
307



Z�������� ��� H�	
���



Eggshell Porosity and Incubation PeriodJanuary 2007] 309

having been incubated, at East Limestone 
Island, British Columbia; and the Marbled 
Murrelet eggs, one of which was laid in the 
hand of a researcher by a bird captured at sea in 
Desolation Sound, British Columbia. 

Laboratory methods.—To obtain whole egg-
shells, we lightly etched around the midline 
of the shells of the frozen whole eggs with a 
saw blade, placed the eggs in lukewarm water, 
removed the shells, and air- dried them. 

Methods used to measure eggshell porosity 
followed Tyler (1965). The shells were boiled in 
a 2.5% solution of sodium hydroxide to remove 
the inner membrane, then placed into distilled 
water for 4–5 min and allowed to air dry. Using 
micrometer calipers, we took four measure-
ments (±0.01 mm) of shell thickness, excluding 
the inner membrane, at each of the following 
locations: the egg’s equator, its pointed end, 
and its blunt end. Each shell was then lightly 
scratched in concentrated nitric acid for a few 
seconds to remove any remaining organic 
compounds and placed into distilled water for 
1–2 min, then air dried. An aqueous solution of 
aniline blue was applied to the inner surface of 
the shell to make the pores more visible. 

The stained shell fragments were placed under 
a microscope. We then used a paper mat that le�  
an area of 0.25 cm2 of shell surface uncovered 
and counted the number of pores in 30 fi elds. Ten 
fi elds were located near the equator, 10 toward 
the pointed end, and 10 toward the blunt end. 
Each count was multiplied by 4 to estimate the 
number of pores per square centimeter of shell 
surface, and these 30 values were averaged for 
each egg. Then, using an objective scale of known 
value, we measured the diameter of 30 indi-
vidual pores on the inside surface of the shell (at 
160× magnifi cation) and 10 on the outside (100×). 
Again, these values were averaged for each egg. 
The pores were smaller on the inner surface 
than on the outer surface; thus, inner pore size 
should off er the greater resistance to diff usion. 
Therefore, we used inner pore measurements in 
subsequent calculations (Tulle�  and Board 1977). 
Neither the number nor the size of pores diff ered 
in any systematic manner between the equator 
and poles of the eggs. 

Calculating eggshell porosity.—Eggshell poros-
ity is defi ned as Ap/L, where Ap is the total func-
tional pore area (calculated as total number of 
pores per egg × mean area of individual pores on 
the egg; in square centimeters) and L is the pore 

length or shell thickness (in centimeters; Ar et al. 
1974, Tulle�  and Board 1977). This assumes that 
the pores are linear. As in most other avian spe-
cies (Tulle�  and Board 1977), the pores in alcid 
eggs appeared to be straight and funnel-shaped; 
there were no obvious diff erences among the 
seven species. To estimate the number of pores 
for each egg we used the formula 

pores egg–1 = mean pores cm–2 × 
mean surface area (cm2)

For each species, the mean surface area of an 
average-sized egg was estimated using the mean 
length and mean breadth of a  anarg surampls diff



Z�������� ��� H�	
���310



Eggshell Porosity and Incubation PeriodJanuary 2007] 311

selection on avian incubation periods may be 
achieved, at least in part, through concurrent 
evolutionary adjustments in eggshell porosity. 
We expect that any evolved change in eggshell 
porosity would require concurrent changes in 
embryonic physiology (presumably the main 
target of selection). 

Evolutionary changes in eggshell porosity 
could potentially involve pore number, pore 
size or geometry, and shell thickness. However, 

because the shell serves other functions, includ-
ing conferring structural strength to the egg 
(Rahn and Paganelli 1989), its porosity would 
have to evolve in conjunction with interrelated 
factors (egg size, shell strength). That necessity 
could infl uence the nature and type of mecha-
nisms involved. Across birds in general, pore 
size and the total number of pores increase 
with egg mass, whereas pore density decreases 
(Tulle�  and Board 1977). Shell thickness also 
increases with egg mass (Rahn and Paganelli 
1989). Our seven study species of Alcidae exhib-
ited all four of these trends, though not all were 
statistically signifi cant. Carey et al. (1989b) found 
that diff erences in conductance among various 
Anas spp. were mainly related to diff erences in 
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porosity and incubation period directly in the 
A- and B-eggs of Snares Penguins (Eudyptes 
robustus) and found that the more porous B-
eggs had shorter incubation periods, despite 
being larger. Our study complements those 
intraspecifi c studies by indicating that eggshell 
porosity may also be an important mechanism 
facilitating evolutionary divergence in incuba-
tion period.

Our hypothesis rests on the assumption that 
embryonic development is a diff
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2005). The results of the present study on seven 
species of Alcidae point to eggshell porosity as 
one potentially important mechanism involved 
in evolutionary responses to selection on incuba-
tion period. It remains to be determined whether 
the relationship is more widespread in birds. 

A�������������

This project was undertaken by K.Z. while 
she was a Diplom Candidate at Ruprecht-Karls-
Universität, Heidelberg; thanks to Professors V. 
Storch and T. Braunbeck for support and advice. 
Lab work was done at Simon Fraser University, 
through the Centre for Wildlife Ecology. We 
thank K. Charleton, R. Lavoie, and J. Smith 
for assistance with the egg collections; D. Lank 
for contributing Marbled Murrelet eggs; and 
A. Burger, T. Williams, and two anonymous 
reviewers for constructive comments on earlier 
versions of the manuscript.

L������� C���

A�����, D. G., D. N. N������	, H. R. C����, 
��� A. E. S����. 2002. Common Murre 
(Uria aalge). In The Birds of North America, 
no. 666 (A. Poole and F. Gill, Eds.). Birds of 
North America, Philadelphia.

A�, A., C. V. P��������, R. B. R�����, D. G. 
G�����, ��� H. R���. 1974. The avian 
egg: Water vapor conductance, shell thick-
ness, and functional pore area. Condor 76:
153–158.

A�������, L. B. 1991. Embryo metabolism and 
egg neglect in Cassin’s Auklet. Condor 93:
486–495.

B����, R. T., G. W. G���������, ��� P. 
F�������. 1995. Prolonged incubation 
in the Atlantic Puffi  n Fratercula arctica 
and evidence of mild hypothermia as an 
energy-saving mechanism. Pages 479–488 
in Ecology of Fjords and Coastal Waters 
(H. R. Skjoldal, C. Hopkins, K. E. Erikstad, 
and H. P Leinaas, Eds.). Elsevier Science, 
Amsterdam. 

B����, P. M., ��� I. P. F. O����. 2002. 
Evolutionary Ecology of Birds: Life History, 
Mating System and Extinction. Oxford 
University Press, London.

B�������, G. F., D. L. K������, J�., ��� D. F. 
B����. 1984. Respiratory gas concentra-
ene8 Tw
[9Fmanusree spe 



Z�������� ��� H�	
���314 [Auk, Vol. 124

Philadelphia, and American Ornithologists’ 
Union, Washington, D.C.

G����, A. J., ��� I. L. J����. 1998. The Auks. 
Oxford University Press, London.

G����, A. J., ��� D. W. P�����. 1989. Natural 
incubation, egg neglect, and hatchability in 
the Ancient Murrelet. Auk 106:433–438.

G�����, K. B., ��� T. D. W�������. 2005. 
Correlated evolution of maternally derived 
yolk testosterone and early developmental 
traits in passerine birds. Biology Le� ers 1:
461–464.

G�������, T. G. G., W. M�����, N. ��� 
E��������, C. C�����, ��� C. E�����. 
2005. Maternal hormones as a tool to adjust 
off spring phenotype in avian species. 
Neuroscience and Biobehavioural Reviews 
29:329–352. 

H�	
���, J. M., K. C�������, ��� W. E. D�����. 
2004. Rates and consequences of relaying 
in Cassin’s Auklets Ptychoramphus aleuticus 
and Rhinoceros Auklets Cerorhinca mono-
cerata breeding in a seasonal environment. 
Journal of Avian Biology 35:224–236. 

H�	
���, J. M., A. J. G����, D. L. M����, 
��� I. L. J����. 2001. Seasonal declines in 
incubation periods of Brünnich’s Guillemots 
Uria lomvia: Testing proximate causes. Ibis 
143:92–98. 

L����, J. D., ��� T. E. M����. 2003. Sibling 
competition and the evolution of prenatal 
development rates. Proceedings of the Royal 
Society of London, Series B 270:735–740.

M����, P. A., ��� T. W. A�����. 1991. 
Relationships among fresh mass, incubation 
time, and water loss in Japanese quail eggs. 
Condor 93:28–37. 

M����, T. E. 2002. A new view of avian life-
history evolution tested on an incubation 
paradox. Proceedings of the Royal Society 
of London, Series B 269:309–316. 

M������, M., ��� L. S. D����. 2005. Diff erences 
in egg size, shell thickness, pore density, 
pore diameter and water vapour conduc-
tance between fi rst and second eggs of 
Snares Penguins Eudyptes robustus and their 
infl uence on hatching asynchrony. Ibis 147:
251–259.

M�����, A. P. 2005. Parasites, predators and the 
duration of developmental periods. Oikos 
111: 291–301.

N�����, K. 1997. Marbled Murrelet 
(Brachyramphus marmoratus). In The Birds 

of North America, no. 276 (A. Poole and F. 
Gill, Eds.). Academy of Natural Sciences, 
Philadelphia, and American Ornithologists’ 
Union, Washington, D.C.

P��������, C. V. 1980. The physics of gas 
exchange across the avian eggshell. 
American Zoologist 20:329–338. 

R���, H., ��� A. A�. 1974. The avian egg: 
Incubation time and water loss. Condor 76:
147–152.



Eggshell Porosity and Incubation PeriodJanuary 2007] 315

T����, C. 1965. A study of the egg shells of 
the Sphenisciformes. Journal of Zoology 
(London) 147:1–19.

V����, C. M., ��� T. L. B�����. 1998. Energy 
metabolism, gas exchange, and venti-
lation. Pages 89–116 in Avian Growth 
and Development: Evolution within the 

Altricial–Precocial Spectrum (J. M. Starck 
and R. E. Ricklefs, Eds.). Oxford University 
Press, New York.

W���, D. R. 1987. Thermal tolerance of avian 
embryos: A review. Condor 89:874–898.

Associate Editor: A. E. Burger


