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Summary

1. Maternal effects often explain a significant amount of variation in offspring pheno-
type, and can be important in the evolution of life histories. Incubation of eggs is an
important maternal effect, and optimal growth and development of avian embryos
takes place within a narrow range of incubation temperatures, but the effect of incuba-
tion microclimate on neonate phenotype remains relatively unexplored in birds.

2. In this study of Wood Ducks (A4ix sponsa Linnaeus) we examined effects of incubation
temperature on the length of incubation period and neonate quality. We monitored
nest temperatures and incubation periods of naturally incubated Wood Duck nests and
found a strong inverse relationship between incubation period and average nest temperature.
3. Next, we collected three unincubated eggs from each of 48 nests, and randomly
assigned eggs from each nest to one of three incubation temperatures (34-6, 36:0 and
37-4 °C). Experimental incubation temperatures overlapped average nest temperatures
of naturally incubated Wood Duck nests.

4. Hatching success varied with incubation temperature and was lowest for eggs incu-
bated at the lowest temperature. Incubation period of experimental eggs decreased with
increasing temperature but was not affected by fresh egg mass.

5. Wood Duck embryos catabolized an estimated 34-38% of egg lipids and 25-33%
of egg protein during incubation. Percentage change of lipids increased with decreasing
incubation temperature, but not significantly. Embryos incubated at lower temperatures
used a greater percentage of protein than embryos incubated at higher temperatures.
6. In analyses using fresh egg mass as the covariate, we found that wet and dry mass
of ducklings increased with increasing incubation temperature. Decreases in lipid
content of Wood Duck neonates with decreasing incubation temperature were not
significant, but eggs incubated at low temperatures produced ducklings that had
reduced protein mass and that were structurally larger than ducklings from eggs
incubated at high temperatures.

7. Our study illustrates the importance of incubation temperature on the development
of Wood Duck embryos. Decisions made by incubating parents that influence egg
temperature can modify incubation period and offspring phenotype. Investigations of
incubation as a reproductive cost should consider how parental decisions influence
both parents and offspring.
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Introduction

Neonates of most vertebrate populations vary pheno-
typically, and maternal effects often explain a significant
amount of this phenotypic variation (Mousseau & Fox
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1998). Maternal effects in birds may include nest-site
selection, mate choice, egg size, incubation behaviour
and brood care (Price 1998). Female birds, for example,
control the amount of nutrients allocated to eggs, and
egg size is often positively related to offspring size,
growth rate and survival (Bolton 1991; Williams 1994;
Pelayo & Clark 2003). Badyaev et al. (2002) reported
the adaptive adjustment of offspring sex and growth
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characteristics by female House Finches (Carpodacus
mexicanus); however, maternal effects are not always
adaptive (Bernardo 1996).

Incubation is an important component of reproduction
in birds. Most species have adopted contact incubation
to maintain an environment appropriate for egg devel-
opment (Deeming 2002a). However, incubating birds
must balance the demands of self-maintenance with
the care of developing eggs (White & Kinney 1974;
Carey 1980; Deeming 2002b). In species with female-
only incubation, such as waterfowl (Anatidae), the
amount of time incubating females spend on the nest
is influenced largely by body size (Afton & Paulus 1992;
Deeming 2002c). Large-bodied species, generally with
large nutrient reserves, are able to maintain greater
incubation constancy than small-bodied species because
they are less dependent on exogenous nutrients. A similar
relationship within species also has been reported (Aldrich
& Raveling 1983).

The environment needed for egg development deviates
from optimal the longer parents are away from the nest.
Reduced constancy can slow embryo development and
lead to longer incubation periods (Deeming & Ferguson
1991; Zicus, Hennes & Riggs 1995). Increased incuba-
tion periods result in greater exposure of nests to
predators, and may influence the phenotype of neonates.
The effect of incubation microclimate on hatchling
phenotypes has been studied widely in reptiles (Janzen
1993; Burger 1998; Booth, Thompson & Herring 2000),
but remains relatively unexplored in birds (but see
Booth 1987). Female Keelbacks (Tropidonophis mairii,
Colubridae), for example, preferred laying eggs in
wetter nest sites, and eggs incubated at wetter sites
produced larger hatchlings that survived better than those
incubated at drier sites (Brown & Shine 2004). Avian
studies are needed that examine effects of incubation
environment on neonate phenotype because of poten-
tial links between conditions experienced during early
development and offspring fitness (Lindstrdom 1999;
Metcalfe & Monaghan 2001).

The Wood Duck (Aix sponsa Linnaeus) is a small-
bodied, cavity-nesting species that relies heavily on
exogenous sources of energy during incubation (Drobney
1980; Afton & Paulus 1992). Very little (7%) of the energy
needed by incubating Wood Ducks is derived from
catabolism of nutrient reserves (Afton & Paulus 1992).
Females spend >80% of the day on the nest once full
incubation begins, and take an average of two recesses
per day (Manlove & Hepp 2000; Folk & Hepp 2003).

In this study we measured temperatures of naturally
incubated Wood Duck nests and tested the relationship
between average nest temperature and incubation period.
Next, we selected temperatures approximating the range
of average nest temperatures in naturally incubated nests,
and experimentally tested effects of incubation tem-
perature on incubation period, body mass and size, and
body composition of newly hatched ducklings. Our results
demonstrate the importance of incubation tempera-
ture on both incubation period and neonate quality.

Materials and methods

NEST TEMPERATURE AND INCUBATION
PERIOD OF NATURALLY INCUBATED NESTS

We measured temperatures of Wood Duck nests at
Eufaula National Wildlife Refuge (ENWR; 32° N, 85° W),
located in south-west Georgia and south-east Alabama,
USA. Nest boxes at ENWR were checked to monitor
nesting activity in the breeding seasons of 2001 and 2002.
Eggs were counted and numbered at each weekly visit.
Temperature data loggers (Stowaway, Onset Computer
Corp., Bourne, MA, USA) were installed in nests dur-
ing early stages of egg-laying (median = two eggs) using
the protocol of Manlove & Hepp (1998, 2000). Briefly, a
platform containing a single wooden egg was placed in
the nest box. A thermistor was embedded in each wooden
egg, and the tip of the thermistor was exposed on top of
the egg. Wooden eggs were fastened securely with lag bolts
to each platform to prevent females from moving them, and
were positioned in the centre of the clutch. A cable (61 cm)
connected the thermistor to the data logger. Data log-
gers were placed beneath the nest, and recorded nest tem-
perature every 6-4 min for 35 days. They were replaced if
nests were monitored for >35 days. Data were down-
loaded and temperature data for each 24-h period were
plotted. Examining data from graphs and spread-
sheets provided an accurate method of determining
when females arrived at and departed from nests dur-
ing incubation (Manlove & Hepp 2000). We desig-
nated the first day of incubation as the day when
females first spent portions of both day and night on the
nest. Incubation period was the number of days from
the onset of incubation to the day ducklings hatched. Data
loggers revealed the day ducklings exited the nest box,
and hatch date was assumed to be the previous day (Bell-
rose & Holm 1994). Average nest temperature was com-
puted from the first day of incubation to hatch date.

We also used data from a long-term study of Wood
Duck breeding ecology at the Department of Energy’s
Savannah River Site (SRS) in west-central South
Carolina (33-1° N, 81-3° W) to estimate the incubation
period of naturally incubated clutches (n = 313;
Kennamer & Hepp 2000). During 1987-96 and 2003—
04, eggs were candled within 8 days (¥ =4-4+0-1 SE)
after the end of egg-laying (Kennamer, Harvey & Hepp
1990; Weller 1956). The stage of embryonic development
was assessed to the nearest day using Hanson’s (1954)
guide for ageing incubated Wood Duck eggs. We esti-
mated the day that incubation began by back-dating from
these field-candling occasions. Hatching date was known
precisely for nests in 1987 (n = 76) because we marked
newly hatched ducklings as part of another study
(Hepp, Kennamer & Harvey 1989). In 1988-96 and
2003-04, we estimated hatch dates only for nests that
were visited on days when eggs were pipping or when
ducklings had hatched and were in the nest (n = 237).
Again, incubation period was the number of days from
the start of incubation to the day ducklings hatched.
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COLLECTION AND CARE OF EGGS

We collected Wood Duck eggs from nest boxes located
on the SRS in west-central South Carolina (33-1° N,
81-:3° W). Wood Ducks lay one egg per day, and clutch
size averages 12 eggs (Drobney 1980; Bellrose & Holm
1994). We checked nest boxes weekly in March—April
2003 and 2004 to monitor nesting activity. We found
nests during egg-laying, and used nests that contained one
to four eggs when first discovered. All eggs were numbered,
and nests were visited again for the next 2 or 3 days to
count and number new eggs. Eggs were collected on
the last visit to the nest. We collected three fresh, unin-
cubated eggs from each nest. We limited collections to
the early part of egg-laying because female Wood Ducks
begin incubating eggs at night during the later part of
egg-laying (27 eggs; Hepp 2004). Wood Ducks fre-
quently engage in brood parasitism where more than
one female deposits eggs in a nest (Clawson, Hartman
& Fredrickson 1979; Semel & Sherman 1986). If more
than one egg was deposited in a nest during 24 h, we
randomly selected one of these eggs for use in the study.
Eggs were transported to Auburn University and placed
in Roll-X-2 incubators (Lyon Electric Company, Los
Angeles, CA, USA) within 24 h of being collected. Length,
breadth (nearest 0-01 mm) and fresh mass (nearest 0-01 g)
of eggs were measured, and eggs from each nest were
assigned randomly to one of three incubation tempera-
tures (34:6, 36:0 and 37-6 °C). Temperatures appro-
ximated the range of average nest temperatures that we
recorded in naturally incubated Wood Duck nests. Location
of eggs within incubators also was determined randomly.
Incubator temperatures were measured every 15 min
with Stowaway data loggers. Incubator temperatures also
were monitored daily with a digital thermometer (Model
TM99A, REOTEMP Instrument Corp., San Diego,
CA, USA) and adjusted when necessary. We regularly
monitored and maintained relative humidity (Thermo
Recorder, Model TR-72S, T&D Corporation, Nagano,
Japan) at 55-60% across temperature treatments.
Eggs were candled after 7-10 days to check viability
(Weller 1956). Eggs failing to develop were removed
from the incubator. As hatching date approached, eggs
were candled every 12 h and hatching progress was
recorded. Eggs that died during development were opened
to determine the age of embryos (Bellrose & Holm
1994). We designated hatch date as the day when eggs
reached the star-pipped stage. Star pipping takes place
when the egg tooth first breaks through the shell, and
is the earliest sign of hatching. We used the star-pipped
stage to help standardize the hatch date for ducklings.
Star-pipped eggs were removed from the incubator
and weighed. Ducklings were extracted from eggs and
dried with a paper towel. The wet weight (nearest 0-01 g),
culmen and tarsus (nearest 0-01 mm with digital calipers)
of ducklings were measured. Newly hatched ducklings
were euthanized using CO, inhalation followed by cer-
vical dislocation. All procedures were approved by the
Auburn University Institutional Animal Care and Use

Committee (PRN 2002-0361). Eggs were collected
with permits issued by US Fish and Wildlife Service
(MB748024-0) and South Carolina Department of
Natural Resources (SREL-B10).

ESTIMATING COMPOSITION OF FRESH EGGS

Components of Wood Duck eggs vary isometrically with
fresh egg mass (Hepp ef al. 1987; Kennamer, Alsum &
Colwell 1997). We used data and equations from Hepp
et al. (1987) to estimate lipid, protein and water con-
tents (g) of experimental eggs using log-log regressions
of egg components () on fresh egg mass (x), y = ax”.
Egg protein was the sum of dry albumen and lean dry
yolk, and egg water was the difference between fresh
egg mass and the sum of the dry components (lipid =
0-813x""2, 95% CI of b=098-1-26, *=0-71, P<
0-0001; protein = 0-184x"%, 95% CI of b = 0-86-1-02,
*=0-83, P<0-0001; water = 0-213x"", 95% CI of
b =0-97-1-05, * = 0-96, P < 0-0001).

ANALYSIS OF DUCKLING BODY
COMPOSITION

Wet ducklings were dried (60-65 °C) to constant mass,
placed in plastic bags and frozen for =30 days. Water
content was the difference between wet and dry mass
of ducklings. Dry ducklings were ground, and neutral
lipids were extracted from whole ducklings in a Soxh-
let apparatus using petroleum ether (Dobush, Ankney
& Krementz 1985). Lean samples were dried to con-
stant mass, and lipid content was the difference in
mass of the dry sample before and after extraction.
Total lipid mass was calculated by multiplying the
proportion of lipid in the dry, ground sample by dry
mass of the duckling. Lean dry mass (LDM) was
calculated by multiplying the proportion of non-lipid
material in the dry, ground sample after lipid extrac-
tion by dry duckling mass. LDM samples were ground
in a Wiley mill, redried, and duplicate samples were
burned in a muffle furnace at 550 °C for 10 h to deter-
mine ash content. Differences in percentage ash between
duplicate samples averaged 0-46 + 0-04%, and means
of duplicate samples were used in the analysis. Ash-free
lean dry mass (AFLDM) was the difference between
ash mass and LDM; total protein mass was calculated
by multiplying the proportion of AFLDM in LDM by
dry mass of the duckling. Total ash mass was the
difference between dry duckling mass and the sum of
total protein mass and total lipid mass.

STATISTICAL ANALYSIS

Regression analysis was used to test the effect on incu-
bation period of average nest temperature of naturally
incubated Wood Duck nests. Adding the quadratic
term increased adjusted r* from 0-48 to 0-64, and the
parameter estimate (0-76 + 0-33) for the quadratic term
was significantly different from zero (¢ = 2:29, P = 0-05).
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We used a randomized complete block design where
three temperature treatments were randomly assigned
to three eggs from the same nest. Nest was used as the
random block effect, and a mixed-model analysis of
covariance (ANCovA) was used for the analysis. Fresh
egg mass was used as the covariate because egg and
duckling components increase in direct proportion to
fresh egg mass (Hepp et al. 1987; Kennamer et al. 1997).

A series of analyses were performed for each variable.
A mixed-model ANCOvA was used across all treatments
to test the hypothesis that slopes were equal to zero. If
this test was rejected (at least one slope was non-zero),
then we tested the hypothesis that slopes for the three
treatments were equal. If we failed to reject the hypoth-
esis that slopes were equal, then a common-slope mixed
model was used and treatment effects were assessed using
adjusted least-squares means. If the initial mixed-model
ANCOVA showed that all slopes were not significantly
different from zero, then we tested for treatment differ-
ences using a mixed-model ANOVA.

We estimated percentage use of lipid, protein and water
by Wood Duck embryos during incubation, and used
one-way ANOVA to test effects of incubation temperature
on percentage nutrient use. Tukey—Kramer tests were
used to separate differences between means. Log-
likelihood ratio tests were used to test whether hatching
success (failed or successful) and ages that embryos died
(no development; 1-2 weeks old; 3—4 weeks old) varied
among temperature treatments. sAS ver. 8.2 software
(SAS Institute 2000) was used for data summaries and
statistical analyses.

Results

The average temperature of naturally incubated Wood
Duck nests (n=12) at ENWR was 36:2°+0-4 °C
(range 34-8-37-8 °C), and incubation period averaged
32-2 £ 0-4 days (range 30-35 days). Incubation period
declined as average nest temperature increased, and
was best fitted with polynomial regression (F,, = 10-60,
adjusted * = 0-64, P = 0-004; Fig. 1).
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Fig. 1. Relationship between average nest temperature and
incubation period in  Wood Ducks (y=1697-
56-1x + 0-76x7, adjusted > = 0-64).

HATCHING SUCCESS AND INCUBATION
PERIOD

We collected three unincubated eggs from each of 48
females (n = 144 eggs). The average daily incubation
temperature of eggs that were successful and produced
ducklings differed by 1-4 °C between adjacent treat-
ments (Table 1). Overall, 62-5% (90 of 144) of eggs
hatched, but hatching success differed between treat-
ments (x> = 1191, df =2, P =0-003) and was lowest
for eggs incubated at the lowest temperature (Table 1).
We placed dead embryos into three age classes (no
development; 1-2 weeks; 3-4 weeks). The ages at
which embryos died did not differ among treatments
(x* =202, df =4, P =0-73). Twenty-two per cent (12
of 54) of eggs had no development; 24% (13 of 54) of
embryos died at 1-2 weeks; and most (29 of 54)
embryos died at 3—4 weeks.

The incubation period of experimental eggs decreased
with increasing temperature (5, = 733-18, P < 0-0001;
Table 1), but was not affected by fresh egg mass
(F\ 5 =121, P =0-28). The range of average incuba-
tion periods for experimental eggs differed slightly from
naturally incubated nests we monitored at ENWR
(Fig. 1), but was within the range of values from a much
larger sample of nests collected over several years at
SRS (Fig. 2). Average incubation period for SRS nests
was 319 £ 0-1 (range 25-41 days).

NUTRIENT CHANGES AND DUCKLING
PHENOTYPE

We estimated lipid, protein and water contents of
experimental eggs and computed changes in these
components during embryonic development across
temperature treatments (Table 2). Eggs lost =29% of
water during incubation, but changes in water did not
differ among treatments (F, g, = 0-26, P = 0-77; Table 2).
Wood Duck embryos catabolized 34-38% of lipids
and 25-33% of protein (Table 2). Percentage change of
lipids did not vary among treatments (Fg =2-22,
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Fig. 2. Frequency distribution of incubation periods of
naturally incubated Wood Duck nests (n=313) at the
Savannah River Site, 1987-96 and 2003-04.



Table 1. Hatching success, daily incubation temperature (mean * SE) of eggs that
produced ducklings, and incubation period (least-squares mean + SE) by treatment

Temperature Hatching Actual incubation Incubation
treatment n* success (%) temperature (°C)t period (days)i
Low 48 43-8 34-6 £ 0-01 38-8+0-2a
Mid 48 77-1 36:0 £ 0-01 32:0£0-2b
High 48 667 37-4£0-01 289+ 02c

*Number of eggs incubated.
tMean daily incubation temperature from start of incubation until the day before eggs

pipped.
iLeast-squares means of incubation period followed by different letters are
significantly different (P < 0-05).

P =0-12), but embryos incubated at lower tempera-
tures used a greater percentage of protein than those
incubated at higher temperatures (F,g = 3098,
P <0-0001).

In Ancovas, wet and dry mass of ducklings and
duckling components increased with increasing fresh
egg mass (Table 3). Slopes were homogeneous among
treatment groups for all variables except wet duckling
mass and water, therefore a heterogeneous slope mixed
model was used for wet duckling mass, and water and
common slope mixed models were used for all other
variables. Wet mass of ducklings varied with incuba-
tion temperature (F, 4 = 3:60, P = 0-03) and was lower
for eggs incubated at the low incubation temperature
compared with eggs incubated at mid- and high
temperatures (Table 3). Incubation temperature also
affected the dry mass of ducklings (F,s; =23-99,
P < 0-:0001). Dry duckling mass was greatest for eggs
incubated at high temperatures and declined for those
incubated at mid- and low temperatures (Table 3).

Composition of Wood Duck neonates also changed
with incubation temperature. Water content varied
with incubation temperature (F,4 = 4-49, P = 0-015),
but differences between treatment means were not
significant (P > 0-05; Table 3). Duckling lipid content
did not differ with incubation temperature (F, 5, = 2,24,
P =0-12), but lean dry mass (F,s5; = 40-27, P < 0-0001);
ash (F,5, = 9:08, P = 0-004); and protein (F, ss = 43-65,
P <0-:0001) of neonates changed with incubation

temperature. Lean dry mass and protein were greatest
for ducklings that hatched from eggs incubated at the
high temperature and declined at mid- and low
temperatures (Table 3). Ash content was greater for
ducklings incubated at the low temperature and declined
for those incubated at mid- and high temperatures (Table 3).

Discussion

We showed that the incubation period of naturally
incubated Wood Duck eggs was inversely related to
average nest temperature. By experimentally varying
the incubation temperature of Wood Duck eggs, we estab-
lished that incubation period increased with decreasing
incubation temperature. Incubation periods of artifi-
cially incubated eggs were within the range of incubation
periods of naturally incubated Wood Duck nests. We
found that incubation temperature influenced not only
the incubation period, but also the phenotype of
neonates. Wood Duck eggs incubated at low temper-
atures produced ducklings with reduced body mass
and protein, but that were structurally larger than
ducklings from eggs incubated at high temperatures.
Our study illustrates the importance of egg tempera-
ture on development of Wood Duck embryos, and
emphasizes the potential importance of incubation on
reproductive success in birds.

One weakness of the study is that we used a single
incubator for each treatment level, so we were unable
to partition potential variation due to incubators. A
better design would have replicated treatments across
several incubators. It is possible that differences between
incubators (e.g. vibration, location), and not temper-
ature per se, were responsible for variations in incuba-
tion period and neonate phenotype. However, we think
this is unlikely because our experimental results were
similar to those we observed in naturally incubated nests,
and were consistent across years (2003 and 2004). In any
event, this weakness should be noted.

The average incubation temperature of avian eggs is
variable, and can range between 32 and 38 °C (Webb
1987; Ar & Sidis 2002). Afton & Paulus (1992), in a
review of 22 species of ducks and geese, reported a

Table 2. Means (+ SE) of Wood Duck egg and neonate composition and predicted changes (%) in lipid, protein and water that occurred during embryonic

development at different incubation temperatures*®

Incubation temperaturet

Low (n=21) Mid (n = 37) High (n = 32)
Percentage Percentage Percentage
Component Egg (g) Neonate (g) changef Egg (g) Neonate (g) change} Egg (2) Neonate (g) changef
Lipid 528 (0-08)  3-26(0-10)  —38:33(0-02)  5-29(0-09)  3-45(0-08)  —34-69(0-01)  525(0-10)  3-47(0-47)  —33-64(0-01)
Protein 6:09 (0-08) 409 (0-10)  —33-04a (0-01) 6-11(0-09) 449 (0-08)  —-26:51b(0-01) 6:07 (0-10)  4-64 (0-10)  —23-58c (0-01)
Water 26-16 (0-37) 18:53(0-24) -29-14(0-01)  26-22(0-39) 18:67 (0-26) -28-67 (0-01)  26:04 (0-46) 18-64 (0-35) —28-42(0-01)

*Egg components were estimated from fresh egg mass (g) using data and equations from Hepp et al. (1987); see Methods.

fIncubation temperature: low = 34-6; mid- = 36-0; high = 37-4 °C.

iMean values of percentage change within rows followed by different letters are significantly different (P < 0-05).
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Table 3. Least-squares mean (= SE) mass (g) of Wood Duck neonates and their components by incubation temperature

Incubation temperature*

Variable Low Mid High Slopet

Wet duckling 26-69b (0-20) 27-36a (0-15) 27-65a (0-16) i

Dry duckling 8:32¢ (0-10) 8-73b (0-08) 8:96a (0-09) 0-211 (0-016)
Water 18-48 (0-19) 18:63 (0-14) 18:73 (0-15) i

Lipid 3:39 (0-08) 3:44.(0-07) 3:53(0-07) 0-076 (0-013)
Lean dry mass 4-94¢ (0-05) 5-29b (0-04) 5-46a (0-04) 0-131 (0-008)
Ash 0-85a (0-01) 0-81b (0-01) 0-79b (0-01) 0-015 (0-002)
Protein 4-09c (0-06) 4-48b (0-04) 4-67a (0-05) 0-116 (0-009)

Slopes (b £ SE) are presented from ANCOvas where fresh egg mass (g) was used as the covariate in analyses of wet and dry
duckling mass and component mass. Within rows, least-squares means followed by different letters are significantly different (P <

0-05).

*Incubation temperature: low = 34:6; mid- = 36:0; high = 37-4 °C.
TUnless noted, slopes did not differ (P > 0-05) among incubation temperatures; common slope mixed models were used to test

treatment effects.

iSlopes for wet duckling mass and water were not homogeneous (P < 0-05). Wet duckling: low (0-467 £ 0-077);
mid- (0-530 £ 0-047); high (0-670 £ 0-034); water: low (0-253 £ 0-076); mid- (0-347 £ 0-039); high (0-464 £ 0-033).

mean egg temperature of 35:6 + 0-4 (range 31:3-39-6 °C).
The incubation temperatures we used for experimental
eggs were well within the range of egg temperatures
reported for naturally incubated waterfowl nests.

Under natural conditions, egg temperature can be
influenced by behaviour of incubating parents, charac-
teristics of nests, developing embryos, and environ-
mental conditions such as ambient temperature, wind
speed and solar radiation (Deeming 2002b). Mainte-
nance of proper egg temperature during incubation is
important because egg temperature can influence the
length of the incubation period, as we have shown in
Wood Ducks. Mound-builders (Megapodiidae) exhibit
striking intraspecific variability in incubation periods
(e.g. the Mallee Fowl, Leipoa ocellata, 44-99 days),
which has been attributed to differences in mound
temperature (Booth & Jones 2002). In nests where
male European Starlings (Sturnus vulgaris) assisted
females with incubation, eggs spent more time at higher
temperatures and had shorter incubation periods than
eggs in nests where females incubated alone (Reid,
Monaghan & Ruxton 2002b). Similarly, eggs of Brown-
headed Cowbirds (Molothrus ater) hatched earlier when
incubated at higher temperatures (Strausberger 1998).

Lengthy incubation periods can be costly because
they result in greater exposure of nests to predators
(Reid, Monaghan & Nager 2002a). Tombre & Eriks-
tad (1996) manipulated the incubation period of Bar-
nacle Geese (Branta leucopsis), and reported that females
with extended incubation periods experienced greater
egg loss to predators than females with shortened
incubation periods. Predation is a major cause of nest
failure in birds and, because of its importance to repro-
ductive success, has influenced a variety of life-history
traits (Arnold, Rohwer & Armstrong 1987; Martin
1992; Conway & Martin 2000). Risk of predation
should favour short incubation periods.

The effect of incubation microclimate on neonate
phenotype remains relatively unexplored in birds, but

has been studied extensively in reptiles (Cagle et al.
1993; Janzen 1993; Shine, Elphick & Harlow 1997,
Burger 1998; Booth et al. 2000; Ashmore & Janzen
2003; Brown & Shine 2004). Both thermal and hydric
characteristics of nest sites can be important to rep-
tiles. In some species, wet incubation environments
produced larger neonates than dry environments, and
large hatchlings survived better than small hatchlings
(Janzen 1993; Brown & Shine 2004). Embryos of some
reptiles incubated at low temperature had longer in-
cubation periods and used more energy than those
incubated at high temperature (Angilletta, Winters &
Dunham 2000; Booth 2000).

In birds, eggs of Mallee Fowl incubated at low tem-
peratures had longer incubation periods and used 74%
more energy than eggs incubated at high temperatures
(Booth 1987). Eggs of Tree Swallows (Tachycineta
bicolor) and European Starlings incubated at reduced
temperatures also took longer to hatch and produced
smaller neonates (Lombardo et al. 1995; Reid et al.
2002b). More recently, Goth & Booth (2005) reported
that incubation temperature influenced sex ratio and
body mass of neonate Australian Brush-turkeys (A4/ec-
tura lathami). Temperature-sensitive embryo mortality
resulted in more male Brush-turkeys hatching at low
temperatures (31 °C) and more females hatching at
high temperatures (36 °C); body mass of neonates
was inversely related to incubation temperature (Goth
& Booth 2005). In our study, low incubation tem-
peratures lengthened the incubation period of Wood
Ducks and produced neonates with reduced body
and protein masses. Metabolic rates of avian embryos
decline with decreasing incubation temperature, but
long incubation periods associated with low incuba-
tion temperature increase maintenance costs and total
energy expended by developing embryos (Vleck, Vleck
& Seymour 1984; Vleck & Vleck 1996).

We expected that Wood Duck neonates with longer
incubation periods would use more lipids and hatch
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with reduced lipid mass, compared with neonates that
hatched earlier. Wet and dry body masses declined
with increases in incubation period, and although the
lipid mass of neonates decreased with increasing incu-
bation period, differences were not significant. Instead,
embryos with long incubation periods catabolized more
egg protein and hatched with reduced protein mass. If
the total energy expenditure of Wood Duck embryos
increased with increasing incubation period, then embryos
used a combination of protein and lipid to satisfy higher
energetic costs. Small ducklings with reduced protein
mass may encounter difficulties after hatching because
their ability to develop and maintain homeothermy will
be reduced compared with large ducklings that have
greater protein mass (Rhymer 1988; Visser & Ricklefs
1995). Skeletal muscles, for example, provide an important
source of heat production in young birds exposed to
cold temperatures (Olson 1994). Loss of muscle mass
might also diminish locomotor performance.

Conditions experienced by neonates during early
development can affect subsequent survival and
reproduction (Lindstrom 1999; Metcalfe & Mona-
ghan 2001; Gorman & Nager 2004). However, there is
a lack of integrated studies of birds that first assess
effects of incubation microclimate on neonate
phenotype, and then determine whether phenotypic
differences influence fitness. In precocial species, size
of neonates is often positively related to survival
(Dawson & Clark 1996; Pelayo & Clark 2003); growth
rate (Anderson & Alisauskas 2002); ability to ther-
moregulate (Rhymer 1988); and locomotor perform-
ance (Anderson & Alisauskas 2001; Goth & Evans
2004). Therefore the effects of incubation environment
on variation in offspring phenotype may have important
consequences for neonate survival and subsequent
reproduction.

Incubation can be an important reproductive cost in
birds (Reid et al. 2002a). Incubating adults face trade-
offs between self-maintenance and providing the
proper environment for embryo development; con-
straints may intensify for uniparental incubators.
Most studies have emphasized the potential costs of
incubation on parents (such as survival and physical
condition of incubating adults), but here we show deci-
sions made by incubating adults that influence egg
temperature may modify neonate phenotype. Future
investigations of incubation as a reproductive cost in
birds must include how changes to the incubation envi-
ronment affect both parents and offspring.
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