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ABSTRACT.—The parameters of respiratory gas exchange and growth in
White Tern (Gygis alba) eggs were examined during natural incubation. The
O, consumption of eggs (MOZ) reached a plateau on day 32 of the 35.5-day
incubation period resulting in an average Mo, of 159 ml O, STPD-day!
immediately prior to external pipping, and air cell gas tensions of 100 torr for
0, and 49 torr for CO,. MO, increased rapidly during the 5.2-day pip (star
fracture)-to-hatch interval, achieving an O, uptake of 470 ml O, STPD-day™*
in hatchling chicks. The level of pre-pipping MO, appears to be adaptive to
prolonged incubation and is related to the extent to which the incubation
period deviates from the expected value based on initial egg mass. The mean
pre-external pipping daily water loss (MH,0) was 78.7 mg-day~! but increased
to 275 mg-day ™! in externally pipped eggs, yielding a 17.5% total fractional
mass loss over the entire incubation period. The pre-pipping cost of pro-
longed semi-precocial development, calculated by indirect calorimetry, was
2.71 k] per gram yolk-free embryonic tissue. The total energy expenditure for

embryonic development was 3.32 k] per gram of hatchling tissue.

The White Tern (Gygis alba) is one of only
two terns with prolonged incubation (Whit-
tow 1980). It has the longest incubation
time in relation to its egg mass of any tern
(Rahn et al. 1976, Whittow 1980). Available
data on the incubation physiology of the
White Tern suggest that it is subject to the
same constraints as are other seabirds with
prolonged incubation (Rahn et al. 1976,
Whittow 1980). In addition, the eggs are
adapted for prolonged incubation through
curtailment of daily water loss from the egg;
this is related to the relatively low water-
vapor conductance of the shell and a low
egg temperature (Rahn et al. 1976, Howell
1978). In procellariiform seabirds, pro-
longed incubation is associated also with
slow embryonic growth and an increased
energy cost of incubation (Ackerman et al.
1980, Whittow 1980, Pettit et al. 1981a, b).
However, the degree of development at
hatching is greater in the White Tern (semi-
precocial) than in the Procellariiformes,
which are considered to be semi-altricial
(Nice 1962). The White Tern and procellar-
iiforms may therefore differ in the oxygen
and energy cost of incubation. The present
study was undertaken in order to provide
information on the growth, embryonic oxy-
gen consumption, and the energetics of in-

cubation in the White Tern. An important
part of our study was to document the
events occurring between pipping and
hatching, signalling the transition from dif-
fusive gas transport across the pores of the
shell to the convective gas transport of the
lungs.

METHODS

The study was conducted from January to March 1980
on Sand Island, Midway Atoll (28°13'N, 177°23'W) in
the northwestern Hawaiian Islands. Additional data
were obtained during 1981. In late January and early
February, possible nest sites in attendance by “pros-
pecting” pairs of White Terns were checked daily for
the appearance of eggs. Eggs from nest sites on tree
limbs (Casuarina) and man-made structures such as
window sills and roof tops were marked with the date
of laying and nest number. No eggs were deserted as
a result of egg-handling and the incubating adult
quickly returned to the egg after it was replaced. In
some cases, the eggs were removed briefly for mea-
surements in the laboratory, and a chicken’s (Gallus
gallus) egg suitably marked as a White Tern egg was
exchanged for it at the nest, to prevent desertion. Al-
though the chicken’s egg was much larger, it was readi-
ly accepted and incubated during the brief exchange
period. Beginning on day 12 of incubation, oxygen up-
take was measured with a modified Scholander respi-
rometer (Ackerman et al. 1980) at a constant tempera-
ture of 35°C. Oxygen consumption of hatchling tern
chicks was also determined using the Scholander res-
pirometer. Beginning on day 27 of incubation, air cell
gas tensions were analyzed with a 0.5 cm® Scholander
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FIGURE 1. The relationship between egg oxygen

consumption (M0,) and incubation time in the White
Tern; 34 measurements on 17 eggs. The mean hatch-
ling O, consumption (=SD) of 14 chicks is presented
according to symbols given in the key.

micro-gas analyzer (Wangensteen and Rahn 1970/71),
and air cells were filled with distilled water and
weighed to approximate the initial egg weight (Grant
et al., unpubl. data). The eggs were then dissected
carefully to separate the embryo from the yolk and both
were weighed to .01 g. Shell thickness, length and
breadth of the egg, volume and density were measured
(Morgan et al. 1978). Five fresh eggs were collected
for determination of the relative yolk content; the eggs
were boiled and the yolk:albumen ratio determined
from the weights of the solidified yolk and albumen.

In order to determine daily water loss (MH,0), eggs
were weighed periodically throughout incubation us-
ing a torsion balance. Ambient water vapor pressure
surrounding the egg was measured with White Tern
eggshell hygrometers (Rahn et al. 1977). The hygrom-
eters were weighed to 0.01 g after a two-day period of
continuous incubation. Temperatures of six eggs were
obtained by inserting a thermocouple directly into the
center of the egg, immediately after removal from un-
der an incubating bird and reading directly from a
Kane-May Ltd. Dependatherm recording device. Ad-
ditional temperatures of two embryos were obtained
by passing the thermocouple wire through a pip-hole
in the shell and placing it against the thoracic region
of the embryo.

RESULTS
PIPPING AND HATCHING

The exact sequence of events between pip-
ping and hatching, and the embryonic age
at penetration of the air cell must be known
in order to evaluate levels of oxygen con-
sumption immediately before pipping (pre-
pip M0,). We sought evidence of pipping
activity daily in 16 eggs by examining the
shell for small pip-cracks or star fractures,
and then by listening for respiratory or
“peeping” sounds by placing the egg next
to the ear. Furthermore, the eggs were can-
dled and weighed and the air cell border
was outlined in pencil as a reference mark
for further observations. Two eggs were in-
ternally pipped (penetration of the air cell)

one day prior to external pipping (fracture
of the shell), but 14 eggs were externally
pipped (star fractured) prior to internal pip-
ping. During internal pipping, “peeping”
sounds and breathing were easily heard.
The formation of a pip-hole in the shell oc-
curred in nine eggs at one to two days prior
to hatching. The mean external pip (star
fracture)-to-hatch interval was 5.2 days =+
0.8 (SD), range 3 to 7 days (n = 16). The
mean incubation period for 18 eggs was 35.5
days = 1.4 (SD).

OXYGEN CONSUMPTION OF THE EMBRYO (Mo,)

Mo, increased throughout the greater part
of incubation, and reached a plateau on day
32 (Fig. 1). A logistic curve (Ricklefs 1967)
was fitted to the data for 26 unpipped eggs
up to day 32: MO, = 160/1 + e~0-284t-23.3) y —
0.975, where Mo, is the egg oxygen con-
sumption (ml O, STPD-day™!), the numer-
ator is the asymptote of the curve, ¢ is the
base of the natural logarithms, ¢ is time of
incubation (days), and r is the correlation
coefficient. Pre-external pipping Mo, was
calculated by averaging the data for seven
unpipped eggs aged 32 to 34 days and was
159.4 ml O, STPD-day! + 13.0 (SD). Ex-
ternal pipping (shell fracture) occurred at a
mean wet, yolk-free embryonic mass of 11.0
g = 1.0 (SD), n = 5, and with a mean yolk
reserve of 5.4 g + 0.7 (SD). The oxygen up-
take of 14 hatchlings with an average weight
of 16.1 g = 1.6 (SD) was 470 ml O, STPD-
day™! + 60 (SD).

AIR CELL GAS TENSIONS

The air cell gas tensions measured concur-
rently with pre-external pip Mo, (day 32—
34) were 100.3 torr + 7.4 (SD) for oxygen
and 48.5 torr + 4.6 (SD) for carbon dioxide.
Air cell analysis began on day 27 of incu-
bation at an embryonic mass of about 8 g.
At this stage of development, a sample of
about 2.5 cm® was obtained, sufficient for gas
analysis; the mean air cell gas tensions were
99.7 torr = 9.6 (SD), n = 10 for O,, and 49.2
torr = 6.8 (SD), n = 10 for CO, suggesting
a long plateau stage of similar gas tensions
from day 27 to 34 (Fig. 2).

Two eggs which were pipped externally
(shell fractured), just below the border be-
tween the air cell and the embryonic com-
partment, were analyzed for air cell gas ten-
sions. The air cell was intact in both eggs as
the embryo had not yet penetrated it to be-
gin lung inflation. The O, and CO, tensions
of these two eggs averaged 117.3 torr and
41.4 torr, respectively, suggesting increased
diffusion of gases due to the cracked shell.
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FIGURE 2. The air cell Po, and Pco, of White Tern
eggs in relation to wet, yolk-free embryonic mass. As-
terisks denote air cell gas tensions of two eggs that
were shell-fractured prior to internal pipping. White
and black dots denote Pco, and Po,, respectively, of

unpipped eggs.

The respiratory quotient, R.Q., of the egg
was calculated by the formula: R.Q. = 0.78
PAco,/APO, where 0.78 is the ratio of the dif-
fusion coefficient of CO, to that of O, in air
and AP0, is the partial pressure difference
of O, between the ambient environment
and the air cell (Wangensteen and Rahn
1970/71). The R.Q. for eggs aged 27 to 34
days had a mean value of 0.74 = 0.4 (SD).

The oxygen conductance of the shell
(GO,, ml O, STPD-day*-torr™!), defined as
Mo0,/APO,, where AP0, = P1,, — PA,, or the
difference between the O, partial pressure
of fresh air (P1,,) and the O, tension in the
air cell Pay, (Rahn et al. 1974), was 2.99 ml
0O, STPD-day ! torr ! = 0.46 (SD), n = 15.

GROWTH OF THE EMBRYO

A logistic growth curve (Ricklefs 1967) was
fitted to the growth data for 40 embryos of
known age (Fig. 3). The logistic equation is
M, = 14.1/1 + e~ 0186-2530 + = () 966, where
M, is the embryonic mass at time, t; e is the
base of the natural logarithms; the numer-
ator is the asymptote of the curve (yolk-free
hatchling mass); r is the correlation coeffi-
cient. The mean yolk reserve at external
pipping (5.41 g) was 49% of the yolk-free
embryo mass (11.0 g), n = 5. The mean
yolk-free hatchling mass in 6 eggs was 14.1
g + 1.5 (SD) and the mean yolk reserve of
hatchlings was 1.01 g + 0.6 (SD). The mean
total hatchling mass was 15.5 ¢ = 1.5 (SD),
n = 18, or 66.5% of the mean initial egg
mass.

The relative yolk content or percent of
egg contents was 38.0% = 2.0 (SD) and the
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FIGURE 3. The relationship between wet, yolk-free
embryonic mass and natural incubation of White
Terns. The curve superimposed on the data was de-
rived from the logistic equation presented in the text.

yolk-albumen ratio was 0.61 = 0.05 (SD),
n=>5,

EGG WATER LOSS, NEST HUMIDITY
AND EGG TEMPERATURE

Physical dimensions of the egg and shell are
compared with values obtained by Rahn et
al. (1976) (Table 1). Mean daily mass loss,
MH,0, measured over a 14-day interval was
78.7 mg-day!, and would result in a 10.2%
loss over the pre-pipping incubation period.
However, the daily water loss from eggs
that were externally pipped was consider-
ably greater than in the unpipped egg (Ta-
ble 1). Multiplying the average duration of
the pipped (external) — hatched interval
(5.2 days) by the daily water loss of pipped
eggs (327.0 mg-day™), yielded a value of
1.700 g or 42% of the total water loss from
the egg during incubation. The total frac-
tional water loss over the entire incubation
period was 17.5%. “Nest” vapor pressures,
measured by egg hygrometry, averaged 14.6
torr = 3.5 (SD), n = 9.

The mean brood patch temperature re-
corded over a 20-min period by a thermo-
couple placed on the upper surface of a rig-
idly-held styrofoam egg was 36.7°C + 0.1
(SD) at an ambient temperature of 20°C.
The mean proventricular body temperature
in two adult birds was 39.5°C. The mean
egg temperature of six incubated eggs mea-
sured by quickly inserting a thermocouple
into the center of the egg, was 35.3°C = 0.8
(SD). The age of these eggs ranged from 1
to 23 days. The embryo temperatures ob-
tained from an egg with a pip-hole in the
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TABLE 1. Physical dimensions and water loss in the White Tern egg. Mean values = SD. The figures in

parentheses are the number of measurements.

This study Rahn et al. (1976)
Egg wt. (g) 23.3 + 1.6 214+ 12
(18) (14)
Density (g cm™?) 1.053 = 0.004 1.053
(18) (14)
Egg Volume (cm®) 22.13 + 1.6 20.3 = 1.2
(18) (14)
Length (cm) 418 £ 0.11 407 = 0.10
(23) (14)
Breadth (cm) 3.15 = 0.10 3.11 = 0.06
(23) (14)
Shell wt. (g) 1.20 + 0.08 1.13 + 0.07
(16) (14)
Shell Thickness (mm) 0.177 + 0.7 0.17 £ 0.01
7) (14)
GH,0 (mg-day-torr ) 2.48 + 0.76 3.47 + 0.68
-(12) (14)
Mx,0 (mg-day™)
unpipped eggs 78.7 + 15.6 74.0
(19) (6)
externally pipped (shell fracture) 327.0 + 49.3 —
(7
F, pre-pipping water loss constant 0.102 —
F, total incubation water loss constant 0.175 0.12
PH,0 in egg (torr) 43 43
PH,0 in nest (torr) 14.6 = 3.5 22
(9; measured) (calculated)
APH,0 26.8 21
PH in nest (%) — 51
Egg temperature (°C) 35.3 £'0.8 354

(6)

eggshell were 35.1°C on day 35 and 36.1°
on day 36.

DISCUSSION

OXYGEN CONSUMPTION OF THE

EMBRYO AND HATCHLING

Hoyt and Rahn (1980) have shown for 28
species of birds that the pre-internal pip-
ping (prelP) metabolic rate is a function of
both egg mass and incubation period. Their
equation, M0, = 139 W%8/1°65  predicts a
prelP Mo, of 198 ml O, STPD-day™* for a
23.3-g egg and 35.5-day incubation period.
Their analysis was based on species in
which internal pipping presumably pre-
cedes external pipping. In the White Tern,
however, external pipping is the initial
event in the pipping process and the pre-
external Mo, (159 ml O,-day™?) is the basis
for comparison with other species. This
comparison results in an embryonic O, up-
take that is 80% of the predicted value. This
prediction is better than one based on egg
mass alone: Mo, = 25.2 W™ (Hoyt et al.
1978) which predicts that pre-pip Mo, will

equal 251 ml'O, STPD -day~! or 157% of our
observed value.

The equations of both Hoyt and Rahn
(1980) and Hoyt et al. (1978) were derived
for birds that do not have incubation periods
in excess of predictions based on egg mass.
However, procellariiform birds, and the
White Tern, are seabirds with prolonged in-
cubation (Whittow 1980). Evidence has
been presented elsewhere (Pettit et al.
1981a, b) that the level of pre-external
pipping M0, among Procellariiformes is
adaptive to prolonged incubation: the more
prolonged the incubation, the lower the pre-
pipping M0O,. The data presented here sug-
gest that the White Tern also conforms to
this pattern.

The rate of oxygen uptake must increase
rapidly during the hatching process. Pre-ex-
ternal pipping Mo, is 35% of the hatchling
rate of O, uptake predicted fora 15.5 g chick
(Vo, = 62 W*; Ackerman et al. 1980). This
relative percentage is close to the relation-
ship obtained in 39-g Bonin Petrel (Ptero-
droma hypoleuca) eggs (33%; Pettit et al.



1981b). Our measured rate of O, uptake in
14 hatchling White Terns (470 ml O,
STPD-day') was 100% of the rate predict-
ed by Ackerman et al. (1980) for a 16.1-g
chick. During the hatching process the
mass-specific metabolism increases by
200%. The plateau mass-specific rate, im-
mediately prior to external pipping, may be
calculated by dividing the embryonic mass
at pipping into the pre-pip Mo,. This value
was 14.5 ml O,-g'-day™!, while the ob-
served hatchling mass-specific rate was 29.2
ml O,-g '-day . In other words, the pre-
pipping specific oxygen uptake is 50% of
the observed hatchling mass-specific me-
tabolism.

TOTAL OXYGEN CONSUMED AND
ENERGETIC CONSIDERATIONS

The total amount of oxygen consumed
throughout incubation was determined by
measuring the area under the curve in Fig-
ure 1. These data are presented in Table 2
along with the energy equivalents (1 1 O,
equals 20.08 kJ). The total amount of O,
consumed was 2.57 1 O, STPD or 51.6 kJ of
energy. Approximately 110 ml O, per gram
of egg is consumed during incubation,
which is slightly higher than the average
value of 102 ml O, -g! egg reported by Hoyt
and Rahn (1980) for many avian eggs, but
lower than the values for small procellari-
iforms (Pettit et al. 1981b). The White
Tern’s incubation period is 152% of the
predicted incubation period based on egg
mass (Ar and Rahn 1978) and it may use less
total energy for development than does the
Bonin Petrel and Wedge-tailed Shearwater
(Puffinus pacificus; Ackerman et al. 1980).
The incubation periods of the petrel and
shearwater are 185% and 181%, respective-
ly, of predicted. The oxygen consumed dur-
ing the pip-to-hatch interval was 42% (1,075
ml/2,565 ml x 100) of the total oxygen con-
sumed during incubation, a proportion sim-
ilar to that obtained in Procellariiformes
(Pettit et al. 1981a, b).

A useful calculation for comparison with
other species is the amount of energy re-
quired to synthesize one gram of tissue. By
dividing the amount of oxygen consumed
prior to external pipping (1,490 ml O,) by
the wet, yolk-free mass at pipping (11.0 g),
one obtains 135 ml O,-g ! tissue or 2.71
k] -g! tissue. This value is greater than the
energetic requirements in the Herring Gull
(Larus argentatus) of 2.30 kJ-g! (Drent
1970). In procellariiform birds, the energy
cost of pre-pipping development increases
from 2.12 kJ-g! for the Black-footed Alba-

GAS EXCHANGE IN TERN EGGS 359

TABLE 2. Energetic cost of embryonic development
in the White Tern.

10, KJ
Cost pre-pipping incubation 1.49 29.92
(per g embryonic tissue) 0.135 2.71
Cost total incubation 2.57 51.61
(per g hatchling tissue) 0.166 3.33
Cost of hatching 1.08 21.69
(pipping-hatching)
Total incubation cost 0.110 2.22

(per g fresh egg mass)

tross (Diomedea nigripes) to 2.58 kJ-g~! for
the Bonin Petrel. The energy cost of devel-
opment increases as the incubation period
becomes relatively longer than predicted on
the basis of egg mass. In addition the high
cost of embryonic development in the
White Tern may be related to its semi-pre-
cocial status at hatching.

AIR CELL GAS TENSIONS

Constant oxygen and carbon dioxide gas
tensions in the air cell over a relatively long
period prior to pipping conform with a rel-
atively constant M0, and a slow rate of
growth. However, the plateau in air cell gas
tensions precedes that in Mo,, suggesting
that low levels of embryonic blood oxygen
and high levels of carbon dioxide may pre-
vail at this time. The pre-pipping metabolic
rate may reflect primarily that O, consumed
for maintenance of the embryo and matu-
ration of specialized tissues. The partial
pressures of air cell gases measured at this
stage are similar to those measured for other
birds, including eggs with long incubation
periods (Rahn et al. 1974, Hoyt et al. 1979,
Ackerman et al. 1980, Pettit et al. 1981a, b).
The values obtained for the White Tern are
particularly significant as they have been
measured directly from the smallest egg
with a prolonged incubation period that has
been studied to date. Embryonic respiration
in small eggs with prolonged incubation ap-
pears to be constrained by the same limiting
gas tensions that ensure embryonic devel-
opment and acid-base balance in many avi-
an eggs. These data provide additional evi-
dence that air cell oxygen tensions are not
lower in small eggs, as suggested by Vleck
et al. (1979).

GROWTH OF THE EMBRYO

The growth constant (k factor; Ricklefs
1967) of a White Tern embryo is 0.186,
which may be compared with the logistic k
factors for other species with prolonged in-
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cubation. Thus, the k factor is 0.170 in the
shearwater (Ackerman et al. 1980), and
0.148 in the Bonin Petrel (Pettit et al.
1981b). This comparison indicates that the
tern embryo grows slightly faster than pro-
cellariiform embryos. The factor tyo_g,
which represents the amount of time re-
quired to grow from 10% to 90% of the
asymptotic weight, is 23.7 days in the tern,
25.9 days in the shearwater, and 29.7 days
in the petrel (Pettit et al. 1981b). The max-
imal amount of absolute growth (g-day™?) is
0.66 g in the tern egg and occurs at the 76th
percentile of incubation or day 27. The max-
imal rate of absolute embryonic growth may
occur earlier in incubation with decreasing
egg mass among species with prolonged in-
cubation. Among Procellariiformes the max-
imal rate of absolute growth ranges from the
70th percentile in the Bonin Petrel to the
75th percentile in the albatross (Pettit et al.
1981a, b).

EGG WATER LOSS

Daily water loss of the White Tern egg is
approximately one-half of that predicted
from egg mass alone (MH,0 = 0.015 W™,
Drent 1970) while the incubation period of
35.5 days is 152% of that predicted (I =
11.64 W21 Ay and Rahn 1978). The ob-
served fractional water loss of 10.2% prior
to external pipping and 17.5% over the en-
tire duration of incubation is similar to the
15% reported for other species (Rahn and
Ar 1974, Drent 1975, Ar and Rahn 1980) and
is achieved by decreasing eggshell water
vapor conductance to 50% of that predicted
(GH,0 = 0.384 W84 Ar and Rahn 1978)
and by decreasing incubation temperature
to values lower than those of many other
species (Drent 1975).

The measurements related to the water
loss from the egg, obtained in the present
study, necessitate some qualification of con-
clusions made in a previous report (Rahn et
al. 1976). In view of the considerable
amount of water lost during the long inter-
val between external pipping and hatching,
it is not valid to multiply the pre-pipping
daily rate of water loss by the entire incu-
bation period. This was done previously, to
arrive at the value for the fractional weight
loss (F) of the egg during incubation (Rahn
et al. 1976). After the outer shell membrane
and eggshell are pipped, the increased
water loss during the pip-to-hatch interval
should be measured and combined with the
pre-pipping water loss to derive the total
amount of water lost over the entire incu-
bation period. This amount, divided by the

initial egg weight, results in a value for F in
the White Tern egg which is considerably
higher than the value presented previously
(Table 1). A similar situation obtains in the
Bonin Petrel and the Wedge-tailed Shear-
water, which also have a long interval be-
tween external pipping and hatching (Whit-
tow 1980, Grant et al. 1981).

In summary, the physiology of embryonic
respiration in the White Tern shares many
adaptive features for prolonged incubation
with Procellariiformes. Thus, the low egg-
shell water-vapor conductance predictably
ensures a reduced embryonic growth rate
and low pre-pipping Mo0,. The energetic
cost of prolonged embryonic development
as well as the oxygen cost of hatching, and
the pre-pipping Mo, expressed as a per-
centage of hatching Mo,, are similar to
those of procellariiforms that have been in-
vestigated.

ACKNOWLEDGMENTS

Our stay on Midway Islands was supported by a Na-
tional Science Foundation Grant (PCM-12351-A01) ad-
ministered by G. C. Whittow. We are grateful to CDR
Kuhneman and CDR Barnes, Commanding Officers,
for assistance during our stay at the U.S. Naval Air Fa-
cility Midway Islands. Special thanks are due to ENS
Immel and the base game warden staff for invaluable
aid. We are also indebted to the U.S. Fish and Wildlife
Service for their assistance and for granting permits to
conduct this study. We thank Ralph A. Ackerman for
his critical review of an earlier version of this manu-
script.

LITERATURE CITED

ACKERMAN, R. A., G. C. WHITTOW, C. V. PAGANELLI,
AND T. N. PETTIT. 1980. Oxygen consumption,
gas exchange, and growth of Wedge-tailed Shear-
water (Puffinus pacificus chlororhynchus) em-
bryos. Physiol. Zool. 53(2):210-221.

AR, A., AND H. RAHN. 1978. Interdependence of gas
conductance, incubation length, and weight of the
avian egg, p. 227-236. In J. Piiper [ed.], Respira-
tory function in birds, adult and embryonic.
Springer-Verlag, Heidelberg.

AR, A., AND H. RAHN. 1980. Water in the avian egg:
overall budget of incubation. Am. Zool. 20:373—
384.

DRENT, R. 1970. Functional aspects of incubation in
the Herring Gull. Behaviour Suppl. 17:1-132.
DRENT, R. H. 1975. Incubation, p. 333—407. In D. S.
Farner and J. R. King [eds.], Avian biology. Vol. V.

Academic Press, New York.

GRANT, G. S., T. N. PETTIT, H. RAHN, G. C. WHITTOW,
AND C. V. PAGANELLL Regulation of water loss
from Bonin Petrel (Pterodroma hypoleuca) eggs.
Auk, in press.

HoweLL, T. 1978. Ecology and reproductive biology
in the White and Fairy tern, Gygis alba, p. 274-
284, Natl. Geogr. Soc. Res. Rep.

Hovyt, D. F., D. VLECK, AND C. M. VLECK. 1978. Me-
tabolism of avian embryos: ontogeny and temper-
ature effects in the ostrich. Condor 80:265-271.

Hoyrt, D. F., R. G. BoarD, H. RauN, anD C. V. Pa-
GANELLL 1979. The eggs of the Anatidae: con-



ductance, pore structure, and metabolism. Physiol.
Zool. 52:438-450.

Hoyt, D., AND H. RAHN. 1980. Respiration of avian
embryos: a comparative analysis. Respir. Physiol.
39:255-264.

MoRGAN, K. R., C. V. PAGANELLI AND H. RAHN. 1978.
Egg weight loss and nest humidity during incu-
bation in two Alaskan gulls. Condor 80:272-275.

NICE, M. M. 1962. Development of behavior in pre-
cocial birds. Trans. Linn. Soc. N.Y. No. 8:1-211.

PeTTIT, T. N, G. S. GRANT, G. C. WHITTOW, H, RAHN,
AND C. V. PAGANELLL 198la. Embryonic oxygen
consumption and growth in the Laysan and Black-
footed albatross. Am. J. Physiol., in press.

PeTTIT, T. N,, G. S. GRANT, G. C. WHITTOW, H. RAHN,
AND C. V. PAGANELLI. 1981b. Respiratory gas ex-
change and growth of Bonin Petrel embryos. Phys-
iol. Zool., in press.

RaHN. H,, AND A. AR. 1974. The avian egg: incubation
time and water loss. Condor 76:147-152.

RAHN, H., C. V. PAGANELLI, AND A. AR. 1974. The
avian egg: air-cell gas tension, metabolism, and in-
cubation time. Respir. Physiol. 22:297-309.

RAHN, H., C. V. PAGANELLI, 1. C. T. NISBET, AND G.
C. WHITTOW. 1976. Regulation of incubation

GAS EXCHANGE IN TERN EGGS 361

water loss in eggs of seven species of terns, Phys-
iol. Zool. 49:245-259.

RaHN, H., R. A. ACKERMAN, AND C. V. PAGANELLI
1977. Humidity in the avian nest and egg water
loss during incubation. Physiol. Zool. 50:269-283.

RICKLEFS, R. E. 1967. A graphical method of fitting
equations to growth curves. Ecology 48:978-983.

VLECK, D., C. M. VLECK, AND D. F. HoyT. 1979. Me-
tabolism of avian embryos: ontogeny of oxygen
consumption in the Rhea and Emu. Physiol. Zool.
53:125-135.

WANGANSTEEN, D. O., AND H. RAHN. 1970/71. Res-
piratory gas exchange by the avian embryo. Respir.
Physiol. 11:31-45.

WHrTTOW, G. C. 1980. Physiological and ecological
correlates of prolonged incubation in sea birds.
Am. Zool. 20:427-437.

Department of Physiology, John A. Burns School of
Medicine, University of Hawaii, Honolulu, Hawaii
96822. Address of fourth and fifth authors: Depart-
ment of Physiology, State University of New York,
Buffalo, New York 14214. Accepted for publication 3
March 1981.



