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Abstract. Eggs with pip-holes of the black-footed 
(Diomedea nigripes) and Laysan (Diomedea immutabilis) 
albatrosses were exposed to various air temperatures in 
the range 20-35 ~ in order to detect signs of incipient 
endothermy in late embryos. No evidence of endothermy 
was found. In contrast, the 02 consumption of most 
hatchlings increased in response to cooling, the 02 con- 
sumption at an air temperature of 25 ~ exceeding that 
between 34 and 35 ~ by 40%. In a minority of hatch- 
lings this response was not seen. It was suggested that 
endothermy may develop at some time during the 24 h 
after hatching. 
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Introduction 

Recent studies of the embryos of three species of tropical 
seabirds failed to provide evidence of thermoregulation, 
demonstrating instead the sudden appearance of a ther- 
moregulatory capability in the hatchling (Matsunaga et 
al. 1989; Mathiu et al. 1991, 1992, 1994). The eggs of the 
three species investigated (brown noddy, Anous stolidus; 
wedge-tailed shearwater, Puffinus pacificus; sooty tern, 
Sterna fuscata) belonged to two different Orders - the 
Procellariiformes and Charadriiformes - but they shared 
a number of cornmon characteristics. In the three species, 
the sequence of events during pipping of the egg was 
similar (Pettit and Whittow 1983, 1985; Whittow 1985) 
and the eggs were relatively small (37-60 g). 

Abbreviations: bm, body mass; Ctotal, total thermal conductance of 
tissues and plumage;f respiratory frequency; FEo2, fractional con- 
centration of oxygen in air leaving chamber; FIo2, fractional con- 
centration of oxygen in air entering chamber; T~, air temperature; 
Tb, deep-body temperature; l?,, air-flow rate; l)O 2, oxygen consump- 
tion 
Correspondence to: G.C. Whittow 

The present report stems from the opportunity to 
measure the development of endothermy in two sym- 
patric species of albatross that nest on Midway Atoll in 
the north-western Hawaiian Islands. The sequence of 
events during pipping was similar in the two species but 
it differed from that in the shearwater, tern and noddy. 
The albatross eggs were also considerably larger [285- 
305 g, Pettit et al. (1982)]. Both features may have a bear- 
ing on the appearance of thermoregulation: the initial 
event during pipping of the albatross egg is puncture of 
the internal shell membrane of the egg by the embryo's 
beak (Pettit et al. 1982). Penetration of the internal shell 
membrane and chorio-allantoic membrane is followed by 
a substantial increase in the 0 2 uptake by the embryo 
(Pettit et al. 1982). This may be a prerequisite for an 
increase in 1)02 and regulatory thermogenesis in response 
to cooling of the egg i.e., for incipient endothermy. Sec- 
ondly, the large eggs of the albatross may, through their 
thermal inertia, buffer the embryos from sudden changes 
in temperature and also permit them to store efficiently 
small increments in heat production in response to cool- 
ing. 

The available evidence did not lend much support for 
embryonic thermoregulation in the black-footed alba- 
tross. Howell and Bartholomew (1961) found that the 
temperature of pipped eggs exposed to a T~ of 19-23 ~ 
declined steadily. However, the cooling rate of eggs at 
such low T~ may well eclipse any evidence of a nascent 
endothermic response (Whittow and Tazawa 1991). In 
the present investigation eggs and hatchlings were ex- 
posed to graded reductions of Ta in order not to obscure 
the presence of a small endothermic response. 

Materials and methods 

Study site; birds. The study was conducted on Sand Island, Midway 
Atoll Oat. 28013 , N; long. 177023 , W) in January and February 1989. 
Midway has a breeding population of approximately 7000 breeding 
pairs of black-footed albatross (Diomedea nigripes) and 175 000 
breeding pairs of Laysan albatross (Diomedea immutabilis) (Har- 
rison 1990). The two species differ slightly in the size of their eggs 
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(Grant et al. 1982) and hatchlings (Pettit et al. 1982) but they breed 
at the same time of year and in contiguous areas at Midway. Eggs 
and hatchlings were collected from an area to the southwest of the 
main runway of the Naval Air Facility and another area on the 
north-western edge of the old taxiway. The eggs and hatchlings 
were brought to a temporary laboratory established in the Terminal 
Building and returned to the marked nest site 4-7 h later. 

In the absence of the egg or hatchling, the parent bird readily 
incubated a substituted infertile egg and equally readily accepted 
back its own returned egg or hatchling. Only eggs with pip-holes 
(Pettit et al. 1982) were collected, representing the final stage of 
embryonic development before hatching. Hatchlings were all less 
than 24 h old and their plumage was dry before they were exposed 
to different Tas. 

Procedure. Each egg or hatchling was exposed to a T~ within the 
range 20-35 ~ (eggs) or 15-35 ~ (hatchlings). Each exposure last- 
ed for 3 h and during the final 15 minutes of the exposure measure- 
ments were made of 1202 andfof  the embryo or hatchling. The egg 
or hatchling was contained in a plexiglass chamber with a capacity 
of approximately 1 1. Dry air was pumped through the chamber at 
a rate of 375-637 ml.min -1 for eggs and 731-794 ml-min q for hatch- 
lings. At the end of the 3-h period, the egg or hatchling was removed 
from the chamber and T b measured, The chamber containing the 
egg or hatehling was immersed in a thermostatically-controlled wa- 
ter bath (Grant), the temperature of which could be changed to 
provide the requisite T~ within the egg/hatchling chamber. The 
chamber T a was monitored throughout the exposure. Before each 
exposure the hatchling or egg was weighed and the length and 
width of the egg determined. 

Techniques. The airflow into the chamber (f'I) was measured by 
means of a flowmeter (Brooks) and the fractional Oz concentrations 
of air entering and leaving the chamber were determined with an 
Oxygen Analyser (Ametek Applied Electrochemistry, Model S-3A/ 
II). Drierite and Ascarite were used as desiccant and CO2 ab- 
sorbant, respectively. The O 2 analyser was connected to an Omni- 
scribe recorder (Houston Instruments) to produce a continuous 
record of the 02 content of the chamber air. The 1202 of the egg or 
hatchling was calculated from lYI and the difference in the fractional 
02 concentration between air entering and leaving the chamber: 

1202 if[ . FIO2--FEO2 
(ml. min- 1) = (ml. min-*) (1 - FEO2) 

The 02 consumption was corrected to standard temperature and 
pressure and, as the measurements were made on dry air, all values 
for 1202 are at STPD. fwas measured by direct observation of the 
hatchling or the beak of the embryo in pip-holed eggs. 

In order to measure the T b of embryos in eggs with pip holes, a 
Yellow Springs Instrument (YSI) thermistor probe (No. 423) was 
inserted through the pip hole so that the tip was between the folded 
limbs and the body of the embryo; a similar probe was used to 
record cloacal temperatures in the hatchling. Ta in the chamber was 
measured by means of a YSI probe (No. 401). All thermistor probes 
were used in conjunction with a YSI Telethermometer (No. 46 
TUC) and all probes were calibrated against a thermometer read- 
able to 0.025 ~ (Brooklyn P-M Thermo Co.). 

Samples of down plumage were taken from three areas in the 
hatchlings and the length of the down was measured with a ruler. 
Eggs and hatchlings were weighed on an Ohaus Dial-O-Gram bal- 
ance to the nearest 0.1 g. Egg dimensions were measured to the 
nearest 0,05 mm with a Manostat dial caliper. 

Derived values. The only derived value calculated was Ctota ~ of the 
tissues and plumage in the hatchlings. It was calculated by convert- 
ing the VO2 of the hatchling to heat production (in roW), assuming 
that 1 ml 02 = 20.08 J, and dividing by the difference in body and 
air temperature (Tb-T,). The thermal conductance so calculated was 
not corrected for evaporative water loss. 

Statistical procedures. The measure of variation used in this paper is 
the standard deviation. Differences in 1202, T u orfbetween selected 
T,s and durations of exposure were evaluated by a t-test taking the 
5% level of probability to be significant. When consecutive mea- 
surements were made on the same embryo, the statistical compari- 
son of the measured values was made by a paired-comparison t-test 
(Swinscow 1981). Correlation coefficients were calculated betweenf 
and T a. Statistical significance of differences in the characteristics of 
the down were assessed by analysis of variance and Tukey's proce- 
dure (Steel and Torrie 1960). Each egg or hatchling was used only 
once. 

Results 

Climatic conditions 

The climatic condi t ions  at Midway  at the t ime of our  
invest igat ion represent  the condi t ions  to which the eggs 
and  hatchl ings would  be exposed should the paren t  birds 
be derelict in their i ncuba t i on  or b rood ing  duties. The 
condi t ions  can be described as cool, wet a nd  windy, espe- 
cially for the sub-tropics  (Table. 1), in keeping with the 
fact tha t  the s tudy coincided with the winter  per iod at 
Midway. 

Eggs with pip holes 

Egg dimensions. The d imens ions  and  mass of the eggs of 
the two species are given in Table 2. The eggs of the 
black-footed albatross  were larger than  those of the 
Laysan  albatross  as reported before (Gran t  et al. 1982). 

Oxygen consumption. The 1202 of the black-footed alba- 
tross eggs with pip holes declined with decreasing Ta 
within the approx imate  range 25-35 ~ (Fig. 1). Howev- 
er, l?O 2 at 20 ~ the lowest Ta to which the eggs were 
exposed, was no t  significantly different from that  at 25 ~ 
(t = 0.52; 0 . 6 > P > 0 . 5 ) .  Six eggs were exposed to a Ta of 
20 ~ for 4 h, 1 h longer  t han  the per iod used in mos t  of 
our  tests. A paired compar i son  t-test revealed that  the 

Table 1. Climatic conditions at Midway during the period January 
15-February 5, 1989 

Maximum Minimum Rainfall Peak wind 
temperature temperature (cm. day- i) velocity 
(~ (~ (m-s -a) 

22.4 16.8 0.51 11.5 
(18.3-25) (12.2-22.2) (0-4.93) (4.1-20.6) 

Mean values with ranges in parentheses 

Table 2. Egg dimensions in the two species of albatross 

Black-footed albatross Laysan albatross 

Egg mass (g) 268.9+ 14.3 (33) 240.8-t- 12.6 (19) 
Egg length (mm) 108.3 +_ 3.8 (33) 107.3_ 3.2 (18) 
Egg width (mm) 71.8 + 1.7 (33) 68.9 +_ 2.1 (18) 

Mean values ___ SD. Number of eggs in parentheses 
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Fig. 1. Relation of body tem- 
perature (Tb; upper panels) and 
oxygen consumption (1702; 
lower panels) to air tempera- 
ture (T~). for embryonic black- 
footed and Laysan albatross in 
eggs with pip holes, �9 = em- 
bryos exposed to a particular 
T~ for 3 h; C) = exposure to a 
T a of 20 ~ for 4 h in black- 
footed or 6 h in Laysan em- 
bryos; A = eggs in the pro- 
cess of hatching during the 
measurements. The solid line in 
the upper panels links equiva- 
lent values of T b and T~ 

Fig. 2. Relation of respiratory 
frequency 60 to air tempera- 
tures (Ta). for embryonic black- 
footed and Laysan albatross in 
eggs with pip holes �9 = em- 
bryos exposed to a particular 
T a for 3 h; O = embryos ex- 
posed to a Ta of approximately 
20 ~ for 4 h in black-footed 
or 6 h in Laysan albatross; 
A = eggs in the process of 
hatching during the measure- 
ment period 

VO 2 after 4 h was significantly lower than after exposure 
for 3 h (t = 11.65; P<0.001).  However, the mean 1202 
(58.00 ml.h -1 after a 4-h exposure to a T, of 20 ~ was not 
significantly different from that (57.38 ml.h -1) after a 3-h 
exposure to a T~ of 25 ~ (t = 0.02; P>0.9) .  Two eggs 
with pip holes that were exposed to a T~ of 25 ~ were in 
the process of hatching at the time that measurements  of 
1202 were being made. In each instance, the 1202 of em- 
bryos in the hatching egg was considerably higher than 
that  of eggs that  were not hatching (Fig. 1). 

The data for the Laysan albatross eggs resembled 
those for the black-footed albatross (Fig. 1). Three eggs 
were exposed to a T~ of approximately  20 ~ for an addi- 
tional 3 h. At the end of the 6-h exposure, the ~rO 2 had, on 
average, diminished by 21% from the value after 3 h of 
exposure. Two eggs with pip holes were hatching during 
the measurement  of 1202, one at a T~ of 25 ~ and one at 
20 ~ In each instance, the 1202 was substantially higher 
than in eggs that were not hatching. One of the eggs that 
was cooled for 6 h was in the process of hatching (it was 
also hatching during the measurement  of VO 2 after co�9 
ing for 3 h); al though the ~ 0  2 of its embryo was lower 
after 6 h than after 3 h at this T~, the ~ ' 0  2 after 6 h was 

still higher than that of other eggs at the same Ta that had 
not progressed beyond the establishment of a pip hole 
(Fig. 1). 

Body temperature. The T b of the embryos in black-footed 
albatross eggs with pip holes declined with diminishing 
T,. However, these embryos all remained 0.4-3.7 ~ 
warmer  than their surroundings (Fig. 1). The T b of em- 
bryos in six eggs that were exposed to a T~ of 20 ~ for 4 h 
were not significantly lower than those of six other eggs 
that  were exposed for 3 h (t = 0.74; 0 .5>P>0 .4 ) .  Two 
embryos that were in the process of hatching during the 
3-h exposure to 25 ~ both had relatively high T b (Fig. 1). 

The Laysan albatross eggs provided essentially simi- 
lar data, with the additional observation that exposure of 
three eggs to a T, of 20 ~ for 6 h resulted in significantly 
lower embryonic T b than did exposure of the same eggs 
for 3 h (t = 7.61; 0 .02>P>0.01) .  One egg at 25 ~ was 
hatching during the exposure and the Tb of its embryo 
was higher than that of any other egg at 25 ~ (Fig. 1). In 
another  hatching egg at a T~ of 20 ~ the embryonic T b 
was also higher than that in other eggs under similar 
conditions.. However, after a further 3-h exposure to this 
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T~, the Tb of this embryo had declined to a level similar to 
that of the other two embryos exposed to 20 ~ for 6 h 
(Fig. I). 

Respiratory frequency. The f of embryos in eggs with pip 
holes declined with decreasing Ta in the black-footed al- 
batross (Fig. 2). Overall, a statistically significant correla- 
tion existed betweenfand Ta (r = 0.756; P < 0.001). How- 
ever, the values at 20 ~ were not significantly lower than 
those at 25 ~ (t = 0.92; 0 .4>P>0.3) .  In four out of six 
eggs cooled for an additional hour, f was lower but the 
differences were not statistically significant (t = 1.86; 
0.2 > P > 0.1). The highest f (25.min 1) at a T~ of 25 ~ was 
recorded from one of the two eggs that were hatching 
during the period of measurements at this T~ (Fig. 2). 

f also diminished with decreasing T, in Laysan alba- 
tross embryos (Fig. 2) and a statistically significant corre- 
lation existed between f and T~ (r = 0.751 ; P < 0.001). In 
two eggs that were exposed to a Ta of 20 ~ for 6 h, the 
embryonicfdecl ined further to a level below that of the 
embryos after a 3-h exposure (Fig. 2). In one egg exposed 
to a T~ of 20 ~ for 6 h, the embryo hatched during the 
period of observation.f  was actually greater in the hatch- 
ling at the end of 6 h than in the hatching embryo in situ 
in the egg at the end of a 3-h exposure (Fig. 2). 

Hatchtings 

Oxygen consumption. Over the range of T, of 25-34.5 ~ 
the l/O 2 of the black-footed albatross hatchlings was 
higher at lower T~ (Fig. 3). However, between 22.6 and 
14.7 ~ the I)O2 declined with decreasing T~. Thus, the 
mean 1)O2 was highest at a T a of approximately 25 ~ 
and at this T~ the mean I)O 2 was 140% of the mean value 
at T~, between 33.1 and 34.5 ~ The hatchlings shivered 
at T~ between 14.7 and 30.3 ~ In one exposed to a T a of 
22.4 ~ the ~O 2 was conspicuously lower than that of the 
other hatchlings exposed to similar T., (Fig. 3). Another 

hatchling, at 19.5 ~ (Ta), had an even lower 1702. Both 
hatchlings (bm = 219.0 and 224.5 g versus the average 
value of 207.9_+22.8) shivered. Another hatchling that 
showed an elevated !202 at a T~ of 25.1 ~ had hatched 
about 2 h prior to being placed in the chamber. 

Laysan albatross hatchlings (mean bm = 196.3 +__ 24.1 g) 
were significantly smaller (t = 2.04; 0.05 > P > 0.02) than 
those of the black-footed albatross (207.9+_22.8 g). In 
most of the former, the relationship between 02 and T~ 
resembled that shown by their black-footed congeners 
(Fig. 3). However, there were more Laysan hatchlings 
(five) in which I?O a did not appear to be augmented at 
lower T a. In these birds, the VO 2 was clearly lower than 
that of other Laysan hatchlings at the same T,. The rela- 
tively low values for 1/O2 occurred between Ta of 18.9 and 
27.5 ~ The bm of three of these hatchlings (160.7, 189.5 
and 194.9 g) were lower than the average value (196.3 g) 
but only one was more than one standard deviation be- 
low the mean. The 1702 of two Laysan hatchlings that 
subsequently became hypometabolic was followed over 
the entire 3-h period that they were exposed to the al- 
tered T~. There was no evidence of any transient increase 
in 1202 during the earlier part of the exposure. 

Body temperature. The Tb of black-footed albatross 
hatchlings was stable between Ta of 32.3 and 34.5 ~ 
(Fig. 3). However, it declined at lower T,. The steepest 
decline occurred between T a of 14.7 and t9.8 ~ when the 
I/O 2 was also declining (Fig. 3). The two hatchlings in 
which 1202 was low at lower T~, were also moderately 
hypothermic (Fig. 3). The results for the Laysan albatross 
hatchlings were very similar but the hypothermia in the 
hatchlings with low values for ~rO 2 was more pronounced 
(Fig. 3). 

Respiratoryfi'equency. Much scatter was evident in t h e f  
values of both species (Fig. 4). Hypothermia was accom- 
panied by relatively low values. In the three hatchling 
Laysan albatross tested at 14.6-14.9 ~ the lowest T a to 
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which any hatchtings were exposed, shivering was slight 
and 1/O2, Tb (Fig. 3) andf(Fig.  4) all were relatively low. 
In contrast, in one hatchling, at a T~ of 25.1 ~ shivering 
was very pronounced and VO2, Tb and f were relatively 
high. 

Total thermal conductance. Total thermal conductance of 
the tissues and plumage of the black-footed albatross 
hatchtings was lowest (mean value = 0.37 4-_ 0.05 mW'g -1 
�9 ~ -1) at the lowest T~ to which the hatchlings were ex- 
posed (Fig. 5). At higher Ta, Ctot~ increased exponentially. 
In the two hatchlings that failed to show a significant 
increase in 120 2 and became hypothermic at lower T, 
(Fig. 3), both showed low values for Ctot~. 

A similar relationship between Ctota~ and T a was evi- 
dent in Laysan albatross hatchlings (Fig. 5). The lowest 
mean thermal conductance (0.40+_0.0 mW-g <~ -1) was 
similar to that of the black-footed albatross, but the 
highest value (at a Ta of 34 ~ or higher) was greater in 
the Laysan (1.36_+0.16 mW'g-l'~ -a) than in the black- 
footed (1.15 +__0.07 mW.g-<~ 1) albatross. As in the lat- 
ter species, the lowest values at a particular T, were 
recorded from hatchlings that became hypothermic and, 
consequently, were relatively hypometabolic. 

Down. In the black-footed albatross, analysis of variance 
revealed no significant differences (P > 0.05) in the num- 
ber of barbules per feather among the three regions from 

which down feathers were plucked (Table 3); this was 
confirmed by the use of t-tests between individual pairs of 
regions. However, significant (P<0.05) regional differ- 
ences existed in down length, the barbules being longest 
on the back and shortest on the wing. 

As in the black-footed albatross, no significant differ- 
ence was observed in the number of barbules per down 
feather between the three regions (Table 3) in the Laysan 
albatross hatchlings. A significant difference in barbule 
length did exist between the dorsal and ventral regions 
(P<0.05), but not between the ventral region and the 

Table 3. Down characteristics of hatchlings of the black-footed and 
Laysan albatross 

Black-footed Laysan 
albatross (6) albatross (7) 

Down length (mm) 

Dorsum 20.9 +__ 8.8 22.5 4-11.4 
Abdomen 16.8 + 6.8 15.9 4- 9.3 
Left forearm 13.4_-t-5.3 14.5_+ 6.9 

Number of barbules per feather 

Dorsum 26.5 _ 11.4 26.1 ___ 13.8 
Abdomen 18.2-1- 6.5 27.3+ 9.5 
Left forearm 19.8__+ 2.9 24.6_+ 4.2 

Mean values _ SD shown. Number of hatchlings in parentheses 
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wing. The down was longest on the dorsal region. One 
hatchling from which down samples were taken had be- 
come hypothermic at a T, of 27.5 ~ and its 1202 had not 
increased. Its down length was within the range of that of 
the other hatchlings. It was remarkable in that the num- 
ber of barbules per feather (47) on the dorsal region was 
the highest recorded at any site in either species. Howev- 
er, comparison of the two species revealed that none of 
the differences in number or length of barbules between 
comparable areas (Table 3) was statistically significant. 

Discussion 

The data from the eggs with pip-holes revealed that the 
1202 of the albatross embryos declined with Ta within the 
range 25-35 ~ At the lowest T a (20 ~ to which the eggs 
were exposed, the 1202 appeared to be maintained at, or 
close to, the levels at 25 ~ (Fig. 1). At first sight this 
would appear to indicate a feeble degree of endothermy 
(Tazawa et al. 1989), but the experiments in which the 
eggs were cooled for longer than 3 h revealed further re- 
ductions in embryonic 1202 and T b. Albatross eggs are 
large and apparently require longer than 3 h at a lowered 
T, before they reach a "quasi-equilibrium" state (Mat- 
sunaga et al. 1989). Thus, the albatross eggs resembled 
those of the brown noddy, wedge-tailed shearwater, and 
sooty tern (Mathiu et al. 1991, 1992, 1994) in that the 1202 
did not increase and was not maintained during cooling, 
despite the fact that the sequence of events during pip- 
ping in the albatross differed from that in the other spe- 
cies. These results indicate that the appearance of en- 
dothermy was not linked to any particular pipping se- 
quence. As each event during pipping results in a poten- 
tial increase in the rate at which the embryo can acquire 
02 it must be concluded that the developmental trajecto- 
ry of endothermy was not "oxygen limited" (Tazawa et al. 
1988). After a 6-h exposure to a r a of 19.8 ~ the 1202 of 
Laysan albatross embryos had diminished with a Q10 of 
2.49. Thus, there was no evidence that embryos in eggs 
with pip-holes responded to a lowered Ta with any indi- 
cation of incipient endothermy. 

However, embryos that were in the process of hatch- 
ing were able to sustain substantially higher values for 
1202 and Tb, at lower Ta, than were embryos that had not 
advanced beyond the pip hole stage. A similar phe- 
nomenon was observed in eggs (with pip-holes) of the 
brown noddy (Mathiu et al. 1991), wedge-tailed shearwa- 
ter (Mathiu et al. 1992) and sooty tern (Mathiu et al. 
1994), and the possible reasons for the higher heat pro- 
duction were postulated (Mathiu et al. 1991). They in- 
cluded partial emancipation from the physical con- 
straints imposed by the eggshell on movements of the 
limbs, and inflation of the lungs. 

In the noddy, shearwater and tern, hatching appeared 
to be a watershed in the emergence of endothermy: a 
detectable thermoregulatory response to cold was absent 
in eggs with pip-holes but conspicuous in hatchlings. Al- 
so, in the two species of albatross, endothermy appeared 
first in the hatchling. However, evidence was obtained in 
the albatross for a transitional stage in birds at this stage. 

Thus, in five Laysan and two black-footed albatross 
hatchlings, the [202 did not increase during cooling and 
these birds became relative!y hypothermic (Fig. 3). It is 
worthy of note that the VO2 of such hatchlings ap- 
proached that of embryos in hatching eggs. In contrast, 
the I202 of hatchlings that showed a clear endothermic 
response to cooling was substantially higher than these 
levels. In other words, an endothermic response requires 
a higher metabolic rate than that achieved during the act 
of hatching. It is of interest that Fisher (1975) identified 
the posthatching phase as being the time of greatest chick 
mortality in the Laysan albatross. In the light of the 
present findings this may be related to the transitional 
nature of this stage in its life history. 

In the present work a "hatchling" was defined as 
"within 24 h of hatching". Thus, it is not possible to state 
whether the hatchlings that did not display a well-defined 
endothermic response were younger, in hours, than those 
that did. That thermoregulatory responses can change 
rapidly is apparent from Misson's (1977) work. Misson 
presented evidence for qualitative differences in the re- 
sponse of hatchlings of the domestic fowl to cold between 
the ages of 2 and 8 h after hatching. Klaassen and Bech 
(1992) noted that resting metabolic rate and, to a lesser 
extent, summit metabolic rate were correlated with bm 
rather than age. We found little evidence in albatross to 
support the hypothesis that the transitional stage in en- 
dothermy was linked to low bm in the hatchlings. How- 
ever, the Laysan albatross hatchlings were somewhat 
smaller than the black-footed albatross hatchlings and 
this could have been a factor in the higher incidence in 
the former of failure to increase their I202 at lower Ta. The 
failure of [202 to increase at such T~ did not appear to be 
linked to the duration (3 h) of exposure: lzO 2 was fol- 
lowed continuously in two hatchling Laysan albatross 
but neither showed an endothermic response early in the 
exposure. That the development of endothermy is not 
simply related to hatchling age is suggested by the re- 
sponse shown by a hatchling black-footed albatross that 
had hatched approximately 2 h prior to being placed in 
the chamber (Fig. 3). 

The data for down length and number of barbules 
provide little basis for believing that the hatchlings in 
which the l/O 2 did not increase were less well insulated 
than were other hatchlings. The data for Ctota 1 appear to 
be consistent with this belief, for thermal conductance 
was generally lowest in hatchlings displaying the greatest 
degree of hypothermia (Fig. 5). However, this conclusion 
should be regarded with considerable caution because 
calculations of thermal conductance from measurements 
of 1202 underestimate Ctota I when T b is decreasing, the 
magnitude of the underestimate being related to the de- 
gree of hypothermia. Thus, Ctota 1 is calculated from the 
ratio: 

~O~ 
~-T." 

When an animal is cooling the numerator should include 
a measure of the rate at which the body heat content is 
decreasing. This could not be done in the present investi- 
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gation; consequently the values for Ctot~ are probably  
too low at the lower T~. A similar explanation may  hold, 
in part,  for the decline in C~ot~ with decreasing T~ both in 
the present investigation and in that  conducted on the 
Antarctic petrel, Thalassoica antarctica, by Bech et al. 
(1991). Hatching T b diminished at lower T~ in the alba- 
tross and the petrel, and calculated Ctota I also diminished. 

An alternative explanation is that the albatross hatch- 
lings were less mature  than those of the other species 
(wedge-tailed shearwater, brown noddy, sooty tern) and 
that, consequently, endothermy should appear  later in 
the albatross. This could explain the appearance of a 
transitional stage in the albatross hatchlings, but  not in 
the other species [or, incidentally, in the Antarctic petrel 
Bech et al. (1991)]. Compar isons  between the albatross 
and shearwater hatchlings are of particular interest in 
this regard, because they are all tropical procellariiform 
species. 

Based on the relative yolk content of the freshly laid 
eggs, the wedge-tailed shearwater and the two species of 
albatross have been characterized as semi-precocial (Pet- 
tit et al. 1984). Thus, the maturi ty  of their hatchlings 
appears  to be roughly comparable.  Nevertheless, the des- 
ignation "semi-precocial" is a b road  one and semi-preco- 
cial hatchlings may  be ranked according to their specific 
yolk content. When this is done, the Laysan and black- 
footed albatross emerge as being "less" semi-precocial 
than the wedge-tailed shearwater (Pettit et al. 1984). Fur- 
ther support  for this categorization comes from a com- 
parison of the thermogenic responses of the shearwater 
and albatross hatchlings. The mean 1202 of the shearwa- 
ter hatchlings at a T~ of 25 ~ exceeded that  in the ther- 
moneutral  zone by a factor of 1.7 (Mathiu et al. 1992). In 
the two species of albatross, the 1/O 2 at T~ of 25.1 ~ 
exceeded that at a T~ between 34 and 35 ~ by a factor of 
only 1.4. The relatively greater thermogenic response of 
the shearwater would be in keeping with its postulated 
greater matur i ty  at hatching. This conclusion should be 
qualified because the thermoneutral  zone of the albatross 
hatchlings was not defined, al though inspection of Fig. 3 
suggests that at a T~ between 34 and 35 ~ 1/O2 was, in 
fact, minimal. In addition, the albatross hatchlings are 
larger and, on these grounds alone, would be expected to 
cool more  slowly and to need lower thermogenic re- 
sponses than would the smaller shearwater. 

The results of the present study concur with those of 
Howell and Bar tholomew (1961). The latter investigators 
did not measure ITOz but they found that Laysan and 
black-footed albatross hatchlings, unlike embryos in 
pipped eggs, were able to stabilize their Tb in the face of 
a lowered environmental  temperature,  provided that  
their plumage had dried. 

In conclusion, no evidence of endothermy was detect- 
ed in late embryos of the Laysan and black-footed alba- 
tross. In contrast, most  hatchlings responded to cooling 
with an increased I702; a minori ty of hatchlings failed to 
do so. 
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