.0 26.2 19.7 1A 2.1 i1.5 4.3 :Ui aA 3.9 5.1 6.3 !4 

28.1................... , K 7 H.5 IK 5 22. !) 2lI. 0 Zl.l 1.-1 2.4 3 1 4.0 5.0 4.1 1.3 3.2 4.~ 6.1 i.:l} .


S. 0 D.S291. ................. 10.5 18. () 20.!; 2;'..j :1l.5 26.11 1.5 2..5 :l.-I 4.5 5.5 4.6 1.7 4.U 5.t 6.9 <:ll 

21111.. ..._............ . 9.7 IS, 5 2:1. 2 2.~.3 35.S 29.5 1.6 2.5 3. s 5.0 5.8 5.2 2.1 .1. t 6.0 7.6 9.1 } c.,


i.S
:107.................. . HI.:I 24.1 2.5.6 31.6 :10. .') 33.2 1.S 3.0 4. :1 5.4 6.S 5.6 1.9 5.0 6.8 10.0 


- R.41315...... . 11.0 26.2 2'-,\ a.l.6 4·1.0 40.5 1.11 3.. 4.·~ 6.0 7.a 0.6 3.2 IV, 7.2 9.t HUl' 10. i 
~ 

323................... . 12.:1 2:1.5 31.7 3904 4S.1 41.1\ 2.1 4.3 5.:1 n. '7 R1 7.0 2.S fl. 2 &.1 10.5 12.1 11.1 
33L•.••.._....._•.. 13.:1 28. 2 35. .. 44. ;J 52.2 50. 0 2.1 4.a 6.0 7.. 5 S.3 7.S ,1.2 fl. 7 9.2 1l.9 12.ti ~ 
339 .•.• ~2 a7 ~3 ~1 2.6 5.3 Ii. I! 8.2 IJ.n K5 4.7 8.2 10.2 12A 13.6 
317.. 1!1. 7 3~, 6 ·\3.6 50.7 61. 4 ;;'1.-\ 2.9 5~ i' 7.1 9.0 II. 0 904 ·1.8 9.r. 11.3 13.9 14. S 13.3 ¥' 
355•. 21.6 41.1 47.0 5.;.9 66.0 61.0 3.3 fl.:' i. -; 9" I!. 6 10.4 0.2 12. 5 15.2

1031{ 15.41} 1- 14 .) 17.0 ,- g36,L +\.3 51. Ii 60.i fiS.3 i.O Kii 11.6 11. 0 5.5 13.3 16.:1 
371. 30.2 ·17.:1 55.0 63.8 71. 1 } 60.0 I{ 4.4 j ~ ij 0.3 ifl.r, I{ 12. 4 ]1.3 G.5 10.2 14.0 17.2 18.3} 18.1 'd:179 3:1.0 53. -1 no. 2 76. 0 71.0 4.9 1;':1 10.0 11. 6 I:J.O l1.i 8.3 12.2 14.0 18,8 IS.·\ 
387. 30.4 5,..4 fiLO (1).4 78.4 71.0 5.6 R. ;­ 10.5 12.0 n.o 1l.7 S.S 13.3 16.0 11l.6 19.5 IS. 7 ~ 
395.. . ............ . 41.0 56.6 67.:1 75.2 81.11 n.n 6.4 !l.'I 11.1 13.n 13.9 12.2 ]0.1 H.I 17.0 20.2 21.1 IS. 7 
4(~1............. olo.1i 0:;.5 70. I 711.2 1,1. 9 6.S 10.1 11. 7 1:1.2 1:3. i i 11.:1 15.5 17.S ~~l. 7 21. 1 o 
411................. .. .Js.!! fi5.9 i4. I 82. 0 83.3 7. :\ lUI 12.2 la,/; 14.2 12.5 10.8 15.S l1'.S 21.6 21.5 18.3 >::i 
419••. ~2 69. 6 is. 1 80. (t $.1. ·1 83. 7 7.. 9 11.5 12.6 1:1. 7 14. a 14.6 12.3 17.1 ~1UJ 22.2 ~1 ZL9 t>.427................. . ~2 74.0 SI.O S7.4 sa. I 89.0 8.7 11.6 i 12. 9 H.4 H.fi 15.5 J 13.1 17.4 21.0 22.7 21. ;- 2'2.8 
 o435.. .0 ~& ~9 .4 n6 ~1 10.1 ]2. i' ! 13.:1 14.4 15.9 13.4 18.1 21.S 22. 9 22. i14. " !::j
443...... __ ........... . ~U 80. 0 so. :) 89. I no. 2 102. 7 O.S 1:1.3 14.U 14.6 15.7 o q { 14.4 2"2.9 2:L7 24.7 H 
45L. ... .. ~D H·\ 87.1 80.1 !In. 5 Im,-5 0.5 13.7 B.5 15.4 Jil.(i 21.5 ZI.O 24.fi o1.,. - 10.6 20.9 { 21.91 
459 .......... __ ••••.•... ~2 87.0 Si.9 91.8 102.9} 120 S II. i 14.0 11.7 15.5 1•• :1 In, 1 17. n 20.7 21.:1 2:1.9 2.').1) I} c::


.4 
33.1

·167.••• ~1 $.1.2 SO. 6 94.6 110.0 - .' { 12.0 13.9 H.9 16.7 lR.5 21.:1 24.S 28.:1 t"' 
475~__ •. ~7 S8.O Ill..~ lOS. S 128.0 12.q. a 12.6 .14.6 15.2 IS.6 20. I ~!I:~ } IS. 1 20.4 2~1 2KI 2<J.9 30.3 to:{ 
41J3... Si.2 11)0. S 121.2 Iat. 0 t') 12.3 n.s 16. I 22.0 21.2 {'I 19.4 21.0 :13.2 33.6 (1) c:: 
491- ... ~4 !l2.' ]10.0 I:I!J.O HO.O / .. 1:1.1 15.5 li.H !} 25.11 i{ 22.5 1\1.1 ~2~O 24.26.SI I -10.0 :i.=t.i ~ 
499 .0 1(12.'\ 121. Ii l·m.7 140.0 13.2 20. I ,t 2:J.2 2i'~ () 2tJ~5 40.5 :1:I.S t=1 
501.. .. • 2 1111. i 134.0 15:;.0 151.U ..... la.7 22.5 2fi.-l I ztfi 20.2 2,-{.:l ~O.·I :\•. I 
515~ ...._~ .. "co- .. _ .... ~ _______ ~ ~D 111;' ,I 145.0 1011.0 HS.I) ._•••__ • H.5 '~JJ 24.5 27.2 2:1.:l 20.!! aO.1i 31.11 ·11.5 



26.2 ('l ('l nJ52:1-.. _-. _ _-•••.••, UO. S J3:3.5 15-1.7 \ ('l (l) 1:1. nI 2'/' n (Il n~53L....... 05.S 159.3 ('l __ . 15.8 21.1 
 nn530.• -......... _....... J05.3 169.0. _. 19.1 2".8 
 aD547•• _.................. 122.2 157.0.. ·1 21.11 2i.\l 
5.15.. •.. .... ._. ••. 130.5 ('l· 21. 2 ('l 31.2 

~2563...................... J3S.a 2.1.-1
I .6571•••••••• _•.•.• _.... .•• J01. 5 2fi.O 
579 ___ ....... ___ •.•_. ..•• Jill. 2 . 2/l. Z 

&7 

an 

587............. __ . __ •••• - 30. " 

..--- -----' ---_.­

• Exveri/llcnt ended. 
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The higher the temperature of incubation the greater thc metabolic 
rate, and consequcntly, the more rupid the development of the chick 
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(S31~0'11!») s~nOH 8 ~3d S9<)3 001 ~3d NO 11l1N Iv-l 113 1113H 

and the earlier the hatch. However, there is an optimum rate of 
growth, which is produced by a tcmperat.UJ;e of lO()O Jf., anel any 
deviation from this growth rate produces an inferior chick 'and a 
fewer numberfrQI11 a giwll lIumber of fcrtile eggs. 



29 FACTons A:b']<'BOTl:NG HATCR OF HENS' EGGS 

The heat elimination for the fourteenth day at variolls tempera,­
tures was as follows: 96° F" 40 cal.; 98", 80 cal.; 99°, 95 CRI.; 
100°,120 caL; 102°, 145 cal.; 103,5°,130 cal. 

The effect of temperatm'e on the energy metabolism of the chick 
embryo was greatest during the secQnd ''leek of incubation, After 
this time growth pl'oceeded nt a unifol'ln rate I'egal'dless of tempera­
tures, as show.n by the fact that most of the <:lIl'VCS pamUe! one 
another. 

The total heat elimination fot' the entire period of incubation 
computed from table 2 to time of hatch appeared to be the same 
regardless of tempel'lltul'c and was llppl:Oximntely 2,000 kg cal. per 
100 embl'Yos. .As the tempeL'Uturc of incubation was ]owcl'ed the I'ate 
of metabolism decl'eased, but the time of incubation was increased 
so thllt the total, which is n product of these two, remained constant. 

EFFECT OF HUMlDlTY ON ENERGY METABOLISM 

To determine the effect of relative humidity on heat elimination 
and gaseous exchange of the chick embryo, n. series of experiments 
were made co,'m'illg the range shown in table 3. Thl:) conditions other 
than humidity W('l'e constant, as follows: Temperature, 102° F.; 
oxygen,21 percent; carbon dioxide, below 0,5 percent. 



TABLE 3.-Effect of variation in TrInHl'l' humidily on i"llrTOIl 'll/cla/JoUwl, I1f chick I'muty(1S wilh (oll]J('rll/lIrl' lif 10'!-' /"., ()xY(frn 121 1)NCl'nl, (/nd o 
CJ.j 

caruoll dioxide l('.".~ 1//(11/ O.lj 1)l'r("(,Il/ 

r-;[He<ull ~ IIr" for 1!XI r~g~ p('r,~ hOllrs1 

~ 
lh\nt eliminnti()Jl1 nt. iu<li(,flt{'ll p~r('f1Ilt"l C"nrb(lll lHoxitlt,\ f.'liminntion nl itldic'nH)(l I)(lr{,l'Iltll~t' or f OX:Y~l\n ('on~umJltit)Jl nt iIH1i('~\ted IWrCl'Ilt:1J:.:'P of relnth'l' ;=­

nge Qf r~lnlh'u hUlIlhlity' rellllin' hUl1lidil~' : hUllIitlity y. 
o 

Ageofembn'o ,-"-'--- :,-'--·-----1-----1- --1---- "-~::_l--.---"'--·-'-	
l-o 

l; 13 24 ,12 liS iO 8,\(hours) , 2,1 ,12 I oS ,(I ~I! S 1;{ 2,1, 42 "s 1 ,n , 1;-1 	 ~ 
0:,

(2 ex- (2 "x'l ell ex· '\ ,2 ex· I ,a ex, '\' (1 ex' (I "x- (2 "X'j (2 ex- (6 ex-I (2 ex· I (:1 ex· 1 (1 ex· 1 (I "X'I (2 eX-I {2 ex, I (Il eX-I (2 ex' I(3 ex­)wri- peri- Iwri- peri- pt·ri- })~ri- peri- 1)t1ri· Pt'ri- Iwri.. Iwri- p(lri- Pl1ri-. nert- peri.. pl1ri- ncri- peri- peri .. 	 C; 
t"~ ments) ~mel\l~)I~nClIIs) ~~~~::.lm)Il~III~~":~_::t~)_ I:~~~~ IIlclltsl ~ mellls) t" 

('a/orics ('(I{OTirS!('(I{oriC.,! ('"lorif.,I('I//orll.,\ Liters Liters Liters I Liters ],iters I.ilrr,' Liters Liler.' Uter., Liter., Liters Liter$ Liters LUm ~ 
3••• , __ ' II II IU' {UI O. n 0.0 II n lUI Itll II. II on (1.0 0.0 0.0 0.0 ~ 
] 1.,. . ._ ; .n.o.O.II.o.o.n .n .n .0 .0 .0 .0 .0 
]9. , 'j ,.0 ,n .0 .Il .0 .0 .0 .n .0 .0 .0 .0 .0 .0 c:., 

,r ; ,n.l.0.0.n.0.o • U ,0 .0 ,0 .0 .0 ,0 c:J•?I-
It). 	 .0 .0 .0 .0 .0 .0 .n .2 .0 .0 .n ,0 .0 .0 
43, 	 ,0 .1 .0 .0 .0 .0 .0 .n .11 .0 .0 .0 .0 .0 "" 
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Heat dimination II ntl gaseous exchang~! were not appreciably 
chllnged by humidity during the first 10 days. During the third weel< 
there WIIS It definite (Ieviat ion. Energy Illptabolisll1 lit 60 percent rela­
tive hUlnidity continued at It highel' lpvel throughout the incubation 
J)criod than at (lither higher or 10\\,1.'1' hUlllidities, which indicates that 
the chick embryo d~'\'elops more satisfactol·ily. 'Yhen the humidity 
was raised to 70 perc('lIt 01' c\.I'opPl'd to 42 pel'cent, there was It de­
('rease in enel'gy llIetabolism, incl ieating a sOIlll'wlmt less satisfactory 
growth, The ell'ect of an in('rease to 84 pel'cent: 01' It decrease to 
24 percent ",us nppl'Oxirnately the same in TllI'ther retarding em­
bryonie "I'owth. ,"Yhen the humidity "'as lurtht'l' decrellsed there 
waS an Ifclditional drop .in energy mci:abolism, indkating tlUlt this 
condition is very unsutisfadory for propel' growth. 

The variation in humidity did not have uny noticeable effect on 
tire totul time required for dl'velopll1ent of the ('hit'k crnbryo, the 
time of hatch being practically the slune at all humidities, but figure 
14 shows that n e1I'OP in t('mpel'at.tlre of 2 0 from 1020 F. causcd a 
retardation in time 01' hatch of approxill1ah'ly :.W hOUl'S. 

A series of experiments concllleled at a tCll1j)(>l'atllre of 100° F. with 
humidities of 30, 44. 02, and 84 percent showed the SHme character­
istics as the one at 1020 F. 
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RELATIVE HUMIDITY (PERCENT) 

FI(IUIlN 1:;,-Waler eliminntlon of inclllmtinl,; (,!;!;S at \'al'iOIlH IlIlIniilitics (lul'ing thf' fil'st 
wet~k o( iu('ubutlol1. ~J;hp 1I111111wn; 011 thl~' eUl'Vp illtiicate IltlIllUCl' ot" (,'x)Jl!rimullt:i. for 
each of wllkh thtH'1! W(1I'0 :.!1 Oh:;~l·vutiolls. 

WATEIl METABOLISM OF THE INCUHATING EGG 

The amount of water' eliminated by the incubating egg depends 
principally on the humidity of tire air.' 8UlTound_ing the egg. Fig­
ure 15811.ow8 the watl'l' elimination for.' the first week of incubation 
in gl'alllS pel' clay per 100 eggs at: :froll1 8 to 88 percent humidity. 
'Yater eliminatioll dCl'rcascd di.r:eciJy with increasc in humidity.
A change of 1 percent' -in humidity produced It change of 0.65 gram 
in wate'l' elimination pel' 100 eggs pCI' day. 

The watel' t·lilnination at 8 and at 13 I)(>rc('nl: humidity inclicutecl 
an increase in rate and that the .linear relationship 110 Jongel' applies. 
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The ('Iimination at 88 percent also deviated :from the lineal' relation­
ship buI' in the oppositH direction from thnt at 8 and at 13 pCl'cent:. 

It is reasonable to assume that at the saturation poiut (100 peJ'­
eellt) tlwl'(' would be 110 loss of water froll1 till' ilH'ubatin:;!; ('~g. 
Assumilll! this is I !'lIe the, cUI've wOllld pass through the 100-pl'I'C'ent 
point, The data sel'med to subshmtillte this assumptioll, 

Dul'ing the fit'st week of incubation the watel' loss at It given 
IHunidity l'cmain('d pl'llcticully constant, but j'l'om about the tenth 
dny to the time of hatch the amount grttclulllly in('I'cnsed, At GO 
percent relative humidity, the elimination was 30 ~ pel' 100 el!~s 
pel' day during the fil'st wcek lind by the time of ha~ch il had become 
neal'ly 40 g pel' 100 eggs P~l' (h~y, , 

A. vel'\' ueclIl'ate detcl'lIunallOll of the tJme the hateh occurs can 
be made"il'oJll the meaSlIl'ement of watel' elimination. FOt, this pUI'­
pose. the water elimination at a given humidity may be eonsidel'ed 
ns COl\stllnt fl'oll1 the beginning of incubation until hatching be~ins, 
"Theil the ('hiek bl'eaks the shell u, large quantity of wutel' is JrIJel'­
lltt,d, in('l'lja~in~ lllll'nptty to 12 t.o 15 titrH'R tlw (wil!inltl quantity. 

18 	 19 aD 21 22 23 24 25 
AGE: Of' EMBRYO (DAYS) 

FIGURE 1(i,-~'l.'llII(' (If hatch lit 1'/II'!tHIH 1"IJIJlerulu,'ps liS sh(llI'J\ 0,1' lI':ttl',' eli,"lnllUoJl {rl'ln­
ti\',' hllllJltlltr UO Ilt)"C()JJI, ()xy~ell 21 Jlc"cC'nt, rll,'lIon dlttxltlt' h('lolI' (l.r. p(',:c!rut) ~tC)"J1
porthill or curl',':; IlIeI iCIIWH pN'jull (If 1111 tl'h ill/f, . 

Fig-m'p 10 shows I he il1('I'ease ill water (·lim inat ion al' {'neh telll~ 
pcmfin'(l studiNl, l't'lutiv{' humidity beiu(T GO percent. ()X'y~l'll ('011­
('('nlratiol\ 21 p{,l~eellt, and carbon dioxia{' eOl1t('llt kept b~'low 0,5 
pt'l'eent. TIl(' pot'l:ioll of each CUI'W' wlH'l'l' til(' slopt' is ~J'('att'st is 
the tilllt' wlH'1l tIl(' chi('ks ,,'('I'e IwlchilJO', ']'Ill' hicrhel.' the tl'lllpel'Hhll'(' 
tIlt' cllri.iPI' the ha.tch, The tillle 01' I~ittch d ill ~ot "HI'" prvportiol1­
ately to the telllperllture but Wore llearly us the log~~l'ithl1l of t,he 
temperuture, 
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Figure 17 shows the hn.tC'hin<r time fOt" all tempemtmcs between 
!l'Go and 103.5° F. as detennill~cl from thes(' dabl. 'rhe hutch for 
optimll1n temperature (100°) oceulTcd at' 20% days; H waR dplll~'(,d 
3% days Ilt 90° and (l(T\lITl'd 1 <IllY earliel' at 103.5°. 

EFFECT OF GAltuON DIOXIDE ON ENERGY METABOLISM 

Th(' "ltI'iation in ('(lIllposition of the gases RtllTOtUlding the eggs 
during ineublltion hus bel'll i'ouncl to have It c1ecic1n(\ elred on em­
bryollic development. To study the eil'ect of cUI.'bon dioxide con­
cciltl'lttiol1 011 energy metabolism, two snips of e~q)('1'i 111l'l1tS \\,el'(' 
eonclnctecL One sprieR was llla(\p with clll'bon dioxidl' eOllccntr'l\­
tions of 0.1>, 2, and '~peI'Cl'nt. These eoneenir'ations werc held as 
('ollstant. as possibll' throughout the entir'(' incublttion period, The 
factol's othcr than cIlI'bon cfioxic1l' W('I'('· a" followR: TempcrlltUl'p, !)HO 

F,; I'l'lllti,'c humidity. 00 PPI'('l'nt; and uXYI!(,I\, 21 percent, Curves 
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DAY OF INCUBATION 

a, b, and (' of fiI!Ur'('.lB gin' t.hl' I.'csults .obtainctl. £.01' the elll'holl diox­
ide ('011('('ntrations of (Ui. :!, Ullt! +pet'cent, I'especti,'cly, 

During tlw other.' series of t'xpt'l'imcnts the. tcmpcl'lttur'c wns 102° 
F., I'('lltti\'l~ humidity was 00 percellt, nnd oxygPII :!l percent, At the 
beginning of the experimcnt the cal'bon dioxide concentration WllS 
that. of nOl'lnitl ail', As int'ubation proceeded thc percentn~e of car­
bon dioxide gl'llclunll,Y incr'cased owing to elimilllltion of this gns 
by the gl'owing embryos (fig. 9, a), until on, the tenth day the con­
celltrutlon in the chlLlnbt'l' wns 5.5 pcrcent. It wus held constant 
at this peJ'centnge :for the I'cst of the incuba.tion pcriod. Other .ex­
pl'l'imcnts wel'l~ conducted unclcr similar conditions except that the 
elLrbon dioxide was allowed to incrcasl' to 10 percl'nt (fig, 9, b), 
",hieh I'equi!'cd 12 day"..anc1 WItS held constant llt thispercentnge 
for the rest of the incubation period. 

http:fiI!Ur'('.lB
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The embryo develops more slowly the lowel' the temperature so 
that a. timc-f'llctor correction fOl' temperature .Illllst be applied in 
order to compltre the results obtained at. lO~C )1', with thos(' obtnlned 
at 99°, 

CUl'\'es f and a, figure 18, were both plotted from results obbtined 
when 1:hl)l'e WIlS not 11101'e than O,G percent ot cal'bon clioxidl' ill the 
incubation chamber. Curve f is for a temperntul'l'. o{ lO~o Ii', and 
curve. a 1S fOr 9Do. The dijfet'cncc in til11e bl,twN'n thesc two cUl'ves 
iOl' uny vnhw o{ ordinatc :is the time factor whieh must be nc1clptl til 
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FJGI~ItD lS.-I<:tJ'l'('1 o[ "HI'IOIIN 11""("'111111:1.'8 or CIll'hOll (lIoxhl .. lIll ..'IP"~\' l1ll'IHht)lI~l1l, f.:'·l' 
text COl' Iliseu""inn <Ie individulll ('\11""':<, • 

valul's obtai.lH'd at lO~O (0 maIn' tIll' l'l'~ilIJts ('olllpal'llble with those 
obtained at g\)" Thit-l ('ol'I'et'tioll for time is g-ivl'n in table 4, last 
('01 U III 11, To make the rC'sults obtained at lO~o compul'Ilbh' with 
those at \)\)0, each va lue wus plotted at the time given in the lin;t 
('OIUlllll of table 4, pIns the tim(;,-GolTection fuctor in the last colnmll 
of this hlblP, The results obtained for the experimC'nt in which 
the cal'boll dioxide eOIl('entJ'atiou inc/.'puspcl to 5.5 pel'cent are O'i\,C'11 
ill cun'(' d of fign/.'e :lB, and j'or i'he one in which the concellb~Ltion 
was as high as 10 P('I'('('nt,in elUTe c. All the curves in 1igure 18 
except CUlTe f 11 I'e, eomparabJp, 

Cu/.'ves fOl' oSYI!PI1 eommmption and heat elimination (table 4), 
if plotted, would follow the salllC' gelH'/.'al. trend as those shown fOl' 
eH.rbon (lioxitir, (litl'l'J'ing onl~' in lIbsolute values. 
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The effect of variations in carbon dioxide concentration was pel'­
eeptible by the third day of incubation and becanm mOl'e and mOl'e 
pronollnced as incubation proceeded, The carbon dioxid(', elimina­
1ion Wll!:i g-l'eatest when the carbon dioxid(,'. was less than 0,5 percent. 
As the cOl1ccntratjol1 of clLrbon dioxide was inCJ'('asecL the cle\'elop­
n1£'nl of tIl(,' chick embl'Yo was more Imel more retarded, as shown by 
the de('l'easing amount of carbon dioxide eliminated, A ('ontent oJ 
~ ll('I'cent :/'01' th(', entil'e in('ublLtion period waR not RO ]lIl1'n!i'ul as one 
iii which the carbon dioxide was thiLt. of J1ol'mal ail' at the beginning­
of incubation and g-l'Ildually inCl'l'llSed 10 2, pl'I'eenl' Oil the, seventh 
day, to 5,5 percenl' the tenth day, and h('ld at 5,5 percent: for tllt' 
J'('llmind('r of the ,incubal'ion p('riod, No!.' was the laUer nondil'ion so 
J1ILrll1flll as 4]wrC'ent th,'oug-IIOU( llil' enlil'e in('ulJation peJ'ioll. Most, 
t!t>II'inwnfal of all Ihe conditions Sludipd was allowing the ('arbon 
dioxide 10 acclIlllulate 1'1'0111 !\Ol'lIUtlltil'lLt Ihe Leg-inning 'of incubation 
t() 10 pel'cent on tlH' twelfth day and then holding it COllstunt for 
the I'est of the .incu\Jati(H1 pel'ioel, 

Curn::s d and e (Jig, 18) (with carbon dioxlt1(' eoneenll'alions of 
[l,;j and 10 1>(,1'cenl:, l'especfh'e]y, dUl'ing- the latter pari of the incu­
hal ion pel'iod) show g-I'('at ('I' (,1H'I'g-y metabo] ism for the iil'sl 10 days 
tlltlll wh~'n 2 alld 4 pel'cPllt \\'(,I'e maint ni ned during the enli I'e periocl. 
The rensoll is thaI ill the caRe of till' fiI'st' two ('oll('('nll'lltiolls Ih(' 
carboll dioxiclp at. nIl' hl'ginnin!! was that of nOl'ma] ail', 

,Ef'FECT OF OXYGEN ON f:NEIWY lIlETAUOLISM 

Th(' pfree!: of nll'iolls oXYW'n eoncellil'ationK, I'all!!ill!! '1'1'0111 15 (0 50 
VCl'een!', Oil heat plinlinatiOIl and gaseous ex('halJ!!p 'WUS determined, 
'flIP ('ollclHiollS 'for in(,l.llmLioll nth!'I' thall oxygl'1l \\"('1'(,: TPIlI]'l'!'atUI'P, 
99" Ii',; l'ehllin' humidity, 70 JWI'l'Pn!' i ('al'hon dioxide, beJow O,;j 
JWl'ct'nL 

The I'esults lire g-in:'11 in table ,J, DUling- l11p first 2w(~('ks of inctl­
lutlioll, t11('I't' was 110 pen'pptible ('II'c('( 011 ('I1PI:gy ll1('iabo]islil of UII 

inercase 01' c1eel'ease in oxygen c011(~enlral'ion o\'el' thiLl" of' 11Ql'l1m] ail'. 
Aller the iil'st 2 Wlwks, 1he Pller!!)' nwfabolislll with:H percent oxygen 
was the gl'ea.tt'Ht, ,ViI h ;3() and 40 pel'('('nt the metabolism 'was 
slig-hl]y ](,S8 than wil It 21 percent; wilh 50 and JH IWl'cenf .it ",\"ItH 
approxilllalc')Y 10 percent ]owe.l', \\"hel'eas wlwl1 Iii percellI' was tiSI'd 
j ht' metabol ism, was only about fOlll'-JHt hs of t!tat at 21 pen'plll. 
'J'hel'e:fore. IL clecl'ease in oxygen (',oneentl'lltion is mol'(' dclrinwnta] 
than an,increase sin('(' It decrease of on,('-seyenth retal'Cls the t'nel'1!,\' 
1I1elabohsm by the same amount as an lllcrease of two and one-half 
times. 



TABLE 5.-Effect Of variation of OXygl'll COllcC'iliralion on Cllcr(l!! lIH:la/loliMI! of chick embryos 1l'l'th Icm11cmlllre 99 ti 1<'., rdativ(" Ill/midil!! 60 
llerccnl, and car/Ion dioxide l(',~s than OJi JIl'rci:1I1 

[Hcsulls expressed per 100 eggs ller 8 hours] 
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139 1. I _.1 I -~ t .1. 3 i . "j ·1.5 I .6 . n ." .·1 , 1. .., . . I .3 .• I \ II .j ,{
H~ ~,~ ~~ n 2. S j 1t'l I ? 8 .!,5 j • fl .5 . ~ . 2 _ i • t) ~ ,., I ~ ~ J ~ i· t 

IS" _.• l .. ll :1.0 . I .1. 4 " 1 ,} 6 I{ .0 . b .I • ( I .6 • . I .9 s , 1 1 

11),1 2. :i LIt • ~.. j .. 3. g 5.,Ii ,. ... i .1 • i . -; I , 7 , . t •S . U ~ j L l 


~ 
IZI ....... ..• :t71 e 3.9 5.5 '~I .• .~ .S .Ill '~jl.S .R.1 10 l'~1 LSI 1.5 y.

II~........ ·!.S 0.3 .J.O I 0.6 .I..! 6.! .S .S .H .8 .S I .~ II. 1.3. I} I.S, 1.6, 1.~ 
 ".J.IS!.. n.2. .!. 6 ~. S .1. S 6. • 1.0 • •U . 9 • II 1 q .s ! .\I : l. 3 I 1 ~ I ~ I .1..1 \ I 15 
19.> Vi .IA ".S! •. 1 ·Ui U.9 .S .Il 1.0 1.11 .!I .Il} Il{" , 1 .• , 1.,/ ,1.·1. I.U 
'2ttl 5.il tt.41 7.5 5.\).1 7.4 1.0 1.0 1.0 1.1 1.11 1.0, i I.UI 1.0 17,\ "5' 2.3 ~ 

C­211 n.o 5.2 7.1, 8,4 6.2 j 8.0 1.3 1.1 1.1 1.2 1.2. L 11 2.0, 1.6, IS 19 '1 _.. ,\ 3.0 
O ~~ Z·\ _ 7.~! 9.1; ~.21 S.~ 1.0 1.~ 1.2 1.3 1 13j l~i 17'1' 1.~1 ;!' ~.:\ 1 H' 3.~ ".J.~_t. I.S 5.( 8'"1 9.6j L!) g._ 1.3 1.3 \·1 1.·1 16j L •. III 1./ _,,\ _.6 _.•11 3.1 

235 11.1 7.2 U. .J· IO.r. s,S n.s 1.0 l..J 1.5 1.0 1.7) 1.6! 2.2 !l.r. 2.11 2.8 5.9 3.02~3 s,a 8.S 10.8./ 11.S !l.!l 10.8 1.2 1.6 1.6 I.~ I 1.9 f 1.71 1.9 2.g 26 3.! \1 ~\":{ ·1.2 
2.>1. ".... ..... 9.5 10,0 n.S \ 1:1.4 12.1 12.5 \.\\ 1.9 UI 2.1 221 20 2.6 3.1! 2.7 3.4 ( •• ! 4.3 
?,f>~ .............. It.!! 11.5 12'0/ \.I.S J.l.fJ 1-1.0 2.2 20 2.0 2.31 2:1i. 2.3 2.1 a.2; 2.0'. • 7.5l ·1.:1 
2/1, ............ 11.1 12.8 H.3 \6.6 17.·1 15,·1 2.3 2.2 2.3 2.7 2.7, 2.5 3.8 3.9 :1.:1 411 .J.OI ~.:I127? ....... __ ...... ".. 15.2 10.9 10.2! lito 18.ft 17.5 2.3! 2.7 27 ;\,2 ,} 3 3 ~{ 2.9. ·\.4· ~.S! :191 4.1l: 5.!! i 5.7 

2Si\.. ... , .............. 16.2 13,2 IS.51 21.2 20.0 19.4 3.2, 3.0 3.1 :1.6, "'; 3..J 1 4.1 ·1.6; 4.0' 5.1 6.,~· 0.1 w 

I See footnole I, tnbie 2, cC 
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TABLE 5.-Effect Of varittlion oj oxygen COllccli/m/io1J. o?/. (,?laml 1IIc/abolis1JI of chick (I/1brlltJ.~ 1(·ilh /elllpo'a/lIl'e !)!)O F., rcia/ive 1I1111l'dily 60 H:>­o1)('rcent, ami carbon dioxide l('s.~ lIwn OJ; 1)t>rcent--Contil'\ll'd 
[Rpfm]ts t"xpr(lH!;(\11 I'PI" 100 ~!.!'~s 1)(11' R: hOHr:-,,1 f-';._----_. ::; 

Heat elimination t at indi(~:Hl\tl JJt1rt'entng:('s--~b;';-.Ii"xideof ellminat inn nt in,lit".ltct\ p~r(',·nt· \)~y~en t'(Hl~um(ltion fit ind''''lted percen!.>lges or o 
oxygen nges of tlX,n~CIl oxygen j:r: 

Z
Age or embryo (hourfi) 15 18 21 .... 

(I ex· (1 ex· (:I e.,· (I ex· (I ex· (I e,- (1-<", (I",· (:ll'X' (ll'" (I e\· (I ~,. (lox· {l ex· (3 ex· (I ex· (1 ex· (1 ex·21 'I 30 I ·10 l--;O~ -15]---;s 30 ! ·10 50 15 I IS 21 30 40 SO e:: 
l'cri­ peri- peri- peri.. peri· peri- peri- Jll'ri- ],pri· pC'ri- Illt,ri- IH'ri- lwri- f ll{'ri- peri- pcri- p~ri- I)eri- E:lIlenll 1I1ent) went.:;) menU ment) ment) 1ll~1lI1! men!) mentsl IUcnt) mont) mcnt)lIIe~I:': ~~~ mont) ~ mont) ,~~ 

t;;:; 
ClCalories Calories Cnlor;e,~1 Clllori{,~1f Ca/orit.Ii Calorit:s Liters Liler., Liler., fAlm -:'ittr., !;:r~~;er:!~;;;: Lilers lAI.,. Lilers -;;;::: 

29L.•_._ .•••••• _.••••_•• 17.5 19.5 2O.S 2~.0 2·1.1 22.8 :1.:1 3.5 :1.4 3.9 4.0 I :J. ii ' 4. S . 5.4 5.1 6.1} - 6 ( 7.7 ~ 299____ .... "_.... ____ ... ____ .. ".. 19.9 20. {j 2.1.2 28.2 27. J 25.5 J.1l 4.1 :1.8 4.3 ~.!l 4.2: fl. 5 Ii.fi H.O 7.1 •. 8.3 t:; 
307.................._... 21.6 22.0 2.1.6 30.0 29,S 27.2 4.2 ~..l 4.3 4.!l 5.1 ~.Ii· 59 G.~ .tS 7.610.7 8.6 tj- • • .. .., : • I) - ( - .)315.••• _...._•••••_...... 2.'i.1 28.2 28.~ :1l.8 32.0 2\1.0 .1. Ii ·1.8 4.8 0.0 5.\1 ,}._ I h._ , .. .J 1._ 8.3 10.6 8.8 
32:1.- ._ ••",,__,.,,_.,.. 2\1.7 32.:1 :11.7 :1r..2 3:\.4 :l2,n 5.1 5.11 5.:l 0. 1 ~. 2 ! '!.81 8.:2 f.7 ?! __ ..... ~'.~ 9. ~ Z 
3.11 ................._.. :1l.9 3~.-I :15.7 :18.9 :19.6 ali. 5 5,Ii 6.2 6.0 •. 0 j ('.~ J .1.0 9._ ...._.. L_ 10._ 

3.19 ................_..... '" ..... :10.3 39.7 43.2 43,4 ·10.0 (i.n :,,6 7.5 7.~· 7.0 !1.8 10.2 11.8 12.6 12.2 Co, 


347•••• ~............._... 311.9 46. a 4:1.0 46.S 41.2 ·1:1.6 Ii.S 7.1 i.l 8.:1 s.~; 7.H) ILl 11.0 11.:! 12.9 12.4 13.6 Co' 


355_._ ..........._..__ . 40.9 48.4 47.0 51. 2 50.1 - ry 7.S 7. i It!. 7 S.5· 'lUi 12.8 12.5 13.9 15.7 <.:
'.­363 •..• _......... _... 4~.0 51.4 51.0 55.5 54.2 7.9 K5 8.5. 11.1 !l.ti· 12.9 1:1.2 13.:1 11.5 

371. ................... _ ~6. 8 53.3 55.9 50.7 57.!1 • 48:2 8.!1 11.:1 U.:I ! 10.6 i} 10.3 d !I.!I! I~.O I I~.~ 14.0 15.5 17.1 , 15.8 e:: 

:179............._........ 49.2 511.8 60.2 6:1.8 M.O 8.0 10.1 10.0 l 11.0 I d 11>.4; 13."· Iv. • 14.1/ 10.3 '!O - , 18.0 

387......... ........... .'i5.3 61.0 r.~.O ti8.2 59.0 59.0 I1.S ltl. ,j , 11.4 19... ;r..

395........._.......... _. 57.2 65.S 67.3 71.2 62.5 62.5 10.2 11.7 11.1 i 12.0 :?:~ I :::~ i ~~:4 :~:g l~:g :~:~ ;8:; ;{ 2O.S 

40.1......._............ 50.0 72.6 70.4 71. 8 6-1.2 (j·t~2 10.0 11. 7 . 12. :l 1:1.1! 12.0/161 1fi.5 17.8 18.1 21. j


22.1 ~411 ..........._...._..... 69.7 7IU 7-1.1 74.0 fili.O 1i6.0 lU 12.0 12.2 I 12.8 1:1.3 i 12.3 Hi.!!.: IS.8 18.8 18.3 i{ 2"1. '2 

419.. .................. nr,.7 74.0 78.1 74.0 72.2 72.2 12.ti I 13.4 13.f.! 12.0 17.9! 19.7 20.0 18.8 2:i. -; >-;;
11.0 I} 12.0 ., .2'2.61427...........___...... _. 70.2 72.7 81.9 72.2 75.6 ili.n 12.1 { 12.!l I 1:1.7 1:1.81 12.0 17.0 20.4 21.0 19.3 2'_••1 2~.4 
 ~ 435........... _......... _ fi9.7 77.4 8~.9 72.4 74.5 H.fi 11.6 13.2 la.3 I 1:1.0 2.t.7 23.6
1:1.1i: :a.o II 1- S,r 2O.S 21.8 19.7
443.. _...... _.......... _ 69.6 81.2 86.3 7:\,·1 7.=;.0 75.0 12.7 13.3 14.n I 1:1.8 1:1. 7 13.5 J •.• J. 2t1. S 21. 11 10.11 2'.!.2 2:1.0 o
451. ............... _... _. 72.2 82.0 87.1 7!1.7 ifl.a 7ft. a 12.0 1:1.1l H . .';' 14.0 \4,0 13.9 1H.O i 19.8 21.5 20. Ii 24.5 
 ~ 459................._.... 73.S 81.6 87.9 8:1.-1 711.8 76.8 14.7 24.1
13.0 14.1 1·1. fl. 14.3 \ HI f.{ Ill. 9 21. 3 2'2. () } ~!:: I{467._ ......._._ ........ _. 78.2 82.6 89.11 84.2 77. ·t 7"i.·1 13.4 14.1 11.9 14.6 14.7 14.·1 J .J. 2t1.6 21.:1 2'2.8 23.7 :>
475.... _......_•••_...._ _ 80.0 85.0 0:1. 8 SIi.O 7:tn 73.9 14.6 15.2 15.0 15. I t 14.a 211.6 ~'tU 22.1 2:1.1 22.2 o} 2:!.8 If 
491 ..._. "............. 80.7 !l9.4 110.0 IlIi.S so. 0 80.0 ].1.5 16.0 li.n 17_ 1.5.0 2;1.1 23.0 26.8 24.5 2.:';.2 2-1.2 .... 48.1...._. __ •• _..•••_..._ 81.4 87. a 100.8 87.8 73.2 i:J.2 14.4 Hi. 1 HI.2 Hi.!l I H.B 21.5 2tl.S 2~.1 Z,.9 21 .. ;- ~ 

o49!1. ......... '_""''''. Oil. 7 127.8 121.8 1011.2 9~.a !14. :1 20.1 19. "'is:!l lti.4 24. U 26.8 29. 5 26. 6 29.5
17.3 Cl507........__ ......... _. 111. 7 133." 1:14.0 120.:1 10:1.4 10;1.·1 {"iii:ti 2:t5 22. 20.6 17. 0 28. 7 2!l.ti :10. tI :10.0 3:1.4 t"515..................... 119,0 I:H.fi l-1fi.O 1:18." 1I~i.5 1Il1i." 20.4 20.2 2·1.5 24. 22.-1 ~ lS.5 30.11 31. 0 34. 0 3~. 0 35.0 
523._._....._. __..... ... 110 . .1 138.2 1,,",.7 151. 8 118. ;, 118. .'i 20.2 22. I 26.2 2ft 2O.S 2\1. 8, :12.3 36.0 37.4 36.11 c 

f-'; 

531......_.•.•_____•• ••• 129.7 15S.2 <'l <'l 12~. 7 12~. 7 22.:1 2:1.~ ('l (Il ..:~:a_1 22. 2 :H. 2 :1.'\. 7 ('l ('l 38.7 
1:10.8 1:10.8 23.:1 X!. 0 :15. 3 :19. 4 .,. ~1.5 t:;r1?=:::::::=:==::::::::-: :i:~:~ ·{.il ::.:::: (ll ('l 2~.6 --{Ii -T,r-- (I) 37.1 I (') (" , (1) 

~ 

----_. ---_._----------- ­
• Experiment ended. 
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SUMMARY AND CONCLUSIONS 

The eggs used in these experiments were obtained from a selected 
flock of White Leghorn fowls at the National Agricultural Research 
Center, Beltsville, Md. Only eggs Jess thun 7 days old were used. 
They were carefully selected £01' size and shape, H.1ld fJ'eedom from 
('racks and defective shells. 

The calorimeters which were used for incubat.ion were specially 
designed,constant-temperature, contiuuous-water-tiow type, provided 
with means for preventing interchange of heat between the calo­
rimeter anel its boundaries and for 111(,llsul'ing the heat given off by 
the growing embryos. 'l'he calorimeter COmpl'hieel also the re8pil'l1.­
tion chum her, which was of the closecl-drcuit, type, w.ith means :for 
constantly interchanging the gas ill fhe c1uunber and for I'cmoying 
the products of gaseous exehuJlge and supplying gases neCCSSIIl'Y to 
life lind growth. ' 

An measurements were made wHh prpcjsion instTUIl1Pllts and wHh 
highaccur!lC'Y· All factors exceJ?t th~ olle u!lc1PI' illvp::;tigation were 
kept conE'tant throug-hout the senps oj: expel'.IllJents, 

During the invesUgutions on the pH'ect of temperature on hateh 
and un energy lI1etubo.lism, the foJlowing werl;' llspd: 96°, 98°,9!)0. 
100°, 102°, RIll I 103.5° P. The fnctol'S othel' than tempel'ature were 
maintahlecl as :follows: Relutiyl;' humidity: 60 pel't'PHi; carbon dioxide 
cOl1cent.l'llt-jon ](Ppt below 0.1) percen!:; oxygen, 21 pel'cpnt. 'Ill(' hnt:ch 
was great-est at 100°. The chicks pl'oclllc'ed at this tpJl)peratllJ'(' "'{Ire 
also superior .ill nppeal'anceantl yitality. The detrimelltal (>fl'ed of 
pit.he~· higher 01' 1(.lWeI' temperutuI'P'; bN'lIlllC gl'eat('1' as the deviatioll 
from the optimnm increased. 

The efrect of te.rnpl'l'ature OlJ hent (1lhninntion and. gaBeouB ex­
('ha.nge bpgun to sh(H\' after the fh'st few days.. 'fhe highel' the tem­
perature the greater was the energy me{abohslll and, eOJlsequently, 
the more l'apid the development of tile ehiek and the elll'Her the hatch. 

The effect of relative humidil-y Oil hutch and 011 eJ~el'gy metabolism 
was shown by expel'in1l'nts wiui humidity ranging from 8 to 88 per­
cent. In this ser.ies of experiments, the folJowing faetors wpre al­
ways JleW constant: Temperature, 102° P.; carbOIl dioxide kept be­
low 0.5 P('.I'c.enti alld oxygen, 21 percent. The o,ptimulIl humidity for 
hllkh was found to be 58 pel'~ent:. In a, sel',iel:5 of l'Xpel'inIPI1'ts ut 
100° the optimum was found to be 61 percent. In both series, as 
the humidity vIlI'it'd either way from the optimum the hatch became 
less, at: first 'slowly, ancl then mOI'e rapidlv as the de"dation jncl'cased. 
Little effect 011 gaseous exehallge an~l heat elimination was noted 
during the iiJ's!: 10 clays. Durlllg the last half of t.he :in('ubation 
period, the energy metabolism was higher when the humidity waR 
optimum than when it was either higher or lower, indicating thut 
the embryo was strollgPl' and developing more rapidly bec'ause of 
more favorable cOll.ditjol1s for growth. The larger the deviation of 
humidity from the optimum the greater was the detrimental effect. 

The "'Ittel' elimination of the embryo was found to depencl prin­
cipallyon the humidity of the airarounc1 the eg-g, the water elimina­
tion being less in direct ~)roportion to the increasi~ in humidity. The 
wllter Joss for the first week was practically constant but ilicreased 
gradUillly thereafter to .thetime of hatch. . 
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The time of hatching was determined by the large increase 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 fr01l1 191Al days at 103.5° F. to about 
23% days at 96°. Hatching took place at about 20% days at 100°, 
which is the optimum temperature. 

Experiments were made to detel'mine the effect of 0.5, 2, and 4 per­
cent of carbon dioxide on hatch and energy metabolism. During these 
experiments the oxygen was heW at 21 percent, the relative humidity 
nt 60 percent, and the temperature at 99° F. 'With 4 percent, less than 
one-fourth as mlLny chicks were produced as ,,·ith 0.5 percent. 'Vith 2 
percent the lmtch ,,'IlS over 35 percent less than with 0.5 percent. Othet, 
experiments were conducted during which the carbon dioxide elimi­
lutted was allowed to accumulate in the calorimeter until the concen­
tration was 5.5 and 10 percent. In these experiments the oxygen was 
held at 21 percent, the relative humidity at' 60 percent, and the tem­
perature at 102°. A concentration of 5.5 percent under these con­
ditions was not so harmful as one in which the concentration was 4 
percent for the entire time, the hatch for the former being 45 percent 
as compared ,yith 20 percent for the latter. The most harmful con­
dition studied was the one in which the carbon dioxide was allowed 
to accumulate to 10 percent and was held constant for the rest of the 
incubation period; It 16-percent hatch resulted from this treatment. 
The data obtained for heat elimination ancl gaseous exchange show 
that concentJ:ation of carbon dioxide has a decided effect on metab­
olism. Tho metabolism was ~reatest with the lowest concentration' 
and decrcasecl with increase of carbon dioxide. 

Experiments with 15, 1~, 21, ~O, ~O, ~nd 50 percent of oxygen ,,'ere 
conducted to show the effect of tIllS 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
perature 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 percentage. An increase in concentration was 
not nearly so harmful as a decrease in concentration of the same 
magnitude. Gaseous exchange and heat elimination were practicallv 
the same for 21, 30. !Lnd40 percent of oxygen and were highest at these 
percentages. With 18 and 50 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 
qnotient was 1.00 for the first 2 days and dropped to 0.66 by the 
eleventh dny and was fairly uniform during the remainder of tlie in­
vestigation. The thermal quotient began at 2.60 and rose rapidly to 
above 3.00. The lowest value for respiratory quotient and the higllest 
for thermnl quotient occurred on the ninth and tenth days of incuba­
tion. 'l'he results of this investigation indicate a carboh~~dl'llte metab­
olism during the first few days 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 determi.ning the relationship of energy metab­
olism to ·weight of live ti!';su~ the membranes must be considered. 
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Following arc the most important results obtained in this investi­
gation: 

The optimum conditions for incubation and for growth of the chick 
embryo, as determined by energy metabolism, so far. as the 1?l~ysiclll 
factors are concerned nre temperature 1000 F., relatIve hnnu(hty 61 
percent, oxygen 21 percent and carbon dioxide below 0.5 percent. 

The temperatul'e should vary not more than 0.5 0 F. from the 
opt.imum. The relative humidity may vary 10 pel'cent with very little 
det.rimental effect. The carbon dioxide should not be a11o\"ed to 
accumulate to It greater COllcent.l'lltion than 1 percent or the oxygen 
to drop below 21 percent. 

It should be mnplmsized that the results here reported apply ollly 
when the conditions of the temperature anel of the atmosphere, liS 
related to carbon dioxide and oxygen, are as indicated in this blllle­
tin. The results are not c()nsidm:'ed Ilpplicable to sectional-type and 
home incubators in which it is not usually possible to control 
effectively the conditions mentioned. 
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