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In the first comparative consideration of the 
metabolism of avian embryos, Rahn et al. 
(1974) made several important assumptions 
and offered a number of interesting predic- 
tions. One of their assumptions was that the 
relation between metabolic rate and incuba- 
tion age (days incubated) is the same in all 
avian species as it is in the chicken (Gallus 
gallus). A second important assumption was 
that the partial pressures of oxygen and car- 
bon dioxide in the air cell during the plateau 
phase are essentially the same in all species, 
regardless of egg mass and incubation period. 
This assumption led Rahn et al. to predict that, 
for eggs of different species but of the same 
mass ( W), “plateau” metabolic rate (I&,) * is 
inversely related to the length of the incuba- 
tion period (I) and can be predicted most ac- 
curately from the equation: 

me, = 267 *W/I (I) 

Embryonic metabolism increases with egg 
mass (Rahn et al. 1974). Therefore, the eggs 
of the Ostrich (Struthio carndus), which are 
the largest laid by any living species of bird, 
offer an important opportunity to test the 
validity of these assumptions and the accuracy 
of the prediction. In the present study we 
measured the rate of oxygen consumption of 
Ostrich eggs during incubation at 35°C and de- 
termined the water vapor conductance of the 
shell. This permitted us to calculate the air 
cell gas tensions. Additionally, we determined 
the values of a number of important physical 
parameters and the effect of moderate tem- 
perature changes on metabolic rate. 

METHODS 

EGGS, SHELL CONDUCTANCE (GH%“) AND 
EGG VOLUME 

Eggs were donated by the San Diego Wild Animal 
Park ( San Diego Zoological Society), Escondido, 
California. Two different groups of eggs were col- 
lected shortly after laying in May and June 1976, 
held at room temperature (about 22”C), and put into 
an incubator at 35°C within a week of collection. 
Shell conductances of eight eggs were measured prior 
to incubation by the method of Ar et al. ( 1974). 

* Due to typographic limitations, a lower case “m” with 
a dot, rather than a capital “M” with a dot, is used through- 
out this article. 

Egg volumes were determined prior to incubation 
from the difference between the weight of the egg in 
air and the weight when suspended in water. (Eggs 
were dried and reweighed after immersion in water, 
and there was no significant absorption of water.) 
This difference, which equals the weight of water 
displaced by the egg, was corrected to egg volume 
by dividing by the density of water. The same data 
permitted the calculation of egg density. 

TERMS AND SYMBOLS 

For the sake of uniformity, we use the terms and 
symbols of Rahn et al. ( 1974). These include “W” 
for fresh egg mass and “mo,” for the rate of oxygen 
consumption which, in our -report, has units of. cm3 
(STPD)/h. 

INCUBATION AND OXYGEN CONSUMPTION 

The data are from two groups of five eggs which 
were collected and put into the incubator about two 
weeks apart. In each group, two eggs were in- 
cubated for the entire incubation period at 35°C and 
three eggs were used for the experiments on the ef- 
fect of temperature on metabolic rate (“Qlo” experi- 
ments). Every morning we determined the rate of 
oxygen consumption of each egg at 35°C. The three 
eggs used in the Q,,, experiments were then transferred 
to an incubator at either 32.5”C or 37.5”C and al- 
lowed to come to thermal equilibrium. Egg surface 
temperatures were monitored with a thermocouple 
covered with a small piece of foam rubber and held 
against the shell with a rubber band. The egg was 
assumed to be in thermal equilibrium when the sur- 
face temperature stabilized. This normally required 
several hours. The rate of oxygen consumption at 
the experimental temperature was then determined, 
and the eggs were returned to the incubator at 35°C. 
The rate of oxygen consumption of the eggs main- 
tained at 35°C was determined a second time con- 
currently with that of the experimental eggs. 

At the end of incubation the oxygen consumption 
of the embryos was measured in an open system. 
Prior to that, a closed system was used. For the closed 
system measurements the respirometry chamber was 
a l-gallon (ca. 4.0 1) metal paint can fitted with a 
3-way valve. Before taking the initial air sample, 
the respirometry chamber with the egg inside was 
placed in a constant temperature cabinet, allowed to 
come to thermal equilibrium, and sealed. Before re- 
moving the initial air sample, I26 cm3 of warm air 
was injected into the can with a syringe and stirred 
by pumping air from the can in and out of the syringe. 
Then 100 cm” of air was removed with a syringe for 
the determination of initial oxygen concentration ( Fr ). 
Immediately after this sample had been removed, 
the valve was opened so that the extra 26 cm3 of air 
could escape and allow the air pressure in the can 
to equalize with the atmospheric pressure. The time 
interval between the initial and final air sampling 
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was adjusted to produce a decrease in oxygen con- 
centration of approximately 1%. This required more 
than 12 h at the beginning of incubation and less 
than 15 min at the end. The final oxygen concentra- 
tion (Fe) was also determined on 100 cm3 of air. 
This sample, however, was obtained without inject- 
ing any air into the can prior to its removal. This 
procedure resulted in a decrease in the air pressure 
in the can of about 3%. Fractional concentration of 
O2 in the air samples was measured with a Beckman 
E2 paramagnetic oxygen analyzer. The equation used 
to calculate rate of oxygen consumption (m0,) was: 

m”l=V.(Fr-FE)/t.(l-F.) (2) 

where the symbols have the following definitions: 

V = gas volume in respirometer chamber (at 
standard temperature and pressure, dry). 
(cm’) 

Fr = initial fractional oxygen concentration in a 
dry, CO, free gas sample from the respi- 
rometer. (unitless) 

FE = end fractional oxygen concentration in a 
dry, CO, free gas sample from the respirom- 
eter. (unitless) 

t = elapsed time between initial and end sam- 
pling. ( hours ) 

Water vapor and CO, were removed from the air 
samples prior to analysis by injecting the sample into 
the oxygen analyzer through a tube containing suc- 
cessively, silica gel, sodium asbestos anhydride (As- 
carite ), and silica gel. 

We did not measure initial concentrations of water 
vapor or CO* in the respirometer. V was calculated 
from the difference between chamber volume and egg 
volume, assuming that the gas in the chamber was 
50% saturated with water vapor and contained neg- 
ligible CO, at the start of each experiment. This as- 
sumption reduces the maximum magnitude of errors 
in moZ due to the initial concentration of water vapor 
to less than ~3.5% (Vleck 1978). 

The oxygen consumption of Ostrich embryos 
immediately before and during hatching was mea- 
sured in an open circuit system. The respirom- 
etry chamber was a 20-liter glass jar fitted with a 
l-cm thick plexiglass top. The air temperature in the 
respirometer chamber was monitored with a thermo- 
couple in the excurrent air stream. An air flow of 
2.0 1 ( STPD )/min through the chamber was main- 
tained‘by a Brooks mass fiow meter. Water and CO2 
were removed by passing the air through a tube con- 
taining Ascarite and silica gel before measuring ex- 
current oxygen content ( FE ) by a Beckman G2 para- 
magnetic oxygen analyzer. ‘Oxygen consumption was 
calculated bv eauation ( 2 ) of Hill ( 1972 ). 

Diffusion’across the s‘hell contributes to a time lag 
between actual and observed changes in metabolic 
rate. This means that the rate of oxygen consump- 
tion we measured reflected the rate of consumption 
by the embryo at an earlier time. When the eggs 
were in the open circuit system, we frequently ob- 
served that a sudden noise, change in light level in 
the respirometry chamber or movement of the egg 
would be followed by a measurable change in the 
rate of oxygen consumption. These changes occurred 
three to five minutes after the disturbance. We as- 
sume that the embryo’s responses to these disturbances 
included a change in metabolic rate, and that three to 
five minutes represents the time lag inherent in the 
open circuit system combined with the lag caused by 
the shell. Such a time lag would introduce no im- 
portant errors in our measurements. 

TEMPERATURE EFFECTS 

The change in the rate of a physiological process re- 
sulting from a change in temperature is most con- 
veniently discussed in terms of the Q10 of the process. 
The Q1” indicates the change in rate resulting from a 
10°C change in temperature. A Qlo of 2 is common 
in many physiological systems and indicates that the 
rate doubles with a 10°C increase in temperature. If 
there is no change in the rate, the Qlo is 1.0. Q10 was 
calculated from the equation: 

log Qlo = (log RL-log R~).~O/(T~-TI) (3) 

where T1 and T2 are the temperature (K) at which 
the corresponding rates of oxygen consumption (RI 
and Rz) were determined. Because the embryos were 
growing, the rates of oxygen consumption changed 
between the morning and afternoon measurements. 
Therefore, Ql,, was calculated from the difference be- 
tween: ( 1) the rate of oxygen consumption at an ex- 
perimental temperature (determined in the after- 
noon) and (2 ) a rate calculated for the same time by 
linear interpolation between the rates measured at 
35°C on the same and succeeding mornings. 

RESULTS 

OXYGEN CONSUMPTION 

Oxygen consumption at 35°C (Fig. 1) reached 
a peak on about the 41st day of incubation and 
then declined until just before pipping, on day 
45, when it again increased to nearly the same 
rate as on day 41 (Table 1). The total amount 
of oxygen consumed between day 8 (when the 
first measurements of oxygen consumption 
were made) and the prepipping increase, 
averaged 75.3 f 2.3 1. (As can be seen from 
Fig. 1, the amount consumed during the first 
nine days is insignificant.) In all individuals 
studied, the rates of oxygen consumption in- 
creased exponentially during the first 33 days 
of incubation. The equations describing the 
relation between the rate of oxygen consump- 
tion and incubation age (Dine) prior to day 34 
are similar for the individual eggs, and the 
equation for the pooled data is: 

log ho, = -0.752 + 0.088 *Dint (4) 

(r2 = 0.961; a total of 210 observations on 
eight different eggs) 

SHELL CONDUCTANCE AND AIR CELL 
OXYGEN TENSION 

The mean water vapor conductance (Gn,o) of 
our Ostrich eggs was 187.2 mg/daytorr (N = 
8; SD = 29.25; mean fresh mass = 1589 g). 
The following equations (Rahn et al. 1974, 
Paganelli et al. 1978) are used in calculating 
air cell oxygen tension (Pa,* in torr) from the 

rate of oxygen consumption (mo, in cm3/h) 
and the water vapor conductance of the shell 
( GHzO in mg/day . torr ) : 
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TABLE 1. Observed rates of oxygen consumption at 35°C and calculated partial pressures of oxygen in the 
air cell at different stages in incubation. 

Sta@ of 
incubation (cm$%D),h) SD 

Fresh weight APoz* pnoz** 

N (g) (torr) SD (ton) 

Peak 
(Day 41) 

“Pre-internal pipping” 
(Day 45) 

Immediately before 
pipping (Day 45) 

229 23.4 7 1446 27.2 5.1 120 

181.8 10.1 4 1449 21.6 6.1 125 

210.1 17.5 4 1409 24.9 8.2 122 

* APO, = 24 r&,/Goz; G,, = 1.08 GHzO = 202 cm3 0,/&v . tom. 
** PA”~ = 147 - APi,*. _ 

i 

Go, = 1.08 .Gn+ (5) 

APO, = 24 .x&,~,‘G,,~ (6) 

P% = PIE>, - APO, (7) 

where: Go, = 0, conductance of shell ( cm3/ 
day. torr ) 

APO, = 0, partial pressure gradient 
across the shell (torr) 

PI,I = “effective” ( Wangensteen and 

Rahn 1970) ambient Oa tension 
(average value during our ex- 
periment was 147 torr). 

The results of the calculations are presented in 
Table 1. 

THE EFFECT OF TEMPERATURE 
ON METABOLISM 

Qlo is significantly correlated with tempera- 
ture (T) and incubation age (DinJ: 

Q~~=17.235-0.017~Di~~-O.O49*T (8) 

(-3.45) (-3.51) 

(ra = 0.152; a total of 135 observations on 
seven different eggs) 

(The values in parentheses are the student’s t 
values for the slopes for the independent vari- 
ables.) This indicates that changes in tem- 
perature have less effect on the rate of oxy- 
gen consumption at higher temperatures and 
in older embryos. A decrease in Q10 as tem- 
perature increases is commonly observed in 
biological systems (Schmidt-Nielsen 1975: 
266). The decreased Q10 in older embryos 
might indicate the development of thermo- 
regulatory abilities, but the low correlation 
coefficient (0.152) suggests that caution should 
be used in attributing biological significance 
to these results. 

INCUBATION PERIOD 

The incubation temperature (35°C ) used in 
this study was the maximum temperature mea- 
sured in the center of a water-filled Ostrich 
egg being incubated by an adult Ostrich (un- 
publ. data); this value is close to those of 
34-36°C reported by Siegfried and Frost 
(1974). The average incubation period we 
noted was 47 days, which is slightly longer 
than the values of 40-44 days reported from 
field studies (Sauer and Sauer 1966, and 
Leuthold 1970). In view of the wide scatter 
reported from field studies and the artificial 
incubation conditions in our study, it is dif- 
ficult to interpret the meaning of this differ- 
ence. Consequently, in subsequent calcula- 
tions we will use the incubation period 
observed under natural conditions (42 days). 

The sequence of events varied considerably 
in the four spontaneous hatchings which were 

I 9 17 25 33 41 49 

INCUBATION TIME (DAYS) 

FIGURE 1. The rate of oxygen consumption versus 
days of incubation for the Ostrich. The lines connect 
rates measured in the same egg at 35°C (the data 
from the Q10 experiments are not included). For 
clarity, no data on the increase in oxygen consump- 
tion associated with hatching have been included in 
the figure. 
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TABLE 2. Summary of chronology of hatching in four spontaneous hatchings. 

First increase 

in oxygen Elapsed time: 

consumption Pipped first increase Hatched 

Egg # Day Time Day Time mo2 to pip Day Time 

41 45 15:30 45 17:oo 1.5 h 47 14:oo 

28 * * 45 19:oo * 46 lo:40 

34 * * 46 0O:OO * 46 18:00 

43 45 17:oo 47 07:oo 38 h 47 15:oo 

* Indicates no observation because eggs were not in open-flow system 

Elapsed time: 

pip to hatch 

45 

15.7 

18 

8 

observed (Table 2). In the two which were 
monitored continuously in the open flow sys- 
tem (#41 and #43) the rate of oxygen con- 
sumption began to rise during the afternoon 
of the 45th day of incubation and rose steadily 
in about 1W hours to approximately the same 
rate as the peak value reached on day 41. In 
one case, it remained constant at this level for 
about 20 min, and the egg was pipped. In the 
other case, pipping was delayed 38 h, during 
which time the rate of oxygen consumption 
increased slowly to a rate about 20 cm3/h 
higher than the level reached on day 41. 

PHYSICAL PARAMETERS 

The values of several physical parameters of 
Ostrich eggs are presented in Table 3. The 
densities ( gm/cm3) of four eggs determined 
within four days of laying were: 1.154, 1.153, 
1.156, and 1.157. Since all of these eggs must 

TABLE 3. Physical values for Ostrich eggs. 

Units N 

WHOLE EGG 

Mass 
Volume 

(9) $ 
(cm3) 

Density ( g/cm3 ) 4 
Elongatio+ unitless 18 
Surface area (cm”) 
Water content ( % ) 5 

EGG SHELL 

Mass (g) 9 
Volume (cm3) 10 
Density ( g/cm3 ) 
% Total mass ( % ) : 

EGG CONTENTS 

Density ( g/cm” ) 9 

SD j: 

- 1517” 
134 1308 
- l.lBb 

0.06 1.25 

0.s 
584” 

63 

31.86 279 
14.6 llgd 
0.08 2.36 

1.1 18 

0.0086 1.04” 

a Calculated from volume density. 
b Average of four freshly collected eggs (see text). 
c Predicted from elongation and volume with equations 14 

and 15 of Hoyt 1976. 
d Whole egg volume-internal volume. 
c (Whole egg mass - shell mass) /internal volume. 
f Twenty eggs used for the determination of volume were 

borrowed from Lion Country Safari, Orange Co., California. 
P Elongation = length/breadth. 

have lost some water before the determination 
of density, a reasonable estimate of the den- 
sity at laying is 1.16. The volume of an egg 
can be predicted (Stonehouse 1963) from the 
value L-B2 (where L = length and B = maxi- 
mum breadth). The relationship between 
volume (in cm3) and L.B2 (each in cm) for 
Ostrich eggs is: 

Volume = 29 + 0.5105*L*B2 

(? = 0.985; N = 18) 

(9) 

DISCUSSION 

The relation between metabolic rate and in- 
cubation age (days incubated) has been 
studied in the eggs of the chicken (Romijn and 
Roos 1938, Romijn and Lokhorst 1951, 1960, 
Barott 1937, Wangensteen and Rahn 1970), 
domestic duck, (Anas sp.; Khaskin 1961), 
House Wren (Troglodytes aedon; Kendeigh 
1940), and the Herring Gull (Lams argenta- 
tus; Drent 1970). In the eggs of the chicken 
and the duck, the rate of oxygen consumption 
increases nearly exponentially during the first 
80% of the incubation period and remains rel- 
atively constant during the remaining “plateau 
phase” (Rahn et al. 1974). The plateau phase 
ends with an increase in rate which lasts for 
several hours, and, finally, the egg is pipped. 
In chicken eggs, the rise at the end of the 
plateau phase occurs when the embryo pene- 
trates the air cell (Visschedijk 1968a). Viss- 
chedijk (pers. comm.) refers to this as “in- 
ternal pipping.” 

The rate of oxygen consumption by the 
Ostrich egg also increases nearly exponentially 
during the first part of incubation (equation 
4). However, this “exponential” phase is fol- 
lowed by a decline of about 25% during the 
following six days. Finally, the rate of oxygen 
consumption increases just before pipping. 
This rise may coincide with “internal pipping” 
and the beginning of the transition from 
chorio-allantoic to pulmonary respiration, 
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This pattern of oxygen consumption is more 
complex than that reported in the chicken and 
duck, and its discussion requires additional 
terminology. The term “plateau” is not strict- 
ly applicable because the rate of oxygen con- 
sumption is not constant. We refer to the max- 
imum rate of oxygen consumption (observed 
on day 41 in our Ostrich eggs) as the “peak 
rate” and the rate observed immediately prior 
to the rise associated with pipping as the “pre- 
internal pipping rate” (“pre-1P rate”). It is 
interesting to note that the rate of oxygen con- 
sumption of the chicken embryo decreases 
slightly during the last 20% of the incubation 
period (Wangensteen and Rahn 1970, Barott 
1937: Table 2 at 99”F, Romijn and Roos 
1938, Romijn and Lokhorst 1951, Visschedijk 
1968a) which has been commented upon only 
once (Visschedijk 1968a). The rate of CO2 
production by the Herring Gull embryo also 
declines slightly ( Drent 1970). However, in 
these smaller species the peak is not much 
higher than the pre-IP rate, giving the appear- 
ance of a “plateau” near the end of incubation. 
Rahn et al. (1974) reported “plateau” meta- 
bolic rates, determined shortly before initia- 
tion of pulmonary respiration. This value is 
comparable to the pre-IP rates we reported, 
but the latter term is preferable because a true 
plateau is absent, in some eggs. 

Rhea (Rhea americana; Vleck et al., unpubl. 
data) yields the following relation between 
the “pre-internal pipping” rate of oxygen con- 
sumption ( cm3/day) and fresh egg mass (W, 
ing): 

mo> = 25.2. w0.r30 (IO) 

(r”=0.968; N=18) 

This is similar to the relationship reported by 
Rahn et al. ( 1974). 

If the data on oxygen consumption are con- 
verted to heat production (assuming 4.74 
Kcal/L 0,) and the masses are expressed in 
kilograms, the following relationship is ob- 
tained: 

MR = 18.5 m W”.730 (11) 
Where MR equals heat production (Kcal/ 
day). The coefficient (18.5) in this equation 
differs from that in the equation relating basal 
heat production to body mass for adult pas- 
serine birds: 

MR xx 129. ~0.724 (12) 

and adult non-passerine birds: 

MR = 78.3 .Wo.T23 (13) 

The cause of the decline in the rate of oxy- 
gen consumption in the Ostrich eggs is still 
unknown. The fact that chicken and Herring 
Gull embryos exhibit a slight decline suggests 
that the phenomenon may not be unique to 
Ostriches. We assume that avian embryos, 
like other vertebrates, require oxygen for 
muscular activity, growth, and basal metab- 
olism. We also assume that the basal com- 
ponent would not decline unless the body mass 
of the embryo decreased, and that such a de- 
crease is unlikely. We therefore suggest that 
the observed decline in the rate of oxygen 
consumption is due to a decrease in the rate of 
growth of the embryo. Such a decrease has 
been noted at the end of incubation in the eggs 
of the domestic goose (Romanoff 1967). The 
decrease in the rate of oxygen consumption 
might be due to a decrease in the amount of 
muscular activity but available data do not 
support this hypothesis (Hamburger and Op- 
penheim 1967). 

(both equations from Lasiewski and Dawson 
1967). This is partly because fresh egg mass 
considerably over-estimates the mass of the 
metabolically active tissue. If it is assumed 
that the yolk-free hatchling mass equals 57% 
of fresh egg mass (Vleck et al., unpubl. data), 
the regression of heat production on yolk-free 
hatchling mass has a coefficient of 27.9. This 
means that the line relating embryonic metab- 
olism to body mass is parallel to, but consider- 
ably below, the lines relating basal metabolism 
to body mass of adult birds. The reasons for 
this are yet unknown. 

AIR CELL OXYGEN TENSION 

ALLOMETRY OF METABOLIC RATE 

Visschedijk (196813) suggested that the partial 
pressures of 02 and COa in the air cell just 
prior to pipping provide the embryo with a 
pipping stimulus. Rahn et al. (1974) suggested 
that the partial pressures providing this stimu- 
lus are the same in all species, with Po, = 104 
torr (SD = 5.33) and Pco? = 37 torr. The par- 
tial pressure of the oxygen in the air cell of the 
Ostrich egg during this phase is about 125 torr 
(Table 1). 

The pre-IP value for the Ostrich, in combina- 
tion with the data on the 16 species summa- 
rized by Rahn et al. (1974) and the value 
(104 cm3/h; W = 611 g) for the Greater 

Air cell oxygen tension may be an allometric 
function of fresh egg mass. We suggest this 
because shell conductance is proportional to 
the 0.81 power of fresh egg mass (Ar and 
Rahn 1978) and metabolic rate is proportion- 
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TABLE 4. Observed and predicted values of incubation period, shell conductance and the rate of oxygen 
consumption for Ostrich eggs. The two values have been predicted from weight alone (W) and from weight 
and incubation period combined (W/I). 

Predicted 

Parameter Units Observed W Equations used to predict 

I days 
GA20 mg/day . torr 
moz cm3/h 

42” 58 
187.2b 126 
181.Sb 255’ 

197f 
384g 

I = 12 03. WO,“’ c 
G = 0.432 .W”,78 d 
G = 5.2*W/Ic 
m = 22.2 .Wo.“z e 

rig = 267*W/I e 

aFrom Sauer and Sauer 1966. 

b From present study. 

c From Rahn and Ar 1974. 

d From Ar et al. 1974. 

e From Rahn et al. 1974. The values predicted by these equations have been divided by 24 h. 

f Predicted using W = 1589 (mean mass of eggs used for determination of G=,,). 

g Predicted using W = 1450 (mean mass of eggs used for determination of I$,~). 

al to the 0.73 power of fresh egg mass (equa- 
tion 10). The gradient in partial pressure of 
oxygen (equation 6) should, therefore, be pro- 
portional to the -6.08 power of fresh egg mass. 
Unless oxygen tension in the nest (Pro,) is 

also a function of fresh egg mass, oxygen ten- 
sion in the air cell (equation 7) should in- 
crease with fresh egg mass. The high oxygen 
tension in the air cell which we calculate for 
the Ostrich egg is consistent with this predic- 
tion. 

THE RELATION BETWEEN INCUBATION 
PERIOD, SHELL CONDUCTANCE AND 
“PRE-1P” RATE OF OXYGEN CONSUMPTION 

Rahn and Ar (1974) suggested that, in differ- 
ent species of birds with eggs of the same 
mass, the shell conductance is inversely re- 
lated to the length of the incubation period. 
Eggs with different incubation periods would, 
therefore, experience the same fractional 
weight loss. The incubation period of Ostrich 
eggs is 28% shorter than predicted for an egg 
of its mass (Table 4). The shell conductance 
of the Ostrich egg is higher than predicted 
from mass alone but is close to the value pre- 
dicted from mass and incubation period 
(Table 4). This supports the suggestion 
(Rahn and Ar 1974) that shell conductance 
is adapted to the length of the incubation 
period. 

Rahn et al. (1974) suggested that the rate 
of oxygen consumption during the “plateau” 
(= pre-IP) phase is also inversely related to 
the length of the incubation period and can 
best be predicted from the equation: 

mc, = 267 * W/I (14) 

However, the pre-IP rate of oxygen consump- 
tion by Ostrich eggs is less than half the rate 

predicted by equation (14) and is much 
closer to the rate predicted from mass alone 
(Table 4). It is not clear whether this is due 
to some peculiarity of Ostrich eggs or to an 
erroneous assumption in the development of 
equation ( 14). 

SUMMARY 

The relation between metabolic rate and in- 
cubation age in the Ostrich is different from 
that reported previously for the chicken, duck, 
and Herring Gull. In the eggs of the Ostrich 
a peak rate occurs six days before pipping and 
is followed by a decline of about 25%. We 
suggest that this decline may be caused by a 
decrease in growth rate. 

The allometric relationship between the 
metabolic rate shortly before pipping and 
fresh egg mass for several species of avian 
eggs is parallel to, but significantly below, the 
line relating basal metabolism to body mass 
in adult birds. Therefore, just before hatch- 
ing, an avian embryo has a metabolic rate 
approximately one-third that of an adult bird 
of equal body mass. 

The oxygen tension in the air cell shortly 
before pipping in the Ostrich egg is consider- 
ably higher than the mean value reported for 
other species. We suggest there may be an al- 
lometric relationship between air cell gas ten- 
sions and fresh egg mass. 

The shell conductance of the Ostrich egg 
is adapted to its relatively short incubation 
period, but the rate of oxygen consumption 
before internal pipping is not. 
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