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RELATIONSHIPS AMONG FRESH MASS, INCUBATION TIME,

AND WATER LOSS IN JAPANESE QUAIL EGGS!
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Abstract. Egg size is commonly assumed to increase the fitness value of hatchlings, and
yet, most intraspecific variation in egg size appears to be highly heritable. Because traits
strongly associated with fitness are expected to have low heritabilities, these two observations
are not mutually compatable unless other factors act to offset the fitness value of large eggs.
In this paper, we assess the influence of intraspecific egg-size variation on incubation periods
and rates of egg water loss among Japanese Quail (Coturnix japonica) eggs. In contrast to
interspecific studies of these relationships, we observed very low correlations between the
logarithms of fresh egg mass and incubation time (»2 = 0.016, P = 0.01, n = 378) and
between fresh egg mass and daily water loss (2 = 0.028, P = 0.03, n = 163). Analysis of
fresh eggs and newly hatched chicks confirmed that heavier eggs lost proportionately less
water during incubation. These observations suggest that statistical relationships derived
from interspecific comparisons of egg size and egg physiology are not generally applicable

to studies of intraspecific egg-size variation.
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INTRODUCTION

Egg size (mass and/or volume) varies consider-
ably within many bird species, with a large com-
ponent of this variation being attributable to ad-
ditive genetic variance (reviewed in Boag and
van Noordwijk 1987, Lessells et al. 1989). High-
ly heritable characters are theoretically presumed
to have a low association with fitness (Falconer
1981). However, egg size has been positively cor-
related with several components that are likely
related to fitness, including greater hatchability,
larger structural size and/or nutrient reserves of
hatchlings, higher initial growth rates, enhanced
thermoregulatory capabilities, greater fasting en-
durance, and greater survival to fledging (e.g.,
Parsons 1970; Schifferli 1973; Nisbet 1978;
Ricklefs et al. 1978; Krapu 1979; Lundberg and
Viisdnen 1979; Ankney 1980; Furness 1983;
Rhymer 1983, 1988). These observations pre-
sent an enigma; egg size should not be highly
variable, highly heritable, and highly correlated
with reproductive success. If these three obser-

! Received 16 March 1990. Final acceptance 31 Au-
gust 1990.

2 Present address: Department of Zoology, Univer-
sity of Alberta, Edmonton, Alberta T6G 2E9, Canada.

{28]

Coturnix japonica; egg composition; egg size; egg water loss; incubation;

vations are generally true among birds, then there
must also be certain disadvantages associated
with large eggs, otherwise strong directional se-
lection should have acted to fix the egg size of
each species (or population) at some ““optimally”
large size.

Lack (1967) hypothesized that nutrients may
be limiting for laying female waterfowl, and thus,
species producing relatively large eggs (for their
body size) must compensate by laying fewer eggs.
This notion of a trade-off between egg size and
clutch size has figured prominently in theoretical
life-history models (e.g., Smith and Fretwell 1974,
Brockelman 1975); however, empirical studies
generally have not supported such an hypothe-
sized trade-off (e.g., Parsons 1976, Rohwer 1988,
Lessells et al. 1989).

Nest predation can exert considerable selec-
tion pressure on the length of laying and/or in-
cubation periods, thereby acting to reduce the
total amount of time eggs and chicks remain vul-
nerable in the nest (Lack 1948, Arnold et al.
1987). Among species of birds, incubation pe-
riods are positively correlated with egg size
(Worth 1940), and some ornithologists have as-
sumed that a similar relationship applies to in-
traspecific egg-size variation (Parsons 1972). If
clutches of large eggs required longer to incubate,



they would also be at greater risk of predation,
and selection might therefore favor smaller eggs.

Egg water loss during incubation is a function
of egg shell conductance and the incubation en-
vironment (e.g., temperature, humidity, atmo-
spheric pressure). Because larger eggs have a low-
er surface area to volume ratio, they should also
experience lower rates of water loss, given similar
characteristics of the shell (e.g., pore diameter,
pore density, and shell width). Such variation in
water loss might have important consequences
for birds breeding at high altitudes (Carey et al.
1983) or in extremely wet or dry environments
(Lomholt 1976).

Among species of birds, incubation time (I, in
days) is proportional to egg mass (W, in g) raised
to the 0.22 power (I = 12.03W%2), and daily
water loss (MH,0, in g/day) is proportional to egg
mass raised to the 0.74 power (MH,0 =
0.015W%%) (Rahn and Ar 1974). Rahn and Ar
(1974) combined these two relationships, assum-
ing that W022. Wo74 = Wo9 =~ W10 to obtain F
= MH,0-1-W~!, thereby demonstrating that eggs
of most species lose a constant fraction (F) of
their fresh mass as water vapor during incubation
(F = 18%; later amended to 5% in Ar and Rahn
1980). These equations have proved to be highly
robust, changing little with the addition of new
data (Ar and Rahn 1980, 1985). Although there
appear to be taxonomic differences, the general
relationships are also apparent within individual
orders of birds (Ar and Rahn 1985: Table 6).
However, these relationships have received little
attention intraspecifically. In order to better un-
derstand the relationships among egg mass, in-
cubation time, and rate of water loss within a
species, we examined these factors under con-
trolled incubation conditions using eggs of the
Japanese Quail (Coturnix japonica).

METHODS

Unincubated Japanese Quail eggs were obtained
from the Quail Genetic Stock Centre at the Uni-
versity of British Columbia. Eggs were of un-
known age when we received them, and incu-
bation was further delayed for four days after we
obtained them. Prolonged pre-incubation stor-
age is known to affect hatchability and incuba-
tion time in domestic chickens (Gallus domes-
ticus) (McLaury and Insko 1968), but we could
not control for this potential source of variation
in our study. Eggs were systematically numbered
(n = 450), weighed (+0.01 g), and set to incubate
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in two forced-draft incubators which rotated the
eggs through 90° every 2 hr and kept environ-
mental conditions constant at 35°C and 56% RH.

The eggs used in this study were part of an
experiment to assess potential effects of grass-
hopper-control insecticides on developing em-
bryos (Martin 1990); however, only control eggs
from that experiment are included in the present
study. Control eggs were immersed in distilled
water at room temperature (approx. 24°C) for 30
sec on incubation day 0, 4, or 14 and allowed to
drip-dry (approx. 20 min at room temperature)
before being returned to the incubators.

We reweighed 200 eggs on incubation day 13
to determine rates of water loss (MH,0, mg-d—").
Because the incubation environment was con-
trolled and essentially constant among eggs, vari-
ation in water loss was primarily a function of
variation in egg shell conductance. Eggs were
quickly returned to their incubators after weigh-
ing. Only eggs which subsequently hatched were
used in analyses comparing daily water loss to
fresh egg mass.

Eggs were moved into a hatching unit on day
14 of incubation. Because of space constraints,
we placed four to six eggs in each individual
holding compartment; however, we positioned
eggs so that they had minimal contact with each
other so that between embryo synchronization
would not affect hatching times (e.g., Vince 1966).
Eggs typically hatched asynchronously within in-
dividual holding compartments, but 43 chicks
could not be matched with certainty to their re-
spective eggs (these 43 eggs were excluded from
analyses involving attributes of the chicks). The
hatching unit was monitored approximately once
per hour, from onset of pipping in the first egg
(day 15), until 6 hr after the last successful egg
hatched (day 20). During the peak hatching pe-
riod (days 16—17) we maintained 24 hr vigilance
over the incubators, but on days 18-20 we did
not check the incubator at 01:00, 02:00, 04:00,
or 05:00. We subjectively categorized the wet-
ness or dryness of the plumage of newly-hatched
chicks using five categories to help interpolate
hatch times between the two most recent incu-
bator checks (Batt 1969). Using these criteria,
the incubation period of individual eggs could
usually be determined to the nearest 'z hr. New-
Iy-hatched chicks were allowed to dry for 1 hr
in the hatcher before being weighed (+0.01 g)
and measured (tarsus length, £0.05 mm).

A subsample of 123 chicks and a separate sam-
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TABLE 1. Variation in egg and chick composition (g), tarsus length (mm), incubation period (d), and daily

egg water loss (g) of the Japanese Quail.

n %+ SD CV (%) Range
Egg mass® 378 9.54 + 0.69 7.0 7.18-11.25
Egg mass® 100 9.48 + 0.85 8.9 7.09-11.28
Shell, dry 0.76 = 0.10 12.8 0.52-1.41
Total protein, dry 1.30 £ 0.13 10.1 0.91-1.62
Total lipid 0.95 = 0.12 13.0 0.70-1.26
Total water 6.47 + 0.60 9.3 4.62-7.57
Chick mass® 369 6.64 + 0.60 11.4 4.78-8.32
Chick tarsus® 369 16.67 + 0.78 4.7 13.40-18.80
Chick mass® 123 6.68 + 0.78 11.6 4.65-8.95
Total protein, dry 1.18 £ 0.15 12.9 0.78-1.62
Total lipid 0.46 + 0.12 26.2 0.21-0.74
Total water 5.04 + 0.59 11.7 3.58-6.75
Chick tarsus® 123 16.48 + 0.87 5.3 13.40-18.70
Incubation period® 378 16.58 + 0.61 3.7 15.09-18.99
Incubation period® 123 16.35 £ 0.48 3.0 15.09-17.88
Daily water loss? 163 0.077 £ 0.012 15.6 0.050-0.126
2 Overall sample of hatching eggs.
* Sample used to analyze egg contents.
< Sample used to analyze chicks.

4 Sample includes only those eggs (of 200) that subsequently hatched.

ple of 100 unincubated eggs were collected for
analysis of nutrient composition (only chicks
which could be unambiguously assigned to an
egg were included in this sample). Eggs were boiled
for 5 min, chicks were killed by decapitation,
and eggs and chicks were individually sealed in
plastic bags and frozen at —17°C. In the labo-
ratory, eggs were thawed and separated into yolk,
albumen, and shell (including shell membranes)
and wet masses were determined for each com-
ponent. Egg components and whole chicks were
dried at 80°C for 48 hr to determine dry masses
(Kerr et al. 1982). Lipid content of yolk and whole
chicks was determined by extraction with petro-
luem ether for 4 hr in a Soxhlet apparatus (Do-
bush et al. 1985). Remaining dry matter in yolks
and chicks, and the dry mass of egg albumen,
were assumed to be primarily protein (Ricklefs
et al. 1978).

All statistical tests were performed using the
SAS statistical package (SAS Institute Inc. 1985).
Hatchability as a function of fresh egg mass and
daily water loss was analyzed using logistic re-
gression (SAS CATMOD procedure). Ordinary
least squares (OLS) regressions of log,, nutrient
component masses on log,, fresh egg mass, log,,
fresh chick mass, or log,, tarsus length were used
to determine allometric relationships among egg
and chick components (SAS GLM procedure).
We recognize two potential problems with this
technique. First, we were regressing the com-
ponents of an object on the entire object, so frac-

tionally large components necessarily had high
correlations and slopes near unity (e.g., Ho-
chachka 1988). Second, OLS regression assumes
that all variation (lack of fit) resides in the or-
dinate (McArdle 1988), a rather unlikely as-
sumption. Nevertheless, we proceeded with this
technique because alternative methods (e.g.,
principal components analysis, reduced major
axis regression) have their own interpretational
problems, and because all previously published
studies with which we wished to compare our
results had also used OLS regression.

RESULTS

Japanese Quail displayed a considerable range
of variation in egg mass, chick mass, incubation
time, and rate of incubation water loss, with wa-
ter loss exhibiting the most relative variation and
incubation time exhibiting the least relative vari-
ation (Table 1: CVs). For both egg and chick
composition, lipid content had the highest coef-
ficient.of variation and water content had the
least (Table 1). Eggs and chicks collected for nu-
trient analysis were similar in mean mass to the
larger samples of controls, but samples collected
for analysis tended to be more variable (Table
1). This reflects our attempt to sample the widest
possible spectrum of egg- and chick-size varia-
tion by actively selecting very large and very small
eggs and chicks for nutrient analysis. Chicks col-
lected for nutrient analysis had significantly
shorter incubation periods than the entire sample



TABLE 2. Variation in hatchability and incubation
period (d) of Japanese Quail eggs associated with 30
sec immersion in distilled water.

Treatment day Hatchability Incubation period®
0 0.847 16.53 + 0.62

4 0.832 16.53 = 0.60

14 0.847 16.67 + 0.61

* Fraction of all eggs hatching, based on 150 eggs for day 0 and day
1{., and l11§9Deggs for day 4.
Xt .

(by about 5.5 hr; Table 1); this difference was an
inadvertent consequence of non-random sam-
pling.

Our sham exposure treatment (immersion in
distilled water on incubation day 0, 4, or 14) had
a slight effect on incubation time (ANOVA: F, 5,
= 2.75, P = 0.07). Eggs treated on days O and 4
hatched synchronously; however, eggs treated on
day 14 required an additional 0.14 d (3 hr and
20 min) to hatch, on average (Table 2). There
was no interaction between treatment day and
egg size (i.e., egg size-treatment day interaction:
F,3,, = 0.83, P = 0.43), nor did treatment day
influence hatchability (Table 2: x> = 0.16, P =
0.92). The effect of egg immersion on incubation
time was controlled for in the following statistical
analyses by including treatment day as a class
variable in the regression model (i.e., AN-
COVA).

Hatchability was slightly affected by egg mass
(x2 = 3.19, P = 0.07); examination of frequency
distributions for hatched and failed eggs revealed
that this was a function of lower hatching success
among eggs that were smaller than the median.
Egg mass was weakly correlated with incubation
time (Fig. 1; 2 =0.016, P = 0.01, n = 378) and
with daily water loss (Fig. 2; > =0.028, P=0.03,
n = 163 hatched eggs). The relationship between
egg mass and daily water loss, MH,0 =
0.034wo3s4=0170 ipdicated that larger quail eggs
lost absolutely more, but proportionately less,
water during incubation than did small eggs (i.e.,
the 95% CI for the exponent, 0.029 < b < 0.699,
includes neither O nor 1). Daily water loss had
no effect on total incubation time (F, 5, = 1.39,
P = 0.24, partial r* = 0.008, n = 163) or on
hatchability (x2 = 2.06, P = 0.37, n = 200).

Egg composition analyses revealed that the
water, protein, and lipid components were di-
rectly proportional to egg mass, although there
was considerable unexplained variation in the
lipid relationship (Table 3). Shell mass did not
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FIGURE 1. Allometric relationship between incu-

bation time and egg mass of Japanese Quail eggs. Axes
are in log scale.

increase proportionately with egg mass (b = 0.82);
however, the exponent for this relationship was
not quite statistically different from one (P <
0.08).

Fresh mass, water content, and lipid content
of analyzed chicks increased disproportionately
with egg mass (b’s > 1.00), but chick protein
increased at a rate proportional to egg mass (Ta-
ble 3). Within the total sample of hatchlings,
chick mass was a constant proportion of egg mass
(b = 0.96) and tarsus length increased at the 0.30
power of egg mass (Table 3). These relationships
were further affected by incubation time: for a
given egg mass, fresh mass of chicks and chick
components were negatively correlated with to-
tal incubation time (Table 4). This effect was
pronounced for lipid and protein content, but
rather small for total water. Tarsus length was
positively correlated with egg mass and incu-
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FIGURE 2. Allometric relationship between daily
water loss and egg mass of Japanese Quail eggs. Axes
are in log scale.
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TABLE 3. Regressions of log,, egg and chick component masses versus log,, egg mass in the Japanese Quail.*

Component a + SE(a) b + SE(b) r
Egg shell, dry -0.93 +£0.10 0.82 £ 0.10 0.40
Egg water -0.19 £ 0.02 1.03 = 0.02 0.96
Egg protein, dry —0.88 + 0.05 1.02 + 0.05 0.81
Egg lipid —0.99 £ 0.10 0.98 = 0.11 0.47
Chick wet mass® —-0.12 £ 0.04 0.96 + 0.04 0.60
Chick tarsusb< 0.93 + 0.03 0.30 = 0.03 0.20
Chick wet mass? -0.32 £ 0.03 1.17 £ 0.04 0.90
Chick water —-0.42 + 0.04 1.15 £ 0.04 0.86
Chick protein, dry —-0.99 £ 0.07 1.08 + 0.07 0.65
Chick lipid —1.98 £ 0.21 1.67 £ 0.22 0.33
Chick tarsus® 0.90 + 0.04 0.32 £ 0.04 0.34

» Log,, component mass = a + b{log,, egg mass); all regressions significant at P < 0.0001.
35).

* Sample of all known-egg chicks (7 =
< Units are mm, all other units are g.
¢ Sample of chicks analyzed for nutrient composition (2 = 123).

bation time, and both of these factors seemed
equally important (Table 4). Within the subsam-
ple of eggs for which water loss was measured,
fresh mass of the chick was a positive function
of egg mass, and a negative function of incuba-
tion time and daily water loss (Table 5). The
interaction effect between total incubation time
and daily water loss was marginally significant
(P = 0.07), but explained only 0.5% of the vari-
ation in chick mass. The coefficient for this in-
teraction was positive, presumably indicating that
eggs with high shell conductance lost less water
than expected when their incubation periods were
longer than average.

Lipid content of chicks displayed positive al-
lometry with respect to total chick mass and tar-
sus length (Table 6). Protein content was pro-
portional to tarsus length, but tended to be
negatively allometric with respect to chick mass
(Table 6: P = 0.10), whereas water content in-
creased disproportionately with respect to tarsus

length, but was proportional to chick mass. Be-
cause water content was such a large fraction of
total chick mass, it was not surprising that this
relationship was isometric (a similar criticism
could be applied to our regression of egg water
content on total egg mass; e.g., Hochachka 1988).
We therefore regressed chick water content on
chick dry mass (protein + lipid) and compared
the residuals from this regression (i.e., relative
water content) to initial egg mass. Relative water
content of newly hatched chicks was positively
correlated with fresh egg mass (2 = 0.137, P <
0.0001).

For relationships involving hatchability, egg
mass, chick mass, tarsus length, and incubation
time, we verified the preceding results by re-
peating these analyses on all 1800 quail eggs used
in the pesticide experiment (pesticide exposure
had minimal effect on these variables; e.g., Mar-
tin 1990). We obtained quantitatively similar re-
sults in every case.

TABLE 4. Effects of egg mass and incubation time on size and composition of chicks in the Japanese Quail.

Egg mass effect* Incubation time effect®
Component: b+ SE F P r b+ SE F P r
Chick mass® 1.02 = 0.04 779.1 0.0001 0.60 —0.86 = 0.07 146.7 0.0001 0.12
Chick tarsusb< 0.27 = 0. 03 80.1 0.0001 0.20 0.52 + 0.06 81.3 0.0001 0.16
Chick mass? 1.20 = 0.1 1,603.9 0.0001 0.90 —0.74 = 0.10 54.6 0.0001 0.03
Chick water 1.17 £ 0.1 811.9 0.0001 0.86 —-0.44 = 0.14 10.5  0.002 0.01
Chick protein 1.14 £ 0. 06 317.8 0.0001 0.65 —-1.26 £ 0.21 35.6  0.0001 0.08
Chick fat 1.77 £ 0.21 72.7  0.0001 0.33 —2.56 = 0.69 13.7 0.0003 0.07
Chick tarsus-d 0.30 £ 0.04 60.9 0.0001 0.34 0.52 +0.13 16.3  0.0001 0.08

= Data from multiple regression of log,, component on log,, egg mass and log,, incubation time; b is the partial regression coefficient, r2 is the partial

coefficient of determination.
b Sample of all known-egg chicks (» = 335).
< Units are mm, all other units are g. .
4 Sample of chicks analyzed for nutrient composition (n = 123).
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TABLES5. Effects of egg mass, incubation time, and daily water loss on hatching mass of Japanese Quail chicks.

Effect: b+ SE F P P
Egg mass 1.13* + 0.05 480.4 0.0001 0.59°
Incubation time -0.98 =0.10 102.2 0.0001 0.14
Daily water loss -0.14 = 0.03 34.1 0.0001 0.05

* All variables log,, transformed for analysis.
® Partial regression coefficient.
< Partial coefficient of determination.

DISCUSSION

The relationship that we obtained between in-
cubation time and egg mass in Japanese Quail (I
= 14.34W0064x0026 2 = () 016) had a much shal-
lower slope and was considerably weaker than
the interspecific relationship described by Rahn
and Ar (1974) (I = 12.03W°22, 2 = 0.74) (see
also Ar and Rahn 1985; I = 11.61W°223 r2 =
0.617). The 99.9% CI of our regression exponent,
—0.219 < b < 0.152, did not include Rahn and
Ar’s exponent of 0.22. Similarly, the intraspecific
relationship that we obtained between daily wa-
ter loss and egg mass (MH,0 = 0.034Wo3640.170
r? = 0.028) was far weaker than Rahn and Ar’s
interspecific relationship (MH,0 = 0.015W?°74_ 2
not reported) (see also Ar and Rahn 1985; Mu,0
= 0.0139M°7, r2 = 0.906). The 95% confidence
interval for our regression exponent (0.027 < b
< 0.701) does not include Rahn and Ar’s ex-
ponent of 0.74. Rahn and Ar (1974) combined
their two relationships and obtained the equation
F = Mu,0-1-W-! (assuming W% =~ W'%) where
F represents a constant fraction of fresh egg mass
which is lost as water vapor during incubation.
When we combined the two relationships de-
rived from our data on Japanese Quail, we ob-
tained F = 0.034W0364.14 355W006¢. W-1 =
0.488Wo42s.W-1 Unlike Rahn and Ar’s (1974)
interspecific relationship, the exponent of W for
our data was substantially less than 1.00. Thus,
fractional water loss was not independent of egg

mass; small eggs lost proportionately more water
than large eggs. From the extremes of egg mass
encountered in this study (7.18-11.25 g), the es-
timated mean fraction of egg mass lost as water
vapor ranged from 15.8 to 12.2% and the esti-
mated mean incubation period ranged from 16.27
to 16.74 d.

Parsons (1972) found that larger than average
a-eggs of the Herring Gull (Larus argentatus) took
16 hr longer to hatch than did a-eggs that were
smaller than the mean; however, research with
other larids has demonstrated weak or nonex-
istent correlations between incubation period and
egg size (Nisbet 1975, Runde and Barrett 1981,
Nol and Blokpoel 1983). In field studies of nat-
urally breeding populations, correlations be-
tween these two variables could be confounded
by variation in parental quality or timing of
breeding (e.g., Parsons 1972, Davis 1975, Nisbet
1975), making the actual relationship between
egg size and incubation time difficult to ascertain.
Ricklefs and Smeraski (1983) conducted recip-
rocal egg exchanges between nests of European
Starlings (Sturnus vulgaris) and found that most
variation in incubation time was attributable to
the incubating bird; only a small amount of vari-
ation could be assigned to the natural parent.
Incubation time was not affected by egg mass,
but it was related to the yolk content in eggs of
both the parental and the incubating birds (Rick-
lefs and Smeraski 1983). Some studies of do-

TABLE 6. Regressions of log,, chick component masses (g) on log,, chick mass (g) and log,, tarsus length

(mm).
Independent variable Dependent variable a + SE(a) b + SE(b) r”
Chick mass Total water -0.12 £ 0.01 0.99 = 0.02 0.97
Total protein —0.67 = 0.05 0.90 = 0.06 0.69
Total fat —1.52 + 0.14 1.41 = 0.17 0.36
Tarsus Total water —0.90 = 0.20 1.32 = 0.17 0.34
Total protein —1.08 + 0.25 0.94 + 0.20 0.15
Total fat —2.18 £ 0.56 1.50 £ 0.46 0.08

» Log,, dependent variable = a + b(log,, independent variable); all regressions significant at P < 0.0001 except total fat versus tarsus length (P = 0.0015).
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mestic chickens and turkeys have shown positive
correlations between egg size and incubation pe-
riod (Hassan and Nordskog 1971; references
therein), but these relationships have generally
been very weak (e.g., 2 =0.012, P=0.05; Bohren
etal. 1961; r? = 0.036 [includes an effect of prein-
cubation holding time], P < 0.001, McLaury
and Insko 1968). These studies support our con-
tention that intraspecific relationships between
incubation time and egg size are very weak; how-
ever, none of these studies described the struc-
tural aspects of this relationship.

Studies of egg water loss have typically ignored
the potential influence of intraspecific variation
in egg mass (e.g., Rahn et al. 1976), or have in-
appropriately used ratios to adjust for this vari-
ation (e.g., Lomholt 1976; see Packard and
Boardman 1988 for a critique of this method).
However, rates of water loss from eggs of Barn
Swallows (Hirundo rustica), Cliff Swallows (Hir-
undo pyrrhonota), and Black-billed Magpies (Pica
pica) were not related to egg size (Packard et al.
1977, Sotherland et al. 1980, Taigen et al. 1980).
Carey (1986) used fresh egg mass as a covariate
in an analysis of egg water loss among Red-winged
Blackbirds (Agelaius phoeniceus) and showed that
egg mass was a significant predictor of daily water
loss (P = 0.001), but it appeared to explain very
little of the variation (Carey 1986: Table 1; par-
tial r2 < 0.04, assuming n of 63). As was the case
for incubation period, none of these studies de-
scribed the structural relationship between egg
mass and daily water loss.

Daily water loss in this study was determined
from mean water loss over the first 13 days of
incubation, without taking into account daily
variation associated with reduced rates of water
loss during the initial stages of incubation (in-
cluded in our 13 d period), or the often extensive
water loss which occurs during hatching (not in-
cluded in our 13 d period) (Carey 1979). Perhaps
large eggs, which retained a higher proportion of
water through the first 13 d of incubation, lost
proportionately more water during hatching (e.g.,
Whittow et al. 1985). This seems unlikely with
our data, however, because the pip-to-hatch in-
terval in our quail eggs, though not quantified,
appeared to be less than 2 hr. Furthermore, nu-
trient analyses of unincubated eggs and newly-
hatched chicks suggested that disproportionately
low water loss from large eggs gave rise to chicks
with disproportionately high water content.

Intraspecific variation in fractional water loss,
as recorded in this study, had no effect on hatch-
ability or incubation time (see also Mather and
Laughlin 1976, Burton and Tullett 1985), and
only a slight effect on total mass of newly hatched
chicks. Presumably, most of this variation in
hatchling mass reflected differences in water con-
tent, although Burton and Tullett (1985) showed
that dry mass of the chicken embryo was also
influenced by variation in shell conductance (as
indexed by rates of water loss). Carey et al. (1983)
recorded fractional water loss from Red-winged
Blackbird eggs being incubated at different alti-
tudes, and thereby experiencing variable rates of
water loss due to different partial pressures be-
tween eggs and atmosphere. Chicks hatched suc-
cessfully from naturally incubated eggs that lost
from 11.2 to 22.0% of their initial mass as water
vapor, and some chicks also hatched successfully
from eggs which lost up to 43.5% of their initial
mass during incubation as a result of puncture
manipulations to their shells (Carey 1986). In
addition, chick water content was strongly cor-
related with rates of egg water loss (Carey 1986;
r? ranged from 0.67 to 0.85).

Our results on nutrient composition of eggs
and chicks of Japanese Quail differed little from
earlier analyses conducted by Ricklefs (Ricklefs
1977, Ricklefs et al. 1978). Our data showed that
protein and lipid content of eggs varied iso-
metrically with egg size, whereas Ricklefs et al.
(1978) suggested that protein content was dis-
proportionately high in large eggs and lipid con-
tent was disproportionately low (only the protein
relationship was significantly different from
isometry). We also observed a weaker coefficient
of determination between egg size and chick lipid
content (r2 = 0.33) than did Ricklefs (> = 0.73).
Most other relationships were remarkably sim-
ilar between studies. We found, as did Ricklefs,
that proportional lipid content of newly hatched
chicks increased dramatically with egg size, de-
spite the isometric relationships observed be-
tween egg lipid content and fresh egg mass. Ali-
sauskas (1986) documented a similar relationship
for newly hatched American Coots (Fulica amer-
icana), but proportional lipid content declined
with egg size in Laughing Gulls (Larus atricilla)
and Wood Ducks (4ix sponsa) (Ricklefs et al.
1978, Hepp et al. 1987). This wide range of vari-
ation between proportional composition of fresh
eggs and hatchlings suggests that caution is ad-



visable when speculating about the possible
adaptive function of allometric variation in egg
composition.

Protein and lipid content of newly-hatched
chicks were inversely correlated with incubation
time (controlling for variation in fresh egg mass),
presumably because embryos metabolized more
of these nutrients if hatching was delayed. Al-
though variation in egg composition is usually
interpreted in terms of its influence on energy
reserves of hatchlings, nutrient rich eggs may also
be beneficial for the energy they provide to em-
bryos before and during hatching. Tarsus length
of hatchlings was equally influenced by incuba-
tion time and egg mass, suggesting that embryos
in larger eggs had faster growth rates, at least up
until hatching (see also Hassan and Nordskog
1971; cf. Ricklefs 1984). This does not appear
to be caused by arrested development arising from
space constraints in small eggs, because growth
rate of Japanese Quail embryos during the last
six days of incubation is constant (Spiers and
Baummer 1990).

An unlooked for result in our study was the
slightly longer incubation period for eggs im-
mersed in distilled water on incubation day 14,
relative to eggs receiving similar treatment on
incubation day O or 4 (day 14 eggs required 3.3
additional hr to hatch; hatchability was unaf-
fected by this treatment). Presumably, this
hatching delay was a result of embryo cooling.
Webb (1987) summarized evidence from other
studies that have demonstrated correlations be-
tween low incubation temperatures (often re-
sulting from egg neglect) and increased incuba-
tion time (see also Evans 1990). Our data suggest
a relatively high cost in terms of additional in-
cubation time (3.3 hr) for a relatively short pe-
riod of embryo cooling (30 sec emersion, <30
min interruption of incubation), and may help
explain why birds are reluctant to take incuba-
tion breaks during inclement weather (e.g., Afton
1980, Zerba and Morton 1983). In addition, these
data suggest that investigators that use the egg
immersion technique to estimate future hatching
dates (e.g., Nol and Blokpoel 1983) may be af-
fecting, as well as estimating, their results.

CONCLUSION

We observed very weak correlations among fresh
egg mass, incubation time, and daily water loss
in a large sample of Japanese Quail eggs artifi-
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cially incubated under controlled conditions.
These results were inconsistent with interspecific
studies of these relationships (Rahn and Ar 1974,
Ar and Rahn 1985). We view the constancy of
incubation conditions among eggs as a benefit in
our study, although perhaps in wild conditions
large eggs have advantages not expressed in our
artificial environment (e.g., slower cooling rates
of large eggs during incubation recesses). But in
the wild, the frequent nest visits required to ac-
curately determine hatch time would likely also
affect incubation constancy of the parents (Forbes
and Ankney 1988). We used Japanese Quail eggs
for our experiment because they were readily
available, but we recognize that the importance
of synchronous hatching among many precocial
nidifugous birds (e.g., Vince 1966) may have re-
sulted in strong stabilizing selection on incuba-
tion time (Table 1; CV’s). Ideally, our experi-
ment would have been conducted using a bird
with asynchronous hatching and intense inter-
sibling rivalry. Such is the case among larids,
where field studies have generated equivocal sup-
port for relationships among incubation time and
egg size (see discussion). Alternatively, the nar-
row range of egg mass in our study may have
contributed to the weakness of the relationships
among egg mass, incubation time, and water loss;
however, the coefficient of variation for egg mass
of Japanese Quail (CV = 7.0%) is typical of that
found in other birds (mean CV = 7.3 + 1.8 %
[1 SD] for 48 populations, range = 4.0 to 10.9
%; based on references in our Literature Cited),
indicating that these relationships are likely to
be weak within other species of birds. Other com-
parative studies have also found that allometric
relationships derived across a broad taxonomic
array (i.e., the mouse to elephant, or humming-
bird to ostrich approach) are inappropriate when
applied to lower taxonomic levels (Pagel and
Harvey 1988). We recognize the enormous ad-
vances that studies of interspecific egg-size vari-
ation have made to our understanding of egg
physiology, but we believe that it would be er-
roneous to assume that these same functional
relationships apply to variation in egg size within
a species.
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