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Drent (1970) and Rahn and Ar (1974) postulated some
time ago that the conductance of the avian eggshell to
water (GH,0) was constant throughout incubation and in-
deed that seems to be the case for large precocial eggs.
However, the GH,0 increases nearly 50% during the first
few days of incubation in several altricial species of song-
birds including Red-winged Blackbirds Agelaius phoeni-
ceus and American Robins Turdus migratorius (Carey
1979), Cliff Swallows Hirundo pyrrhonata (Sotherland et
al. 1980), and Yellow-headed Blackbirds Xanthocephalus
xanthocephalus (Hanka et al. 1979). The reasons for the
increase are still unclear, although they may be related to
the development of the chorioallantoic membrane (Soth-
erland et al. 1979, 1980; Birchard and Kilgore 1980), abra-
sion of the shell during incubation (Carey 1983), or the
small size of the eggs of altricial birds (Birchard and Kil-
gore 1980).

In this paper, I describe changes in the GH,0 of Common
Canary (Serinus candrius) eggs during the 13-day incu-
bation period.Because I used fertile and sterile eggs in this
study and because some were incubated by canaries and
others were incubated artificially, I was able to determine
if embryonic development and/or abrasive changes in the
shell were responsible for changes in the GH,0 of the eggs.

MATERIALS AND METHODS

I collected freshly laid eggs from the nests of canaries in
my colony each morning during the nesting season, within
1 to 5 hr of laying. The eggs were marked with a felt-tipped
pen for identification and were weighed on a Sartorius
balance accurate to 0.1 mg. Their GH,0 was determined
by the method of Ar et al. (1974). They were kept in small
sealed containers over silica gel at an average constant
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temperature of 23.85°C (range: 23.3 to 24.4°C) for five
days during which they were weighed at roughly 24-hr
intervals. Conductance values were corrected to 25°C and
760 torr. I have assumed, as others apparently have (Carey
1979, Hanka et al. 1979, Sotherland et al. 1980), that the
egg’s G'H,0 remains constant during the period of calibra-
tion. This assumption is supported by the fact that daily
changes in each egg’s mass during these five-day periods
of calibration were nearly constant.

Once calibrated, the eggs were placed either in the nest
of an incubating hen with three other noncalibrated eggs
(clutch size was maintained at four eggs) or on a bed of
fine sand in sealed containers kept in a water bath at 34°C
(typical egg temperature during incubation by birds in my
study). The calibrated eggs were incubated under the hen
or in the water bath for 3, 6, 9, or 12 days. At that time,
Iremoved and reweighed them and then recalibrated them
for an additional five days as above. Finally, I candled
them and then blew them to ascertain if they were fertile,
1.e., I checked for the presence of embryos and extraem-
bryonic membranes. | examined changes in the conduc-
tance of 79 sterile eggs and 16 fertile ones.

The data within each group (eggs incubated artificially;
eggs incubated by a canary) were analyzed by paired z-tests
and Student-Newman-Keuls tests. Student’s #-tests and
analysis of variance (ANOVA) were used to compare data
between groups. Percentages were converted to their arcsin
equivalents for analysis (Zar 1974).

RESULTS
STERILE EGGS

The GH,0 of sterile eggs increased 65 to 66% in the first
three days of incubation, irrespective of whether they were
incubated by canaries or in a water bath. This change was
very highly significant (P < 0.001, paired ¢-test). There-
after the GH,0 was relatively constant through Day 9 of
incubation (percent changes in GH,0 for Days 3, 6, and 9
were not significantly different; Table 1). The conductance
then declined appreciably (but the decrease was significant
only in the group of eggs incubated by canaries) so that
on Day 12 it approached the G'H,0 of freshly laid eggs (Day
0 in Table 1).
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The average GH,0 values of eggs incubated by canaries
vs. those incubated in a water bath were not significantly
different on Days 3 to 12 of incubation. When initially
calibrated, eggs had conductance values that averaged 56
to 69% (depending on the group) of the Gu,0 predicted
by the allometric equation GH,0 = 0.384W°3!4 (Ar and
Rahn 1978), in which units of GH,0 are mg d~! torr~! and
W (in g) is the egg’s mass. Conductance values on Days
3, 6, and 9 averaged 88 to 109% of the conductance pre-
dicted by the same equation. On Day 12, the eggs’ GH,0
had diminished to 65 to 84% of predicted values.

FERTILE EGGS

My data for fertile eggs are limited (Table 2). In cases
where sample sizes were three or more eggs per group,
trends were similar to those shown by sterile eggs (Table
1). Water vapor conductance was initially 51 to 66% of
the value predicted on the basis of the mass of the egg
according to the equation of Ar and Rahn (1978). It in-
creased 49% by Day 6 of incubation (eggs incubated in a
water bath) and 52% by Day 9 of incubation (eggs incu-
bated by canaries); i.e., increased to 76 and 100%, re-
spectively, of predicted values. The data also suggest that
the conductance of the eggs increased during the first three
days of incubation, but the number of eggs (n = 2) is too
small (Table 2) to provide a reliable estimate of how much
conductance changed in that interval,

DISCUSSION

The eggs of Common Canaries, like those of other altricial
songbirds studied thus far, exhibit increases in GH,0 dur-
ing early stages of incubation. The change (65 to 66%) is
somewhat greater than that reported for Cliff Swallows
(41%; Sotherland et al. 1980), or Red-winged Blackbirds
and American Robins (47 and 48%, respectively; Carey
1979). What causes the increase is not clear, but it is ap-
parently not due to the development of the embryo or its
extraembryonic membranes (chorioallantois), as suggest-
ed by others (Birchard and Kilgore 1980, Sotherland et al.
1980), since it occurred in infertile as well as fertile eggs
(Table 1). Furthermore, the GH,0 values of infertile canary
eggs that had been incubated for 9 or 12 days (Table 1)
did not differ significantly (P > 0.05, ANOVA, F,,, =
0.4717 and F,,, = 0.7480 for 9 and 12 days, respectively)
from the GH,0 of fertile canary eggs incubated for the same
amount of time (Table 2). If embryonic development by
itself were responsible for some change in the shell’s con-
ductance, one would expect the values of fertile eggs to be
significantly higher than those of infertile eggs on these
days of incubation.

The GH,0 of an egg depends directly on the total effective
pore area of the shell (4,) and inversely on the length of
the diffusion path for water (L) across the shell, i.c., the
length of the pores in the shell (Rahn et al. 1977). Increases
in A, were reported in eggs of Common Eiders (Somateria
mollissima) during incubation, and several investigators
have suggested that additional pores are opened in the
eggshell during incubation (e.g., Birchard and Kilgore 1980;
reviewed in Carey 1983). Hanka et al. (1979) described a
decrease in pore length in the eggs of Yellow-headed Black-
birds during incubation. It is possible that the 4, of the
shell increased, at least in the eggs that were incubated by
canaries, due to abrasion of the surface during contact with
other eggs, the nest, and the brood patch, or perhaps as a
result of the egg-turning activity of the hen. However, my
data do not support such a hypothesis since eggs that were
incubated in a bed of sand (and were not moved during
incubation) exhibited changes in GH,0 as pronounced as
those of eggs incubated by canaries (Table 1). In this re-
spect, my data are consistent with those of Hanka et al.
(1979) who reported that the GH,0 of fertile blackbird eggs
incubated in a force-draft incubator (and hence not subject

to abrasion) increased markedly during the first four days
of incubation.

The increase in GH,0 of Common Canary eggs during
early incubation (Table 1) is probably not due to the re-
moval of mineral from the shell, since the latter apparently
does not occur in infertile eggs (Simkiss 1975). Sotherland
et al. (1980) suggested that changes in the Gu,0 of Cliff
Swallow eggs involved demineralization of the shell by the
embryo developing within the egg. As Carey (1979, 1983)
pointed out, however, calcium mobilization from the shell
does not occur until after the shell’s permeability to water
vapor has already changed.

The increased conductance, whether due to variations
in 4, or L, may be associated with the long-term exposure
of eggs (sterile or fertile) to the high temperatures typical
of incubation (34°C or higher). For example, unpublished
data for Common Canary eggs (n = 5) that I have used
as hygrometers indicate that GH,0 increased much more
slowly at room temperature than at incubation tempera-
ture. The GH,0s of these eggs did not change significantly
(P > 0.05, paired t-test, two-tailed) when they were ex-
posed to room temperatures of 21 to 30°C for 6 to 20 days
(initial GH,0 = 0.7016 + 0.1586 mg d~! torr~! [mean +
95% confidence limits]; GH,0 after 6 to 20 days at room
temperature = 0.6813 + 0.1338 mg d~! torr; final GH,0 =
87 to 105% initial GH,0). Nonetheless, the GH,0 of canary
eggs does increase when they are stored for long periods,
even at cold temperatures. For example, I calibrated seven
freshly laid eggs and then sealed them individually in Glad
Wrap® and stored them in groups of two or three in small
sealed plastic bags in a refrigerator. Their GH,0 had in-
creased significantly (by an average of 79%; P < 0.002,
paired ¢-test, two-tailed) when I recalibrated them 38 days
later (initial GH,0 = 0.2827 + 0.0886 mg d~! torr~! [mean
+ 95% confidence limits]; GH,o after 38 days at cold tem-
peratures = 0.5060 *+ 0.1595 mg d-! torr~'). Hence, the
high temperatures during incubation may accelerate
changes in conductance, but are not required for such
changes to occur.

The GH,0s of Common Canary eggs also declined after
Day 9 of incubation and were not significantly different
from preincubation values on Day 12 of incubation (Ta-
bles 1 and 2). Hanka et al. (1979) also observed decreases
in the GH,0 of Yellow-headed Blackbird eggs after seven
days of incubation. They offer no explanation for the de-
crease, and I have none to offer for canaries. However,
my samples of fertile eggs (Table 2) and sterile eggs in-
cubated by hens (Table 1) are small and hence the data
should be viewed as tentative. My sample of sterile eggs
that were incubated in a water bath (Table 1) is much
larger and here the change in GH,0 at Day 12 of incubation
was not significantly different from that seen on Days 3,
6, and 9. In my experience, the GH,0 of an occasional
canary egg may decrease suddenly and unexpectedly at
any time, but such changes are much more pronounced
than those shown by eggs in this study. I do not therefore
believe that the declining GH,0 values in Tables 1 and 2
are of this nature.

In summary, my data not only indicate that Common
Canaries are another altricial species whose eggs exhibit
changes in GH,0 during early stages of incubation, but
they also show that such changes occur in sterile, as well
as fertile, eggs and are therefore due to something other
than the development of the embryo or its extraembryonic
membranes. They also do not appear to be due to abrasion
of the shell. These changes in GH,0 may be accelerated by
the high temperatures to which the eggs are normally ex-
posed during incubation, but such temperatures are not
required for such changes to occur.

I thank Jasmini Ratnam for her help with the project.
The study was supported with work study funds of The
College of Wooster.
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Blue-eyed (Phalacrocorax atriceps) and King shags (P. al-
biventer) occur allopatrically in certain subantarctic island
groups and southern Argentina and Chile. The two species
occur together in parts of extreme southern Argentina,
Tierra del Fuego, and southern Chile. In adult P. atriceps
(Fig. 1f) the cheek is white, the hindneck has only a narrow
strip of black feathers, and there frequently is a white mid-
dorsal patch. In adult P. albiventer (Fig. le) the cheek is
glossy black, the hindneck is entirely black, and there is
no white dorsal patch (Murphy 1936, Behn et al. 1955,
Rand 1956, Humphrey et al. 1970, Devillers and Ter-
schuren 1978). Unlike adult plumages, juvenal plumages
of the two species are poorly known. During a study of
the systematic relationships of P. atriceps and P. albiven-
ter, 1 found that cheek patterns of juvenile P. atriceps
resemble those of adult P. albiventer or apparent inter-
mediates between the two species. This paper presents
evidence concerning the identification of juvenile Blue-
eyed and King shags and provides descriptions of juvenile
head plumages of these species.

! Received 15 October 1985. Final acceptance 31 March
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METHODS

I examined 84 shag specimens in juvenal plumage or first
prebasic molt for pattern and wear of cheek feathers and
made a reference sketch of the cheek pattern of each spec-
imen. Specimens examined were from Argentina (n = 38),
Chile (n = 14), the Falkland Islands (n = 4), Antarctica
(n = 9), the South Shetland Islands (n = 6), South Georgia
Island (n = 11), and Macquarie Island (n = 2). To deter-
mine the approximate amount of wear of juvenal cheek
feathers, I measured lengths of four or five feathers on the
black-white border at least 2 cm posterior to the throat
pouch—feather edge of each of four juveniles in fresh plum-
age. I also measured four or five feathers in the same areas
of each of four specimens determined by wear of juvenal
remiges and rectrices to be approximately one year of age
at collection. I measured only dark-tipped, obviously ju-
venal feathers in year-old birds, as molt had begun and
some new feathers were present. To find whether the
amount of wear thus approximated could account for vis-
ible lightening of the cheek area before the first prebasic
molt, I measured the lengths of the dark tips on 15 ran-
domly selected cheek feathers, located at least 2 cm pos-
terior to the throat pouch—feather border of four juvenile
specimens in fresh plumage.

RESULTS

Specimens from localities of allopatry show that juvenile
P. atriceps have dark-tipped cheek feathers and look su-
perficially similar to adult P. albiventer. I found no white-
cheeked juveniles in fresh plumage from areas in which



