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Abstract:  We investigated factors affecting incu-
bation time and metabolic rates of Mallard (Anas
platyrivvnchos) eggs incubated under constant envi-
ronmental conditions. Time required to reach the star-
pipped stage of hatch varied signiticantly among fe-
males, but not with laying sequence or egg size.
Metabolic rate of cggs varied positively with posi-
tion in the laying sequence and tended to vary among
females. Metabolic rate did not vary with egg vol-
ume or incubation length. Our results indicate meta-
bolic rate may act as one synchronization mechanism
for hatch. The role of maternal effects in develop-
ment time should be considered in subsequent stud-
ies of incubation time in ducks.
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INTRODUCTION

Waterfowl typically begin incubation before the
clutch is complete (Caldwell and Cornwell 1975,
Cooper 1978, Afton and Paulus 1992), which results
in developmental asynchrony of eggs within clutches
at the end of laying (Caldwell and Cornwell 1975,
Afton 1979, Kennamer et al. 1990). However, asyn-

chrony at hatching is less than that observed at the
end of laying (Caldwell and Cornwell 1975, Afton
1979, Cargill and Cooke 1981), suggesting that some
mechanisms exist to synchronize hatch (Afton 1979,
Davies and Cooke 1983). Such mechanisms could in-
clude developmental retardation of eggs laid early in
the laying sequence or developmental acceleration of
eggs laid after the onset of incubation (Davies and
Cooke 1983). Regardless of how such mechanisms
work, eggs within clutches must have variable incu-
bation lengths.

Synchronization mechanisms could be either ex-
trinsic to the egg or intrinsic to the egg. Extrinsic
mechanisms could include behavior of the parent. For
example, eggs in the center of the nest have higher
temperatures (Caldwell and Cornwell 1975), thus fe-
males may alter development time of specific cggs
by regulating egg position in the nest. Also. vocal
stimulation decreases time to hatching (Vince 1966,
Orcutt and Orcutt 1976) and may accelerate devel-
opment of later laid eggs (Davies and Cooke 1983).
Intrinsic factors include inherent properties of the
egg, such as egg composition, egg size, or physiol-
ogy. Smaller eggs require less incubation, both
among and within species (Worth 1940, Rahn and Ar
1974, Arnold 1993). Martin and Arnold (1991) found




effects of egg size on incubation length were rela-
tively weak when studied within species, however
their analysis did not control for among female fac-
tors other than egg size. Egg composition also varies
among (Alisauskas 1986, Hepp et al. 1987) and
within clutches (Alisauskas 1986), which could in-
fluence development rate. Alternatively, inherent dif-
ferences in metabolic rate might result in differences
in development time. Several studies have demon-
strated greater variation in lipid reserves among
newly hatched chicks as compared to freshly laid
eggs, suggesting differential lipid reserve use among
eggs (Alisauskas 1986, Hepp et al. 1987, Slattery and
Alisauskas 1995).

The combination of these studies led us to hypoth-
esize that relationships may exist among metabolic
rate, egg size, and the time required for embryo de-
velopment. Our goal in this study was to examine the
potential for among female variation in intrinsic fac-
tors to influence egg development in a controlled in-
cubation environment (i.e., incubator), thereby elimi-
nating female behavior as an extrinsic factor. Factors
we considered were maternal contribution to eggs,
cgg size, egg metabolic rates, and egg sequence in
the clutch.

METHODS

We conducted this study at the Delta Waterfowl and
Wetlands Research Station, Portage la Prairie, Mani-
toba, Canada from April-July, 1994. Thirty, 1-year-
old, captive, wild stock Mallards (Anas platyrhyncos)
were used for this study. We placed each pair in 2 X
4 m breeding pens on 30 April. All pairs were fed
Delta Waterfowl Turkey Starter ad libitum and had
free access to water for bathing and swimming. A
covered, wooden box filled with straw was placed in
each pen for a nesting structure. Appropriate animal
use and care permits were obtained from the Cana-
dian Wildlife Service (Permit # WS-M25) and the
University of Alaska, Fairbanks (IACUC Protocol #
94-019) for all portions of this study.

Beginning 1 May, nest boxes were checked twice
daily for eggs. Nest checks were conducted between
09:00 and 11:00 and again between 18:00 and 20:00.
Fresh eggs were removed from the nest and replaced
with a plastic egg of similar size, weight and color.
Our goal was to remove eggs as soon as possible so
the eggs would be minimally exposed to female be-
havior. Eggs were individually numbered on the
blunt end with an indelible marker and placed in a
commercial grade incubator (Humidaire 550) that
maintained a constant temperature of 37.5°C and
relative humidity of 84-87%. Eggs were assigned
random locations in the incubator to randomize mi-
croclimate effects. Eggs were candled every 7 days
to determine fertility (Weller 1956). Infertile cggs
were removed from the incubator, and fertile eggs
were replaced in their location.

DEVELOPMENT TIME

Eggs that were judged to be within 12 hours of ini-
tiating hatch, based on candling (Weller 1956), were
removed from the incubator and placed in a hatch-
ing machine (Humidaire Hatcher 50) that maintained
a relative humidity of 87-89% and a temperature of
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37.2°C. We assigned eggs to random locations in the
hatching machine to randomize microclimate effects.
Eggs in the hatching machine were examined every
8 hours to determine timing of hatch, which we de-
fined as occurring when shells were star-pipped. A
star-pipped egg was one for which the shell had
cracked enough to create a small diameter circle (ap-
proximately 3 mm). We used the star-pipped stage
to define hatch because variable humidity in the
hatching machine may have artificially increased
shell exodus time for some ducklings. The star-
pipped stage of hatch is the first externally observ-
able stage of hatch, and was the most unatfected by
humidity fluctuations in this study.

METABOLIC MEASUREMENTS

We randomly selected one egg from early, middle
and late in the laying sequence of each clutch for
metabolic measurement. Egg position in the laying
sequence was determined using all fertile and infer-
tile eggs in a clutch. We measured metabolic rate of
these eggs two or three times during the incubation
period. Metabolic rates were measured using a
closed-system respirometry apparatus consisting of
two, 240-ml glass jars, each fitted with an airtight
injection port and connected to each other by a ma-
nometer filled with colored water (Scholander 1950).
One jar served as the chamber to hold the egg, the
bottom of which was covered with Ascarite to ab-
sorb CO, produced by the embryo, while the other
jar served as a pressure buffer and completed the
closed system. Eggs were placed in the respirometry
chamber on a piece of wire mesh 1.5 ¢cm over the
Ascarite. Both jars were then placed with the upper
2 cm exposed in a circulating water bath (40°C)
which maintained a chamber temperature of 37°C.
Lids were placed loosely on the jars and we allowed
eggs to equilibrate in the apparatus for 10 minutes
before beginning a trial. The manometer was not sub-
merged at any time and rested outside the water bath
so that water level in the manometer could be moni-
tored. All steps preceding submersion of the cham-
bers were completed as quickly as possible to mini-
mize temperature fluctuations experienced by the
egg. After equilibration, the pre-injection level of the
manometer was recorded, lids were secured on both
chambers and 1 ml of pure, ambient temperature and
pressure O, was injected into the chamber using a 3
ml gas-tight syringe. The plunger of the syringe was
pumped three times after O, injection to ensure an
even mixture of gas in the chamber. After the third
time the plunger was pumped, a stopwatch was
started and time required for the manometer level to
return to the equilibration point was recorded. Three
trials were conducted for each metabolic measure-
ment. Barometric pressure and chamber temperature
were recorded at the beginning of each trial and true
volume of oxygen (ml) consumed by the embryo was
corrected to standard temperature and pressure
(STP). Measurements of oxygen consumption were
converted to a rate of oxygen consumption, defined
as ml of oxygen consumed/hour. Length (L) and
width (W) of all eggs were measured to the nearest
0.01mm using vernier calipers and egg volume was
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TABLE |. General linear models describing varia-
tion in egg development time and metabolic rate for
Mallard eggs.

dr F P

Egg development time

(n = 49)

Female 9 2.26 0.03

Laying sequence 2 0.12 0.88

Egg volume 1 1.24 0.27
Egg metabolic rate

(n = 45)

Female 12 1.98 0.07

Laying sequence 2 4.63 0.02

Egg volume 1 0.24 0.63

Day of incubation I 18.95 <().001

calculated as 0.515LW? following the methods of
Hoyt (1979).

STATISTICAL ANALYSES

We used analysis of covariance (ANCOVA) to ex-
amine variation in incubation length. We used egg
development time (from laying to star pipped) in
days as the dependent variable, female and laying se-
quence (carly, middle or late) as class variables, and
egg volume as a covariate in the analysis.

We also used ANCOVA to examine variation in
metabolic rates of eggs. We used metabolic rate/hour
as the dependent variable, female and laying se-
quence in the clutch as class variables, and egg vol-
ume and day of incubation as covariates. Day of in-
cubation was included because metabolic rate varies
with stage of incubation in several species of Anas
(Hoyt et al. 1979, Vleck and Vleck 1980).

We tested for a direct relationship between devel-
opment time and metabolic rate using an ANCOVA
model that included egg size, metabolic rate, day of
incubation, and laying sequence in the clutch. For
this analysis, we used days to star-pipped stage of
hatching as the response variable and the last meta-
bolic measurements taken from each egg as the in-
dependent variable. Day of incubation was a covari-
ate and laying sequence was a class variable in this
test. Only eggs that were observed in the star-pipped
stage of hatch and had a metabolic rate measurement
were used for this analysis.

To determine if metabolic rates of eggs varied with
egg volume, we regressed the log,, metabolic rate
from the last measurements taken on each egg against
log,, egg volume (Ricklefs 1984) while controlling
for laying sequence and female effects. We specifi-
cally were interested in testing the null hypothesis
that the slope of this line would equal 1, indicating
isometry. A slope different from | would indicate a
proportional increase or decrease in size-specific
metabolic rates.

All statistical analyses were conducted using the
General Linear Models (GLM) Procedure of the SAS
statistical package (SAS Institute 1990). Type III
sums of squares were used to evaluate the contribu-
tion of individual variables to models for all analy-

ses. A significance level of P << (.05 was used for
all tests.

RESULTS

Only 17 of the 30 pairs of Mallards used for the study
produced fertile clutches (defined as clutches with at
least two viable eggs). Cause of infertility in these
1-year-old birds was unknown, but we suspect inex-
perience of males and possibly low sperm count
(Stunden 1996).

We measured time from laying to star pipped for
49 eggs from 10 females. Average development time
from laying to star pipped was 22.5 days (range 20.9—
24.4) among females. Egg incubation period varied
significantly among females, but not with position in
the laying sequence. Likewise incubation period was
not significantly related to egg volume, and the cor-
relation coetficient was negative (slope = —0.02)
(Table 1).

We measured metabolic rates on 45 eggs from 13
females. Egg metabolic rate varied with rank in the
laying sequence, tended to vary among females, but
did not vary significantly with volume (Table 1). Av-
erage egg metabolic rates (*=SE) for the entire incu-
bation period after controlling for the covariates fe-
male, volume and laying sequence were 9.46 = 1.08,
11.09 = 1.07, and 13.24 = 1.07 ml- oxygen - hr
(STP) for eggs from early, middle, and late in the lay-
ing sequence, respectively (Fig. 1). Day of incuba-
tion (Fig. 1) explained a significant amount of varia-
tion in metabolic rate (Table 1). Log egg-metabolic
rate did not increase significantly with log egg-
volume (slope = 0.578,95% CI = —1.33-248,r =
0.31, P = 0.54).

We detected no relationship between time to
reach star pipped stage of hatch and metabolic rate
(Fj; 4 = 079, P = 0.38), egg volume (I, ,, = 1.10,
P = 0.31), day of incubation (£, ,, = 0.40, P =
0.53), or position in the clutch (/,,, = 0.20, P =
0.81); however, our sample size was only 20 eggs
for this analysis.

DISCUSSION

The goal of our study was to determine if, after re-
moving female behavioral effects, there was an in-
trinsic mechanism influencing egg incubation period.
We found no relationship between intrinsic variables
we measured and incubation length within clutches.
However, our data suggest that variation in egg meta-
bolic rate is one mechanism by which hatch syn-
chrony occurs because late sequence eggs tended to
have higher metabolic rates. In a natural setting in-
trinsic factors may be important to, and work in con-
cert with, extrinsic factors to promote hatch syn-
chrony, but was not observed in this study because
ot the experimental design.

We also hypothesized that within females, intra-
clutch variation in egg size may be an adaptation to
synchronize hatch (Flint and Sedinger 1992, Arnold
1993, Flint et al. 1994) and specifically that late laid
eggs would be smaller and require less incubation
time. Our data do not support this hypothesis how-
ever, because egg size explained an insignificant pro-
portion of variation in egg development time and
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FIGURE . A. Mean metabolic rate of eggs early,
middle and late in the laying sequence. Points for each
position (n = 45) are mean rates (*1 SE) of all eggs
within each category. B. Mean change in metabolic
rate of Mallard eggs during incubation. Points for
each day of incubation (n = 42) are mean rates (=1
SE) of all eggs from all females.

metabolic rate. Small sample size reduced our power
to detect a relationship between egg size and devel-
opment fime.

Variation in egg metabolism may represent a trade-
off between lipid used during development and
amount of lipid reserves remaining at hatch. For ex-
ample, high egg metabolism would result in faster
embryo development and slower egg cooling rate, but
fewer lipid reserves would remain at hatch. This
could be important because small lipid reserves at
hatch may influence early juvenile survival (Ankney
1980). Alisauskas (1986) found that rate of lipid me-
tabolism varied among eggs for American Coots
(Fulica americana) and Hepp et al. (1987) suggested
a similar result for Wood Ducks (Aix sponsa). Addi-
tionally, Slattery and Alisauskas (1995) showed that
metabolism of lipid stores did not increase isometri-
cally with egg size (but see Rhymer 1988). Our find-
ing that egg metabolism did not increase isometri-
cally with egg size is consistent with their results. We
believe that lipid use by embryos during development
is likely correlated with egg metabolism.

Egg metabolic rate was not directly linked to in-
cubation length in our data set. It may be that late
sequence eggs, while having higher metabolic rates,
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would hatch at a relatively less mature condition.
Other studies have shown variation among hatchlings
in tissue water content (Ricklefs 1984, Alisauskas
1986) and related that to tissue maturity. We did not
account for this variation in our study. Therefore, we
recommend controlling for tissue water content of
hatchlings in subsequent studies.

We observed significant variation in incubation pe-
riod among females. Similarly, Arnold (pers. comm.
reanalysis of Arnold et al. 1993) also found signiti-
cant vartation among females in length of incubation
of wild Blue-winged Teal (Anas discors) but detected
no among-female variation in incubation length in
Mallards and Northern Shovelers (Anas clypeata).
The risk of nest predation should favor shorter incu-
bation period for females (Arnold et al. 1987). How-
ever, there may be costs associated with shorter in-
cubation length if eggs hatch with reduced lipid re-
serves as a result (see above).

To our knowledge, this study is the first that has
attempted to control for maternal behavioral and ge-
netic effects on egg development time and metabolic
rate in wild-strain ducks. We detected significant
variation in length of the incubation period and meta-
bolic rate of eggs among females. Our data suggest
higher metabolic rates in later laid eggs may aid in
synchronization of hatch in ducks. The mechanism
by which metabolic rates vary with position in the
clutch is unknown (Carey 1983). Overall, our find-
ings indicate that the maternal component of eggs
should be considered when examining questions in-
volving incubation aspects of life history of the
Anatidae.
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