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Abstract

Avian parents that physically incubate their eggs must balance demands of self-maintenance with providing the proper
thermal environment for egg development. Low incubation temperatures can lengthen the incubation period and produce
changes in neonate phenotype that may influence subsequent survival and reproduction. We artificially incubated wood
duck (Aix sponsa) eggs at three temperature regimes (low, 35.0; mid, 35.9; and high, 37.3°C) that are within the range of
temperatures of naturally-incubated nests. We tested the effect of incubation temperature on duckling body composition,
fledging success, the probability that females were recruited to the breeding population, and their subsequent reproductive
success. Incubation period was inversely related to incubation temperature, and body mass and lipid mass for newly-
hatched ducklings incubated at the lowest temperature were lower than for ducklings produced at higher temperatures. In
2008, ducklings (n=412) were individually marked and broods (n=38) containing ducklings from each temperature
treatment were placed with wild foster mothers within 24 hrs of hatching. Ducklings incubated at the lowest temperature
were less likely to fledge from nest sites than ducklings incubated at the higher temperatures. We recaptured female
ducklings as adults when they were either prospecting for nest sites (n=171; 2009-2011) or nesting (n=527; 2009-2012).
Female ducklings incubated at the lowest temperature were less likely to survive and be recruited to the breeding
population than females incubated at higher temperatures. Reproductive success of surviving females also was greater for
females that had been incubated at warmer temperatures. To our knowledge, this is the first avian study to link
developmental conditions experienced by neonates during incubation with their survival and recruitment to the breeding
population, and subsequent reproductive success. These results advance our understanding of incubation as an important
reproductive cost in birds and support the potential significance of incubation in influencing the evolution of avian life
histories.
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Introduction reductions in body mass and innate immunity of nestlings [11,12].
Similarly, periodic cooling of eggs during incubation delays
Incubating birds must balance the competing demands of self- development and increases metabolic costs in zebra finches
maintenance with the thermal needs of developing embryos. (Taeniopygia guttata) [13].
Optimal growth and development of embryos takes place within a
narrow range of incubation temperatures [1,2,3]. Reduced
attendance by incubating parents can lower egg temperature,
thereby slowing embryo development, and leading to longer
incubation periods [4,5]. Lengthy incubation periods can be costly

Wood ducks (4ix sponsa) nest in cavities, and females are strongly
philopatric to natal areas, but males disperse [14]. Small
reductions in incubation temperature lengthen the incubation
period and influence phenotypes of newly-hatched wood ducks
[3]. Recent experiments that artificially incubated wood duck eggs
because they result in greater exposure of nests to predators and at three temperatures (35.0, 35.9, and 37.0°C), within the range of
influence offspring quality [6]. temperatures of naturally-incubated nests [3], showed ducklings

Early developmental conditions that influence offspring pheno- incubated at 35°C differed in a variety of phenotypic character-
type can play an important role in subsequent survival and istics. Ducklings incubated at the lowest temperature develop more
reproduction [7]. Effects of incubation microclimate on hatchling slowly and expend more energy than ducklings incubated at
phenotype and fitness characteristics have been well-studied in higher temperatures [15]. After hatching, these ducklings also have
oviparous reptiles [8,9,10], but remain relatively unexplored in reduced growth and acquired immune responses [16], higher

wild birds. However, this is changing. Low incubation tempera- baseline and stress-induced corticosterone levels [17], reduced

tures in tree swallows (Zachycineta bicolor), for example, cause locomotor performance [18], and expend more energy to
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thermoregulate [19] than ducklings incubated at higher temper-
atures (=35.9°C). It is clear that the incubation environment of
wood ducks and other birds can influence phenotypic quality in a
number of important ways. Whether this phenotypic variation
influences fitness of neonates currently is not known, but will have
important implications for investment decisions made by incubat-
ing parents and the evolution of life histories (e.g., egg size and
clutch size) [20].

In this study, we manipulated incubation period and neonate
phenotype of wood ducks by artificially incubating eggs at
temperatures similar to those used by Hepp et al. [3], DuRant
etal. [16,17,18,19], and Hopkins et al. [18]. Newly-hatched
ducklings were individually marked, and broods containing
ducklings from each of the incubation temperatures were placed
in nests with foster mothers. We used recaptures of female
ducklings as breeding adults to test the effect of incubation
temperature on apparent survival and recruitment. We also
monitored reproductive success of females over four breeding
seasons. Because previous studies have shown incubation at 35°C
negatively influenced a suite of phenotypic characteristics in young
wood ducks, we predicted that females incubated at 35°C would
be less likely to be recruited to the breeding population and have
lower reproductive success than females incubated at higher
temperatures.

Materials and Methods

Egg Collection and Incubation

The study was conducted at the Department of Energy’s
Savannah River Site (SRS) in west-central South Carolina
(33.1° N, 81.3° W; Figure 1). In 2008, we checked nest boxes
on Par Pond (»=280; 1120 ha) and L Lake (= 30; 450 ha) every
four days during the breeding season to locate new nests and
designated three consecutive checks of all nest boxes as a
‘rotation’. Once located, active nests were visited daily, and fresh
eggs were individually marked, removed, and replaced with
wooden eggs to prevent nest abandonment. We weighed (0.01 g)
fresh eggs on the day of collection, then stored eggs at 20°C and
placed them in incubators (Grumbach model BSS 420, Lyon
Technologies Inc.) at 4-day intervals. Eggs from nests initially
discovered during the first, second, and third nest box inspection
of a rotation were artificially incubated at low (35.0°C), mid
(35.9°C), and high (37.3°C) temperature treatments, respectively.
Incubators had two 1-hour cool down periods each day to simulate
natural incubation behavior of wood ducks [21]. Incubator
temperatures were recorded every 6 minutes using temperature
data-loggers (HOBO® Pro V2, Onset Computer Corp.). We chose
incubation temperatures similar to those of naturally incubated
wood duck nests and that were known to produce differences in
incubation periods of approximately 4 days between high-mid
temperatures and mid-low temperatures [3]. This procedure
allowed eggs collected during a rotation and incubated at different
temperatures to hatch at approximately the same time.

Marking Ducklings and Creating Broods

Incubated eggs were checked twice daily, and pipped eggs were
moved to a single incubator to hatch (37.5°C and 80% humidity).
Each pipped egg was placed in a PVC cylinder (10.6x10.6 cm)
with mesh top to separate eggs and facilitate identification of
ducklings after hatching. Incubation period (days), from placement
into incubator until hatch, was recorded for each duckling. Newly-
hatched ducklings were weighed (0.01 g) and tarsus was measured
(0.01 mm) with digital calipers. Duckling sex was determined by
cloacal examination and each individual was marked with a
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Figure 1. Department of Energy’s Savannah River Site. The
study was conducted at the Savannah River Site (800 km?) in west-
central South Carolina. Wood ducks used nest boxes that were erected
at Par Pond (n=80; 1120 ha) and L-Lake (n=30; 450 ha).
doi:10.1371/journal.pone.0047777.9001

serially-numbered monel web tag [14]. Web-tagged ducklings
were placed in holding boxes equipped with heat lamps. In 2008,
we created broods comprised of ducklings from each of the three
incubation temperature treatments. These broods were taken to
nest boxes on Par Pond within 24-hr of hatching and placed with
foster mothers that had been incubating wooden eggs.

Duckling Body Composition

Randomly selected ducklings were removed from the hatching
incubator for body composition analysis. Ducklings were sexed,
weighed (0.01 g) and tarsus (0.01 mm) was measured with digital
calipers. They were euthanized using COy inhalation and cervical
dislocation, placed in individual bags, and frozen until processing.
Ducklings were thawed and wet ducklings were dried (60-65°C) to
constant mass. Dry ducklings were ground, and neutral lipids were
extracted from whole ducklings in a Soxhlet apparatus using
petroleum ether [22]. Lean samples were dried to constant 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 samples were weighed and
burned in a muffle furnace at 550°C for 10 hr to determine ash
content. Ash-free lean dry mass (AFLDM) was the difference
between the ash content and lean dry samples, and the proportion
of AFLDM in the sample was multiplied by dry mass of the
duckling to obtain total AFLDM.

Trapping, Recapture, and Reproductive Success

We used two trapping methods to recapture females that were
originally web-tagged as ducklings. First, we equipped nest boxes
on Par Pond and L Lake with nest box traps [23], and captured
pre-nesting females that were prospecting for nest sites in mid-Jan
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and Feb 2009-2011. Female Wood Ducks prospect for nests in the
morning; therefore, we set nest box traps in the afternoon and
checked them the following day during late morning. Captured
females were checked for web tags and leg bands, unmarked
females were banded with USFWS leg bands, and all females were
released at the nest site. We also checked nest boxes at Par Pond
and L Lake for nesting activity every 4 days during the breeding
seasons (Feb — July) of 2009-2012. All incubating females were
captured at the nest during the first week of incubation and
checked for web tags and leg bands. Unmarked females were
banded with USFWS leg bands. We also followed the progress of
each nest until it hatched or failed.

Statistical Analysis

Data summaries and analyses were completed with SAS ver. 9.2
[24]. We used ANOVA to test for differences in incubation
temperature among designated treatment groups. ANCOVA with
fresh egg mass as the covariate was used to test the effects of
incubation temperature treatment on incubation period, duckling
mass, lipid mass, AFLDM, and tarsus length. Tukey tests were
used following ANOVA and ANCOVA for separation of means
and least squares means. We present means and least squares
means * SE.

Because fitness-related traits of ducklings like stress physiology,
mmmune function, locomotor performance and growth rate
[15,16,17,18] and lipid mass (this study) do not differ for wood
ducks incubated at temperatures =35.9°C, we pooled ducklings
from high (37.3°C) and mid (35.9°C) temperature treatments to
test the effect of incubation temperature on fledging and
recruitment probabilities. We used Fisher’s Exact Test to examine
the effect of incubation temperature on fledging success and
female return rates. Return rate was used as an index to female
survival and recruitment and is biased low because probability of
detection is <1. However, there is no reason to believe that
detection probability should differ for female ducklings incubated
at different temperatures. Further, we used the Live Recapture
module in Program MARK [25] that uses the Cormack-Jolly-
Seber (CJS) model to estimate capture probabilities of breeding
female wood ducks on Par Pond and L Lake in 2007-2012.
Capture probability is the probability that a marked female in our
study population is captured. Estimated capture probability did
not differ between years and was very high (0.96%0.02; Kennamer
and Hepp unpublished data) indicating that trapping effort was
consistent and most surviving females returned to nest boxes and
were captured [26].

Results
We hatched 412 ducklings (207 male and 205 female).

Incubation temperature varied among treatment groups
(F9,408 = 137,455, p<<0.0001; Table 1). Fresh egg mass had no
effect on incubation period (F) 403 =0.07, p=0.79), but warmer
incubation temperatures shortened the incubation period of
successive  treatment groups by approximately 4 days
(F2,408: 17325, p<00001, Table 1) BOdY mass (F114()7:O.56,
p=0.45) and tarsus length (F) 406=2.97, p=0.09) of newly-
hatched ducklings did not differ by sex. Duckling body mass
increased with fresh egg mass (F) 497 = 1827.6, $<<0.0001), and
ducklings that were incubated at low temperatures were lighter
than ducklings incubated at mid and high temperatures
(F9,407 = 11.09, p<<0.0001; Table 1). Tarsus length also increased
with fresh egg mass (£ 406 = 212.8, p<<0.0001) and was greatest for
ducklings incubated at low temperatures (%406 = 32.78,
$<<0.0001; Table 1).
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Table 1. Means and least squares means (*=SE) of incubation
temperature (°C), incubation period (d), duckling mass (g),
and tarsus length (mm) by temperature treatment of
artificially-incubated wood duck eggs.

Low Mid High

n=124 n=139 n=149
Incubation temperature 35.0 (0.002)c 359 (0.001)b  37.3 (0.005)a
Incubation period®? 379 (0.1)a 341 (0.1)b 30.1 (0.1)c
Duckling mass®? 26.08 (0.11)b  26.58 (0.11)a  26.78 (0.10)a
Tarsus®® 18.82 (0.06)a 1857 (0.06)b  18.16 (0.06)c

?Least-squares means are from ANCOVAs using fresh egg mass as the covariate.
PMeans and least squares means within rows followed by different letters are
significantly different (p<<0.05).

doi:10.1371/journal.pone.0047777.t001

We examined body composition of newly-hatched ducklings
(n=45) that had been artificially incubated under similar
conditions (low, mid, high temperatures; Figure 2). Ash-free lean
dry mass (AFLDM) of ducklings increased with fresh egg mass
(1 41=279.17, p<0.0001), but fresh egg mass had little effect on
duckling lipid mass (F) 4; = 1.63, p=0.21). Incubation temperature
affected lipid mass (F5 4 =7.30, p=0.002) but not AFLDM
(Fo41 =145, p=0.25) of ducklings (Figure 2). Lipid mass of
ducklings incubated at low temperatures (1.85%0.11 g) was
approximately 20% lower than that of ducklings incubated at
mid (2.38%0.10 g) and high (2.31£0.11 g) temperatures (Figure 2).

We created 38 broods from our ducklings (n=412; Table 1).
Every brood contained ducklings from each of the three
incubation temperature treatments. Brood size averaged
10.8*0.2 ducklings, and the average delivery date of broods to
foster mothers was 22 May*4 days. We checked nests for fledging
success and found that 98% (404 of 412) of ducklings successfully
left the nest (Table 2). However, ducklings incubated at higher
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Figure 2. Body composition of ducklings. Least-squares mean (*
SE) lipid mass and ash-free-lean-dry mass (AFLDM) of day-old wood
duck ducklings that were artificially incubated at low (35.0°C; n=15),
mid (35.9°C; n=16), and high (37.3°C; n=14) temperatures. Fresh egg
mass was used as the covariate in the ANCOVA. After adjusting for fresh
egg mass, lipid mass of ducklings incubated at the low temperature
was about 20% lzower than that of ducklings incubated at mid and
high temperatures.

doi:10.1371/journal.pone.0047777.9g002
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Table 2. Frequency that male and female wood duck
ducklings fledged and left the nest after being incubated at
high (=35.9°C) and low (35.0°C) temperatures.

Fledged

No Yes Total
Low temperature 6 118 124
High temperature® 2 286 288

?Includes ducklings from the mid and high temperature groups.
doi:10.1371/journal.pone.0047777.t002

temperatures were about 7 times more likely to fledge than
ducklings incubated at the low temperature treatment (Fisher’s
Exact Test: right-sided p=0.01; Odds Ratio =7.3; 95% CI
=1.4-36.5; Table 2).

We used female ducklings that successfully fledged (z=200) to
test the effect of incubation temperature on apparent survival and
recruitment of females to the breeding population. In 2009-2011,
we captured pre-nesting female Wood Ducks (2 =171 individuals)
in nest boxes when they were prospecting for nest sites. We also
monitored nest boxes every 4 days during the breeding seasons of
2009-2012 and captured incubating females on the nest (n =527
individuals). Using these methods, we recaptured 12 females that
were marked as ducklings and placed with foster mothers.
Recaptures of experimental ducklings occurred only in nest boxes
on Par Pond; none were recaptured on L Lake. Most (10 of 12)
females returned to nest within the same section of Par Pond as
their foster mother’s nest box. Five females were first recaptured
prospecting for nest sites, but all females were eventually captured
incubating nests. Seven females were first captured nesting in
2009, four females were captured nesting in 2010, and one female
first nested in 2011. Small sample size reduced the power of our
inference, but female ducklings incubated at the higher temper-
atures were about 4 times more likely to be recaptured as breeding
adults as ducklings incubated at the low temperature (Fisher’s
Exact Test: right-sided p=0.12; Odds Ratio =4.3, 95% CI
=0.5-34.3; Table 3). We monitored nesting activity for four
breeding seasons (2009-2012), and females incubated at higher
temperatures had greater reproductive success (Figure 3).

Discussion

Our study shows that small differences in incubation temper-
ature can influence neonate phenotype and the probabilities that
wood duck ducklings will fledge and be recruited to the breeding
population. Foster broods were comprised of ducklings from each
of the incubation temperatures and allowed effects of parental
quality to be separated from that of incubation temperature. Small
sample size reduced the power of our inferences, but we estimated
that ducklings incubated at temperatures =35.9°C were 7 times
more likely to fledge and 4 times more likely to be recruited as
ducklings incubated at 35°C.. The return rate of females (6.0%; 12
of 200) was low but was similar to that of wood duck females
naturally-incubated and web-tagged previously at nest sites on the
SRS; range: 2.2-6.8% [14]. Further, we monitored these females
for four breeding seasons, and females that had been incubated at
temperatures =35.9°C initiated more nests and completed more
successful nests than those incubated at 35°C. We show that
thermal conditions experienced by embryos during early devel-
opment have important effects on subsequent survival and
reproduction [7,27].
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Figure 3. Relationship of incubation temperature to future
reproductive success. Mean (£ SE) numbers of breeding years, nest
attempts and successful nests of female wood ducks that had been
artificially incubated in 2008 at temperatures of 35°C (n=1) and
=35.9°C (n=11). Nesting activity was monitored every four days in nest
boxes (n=110) at Par Pond and L Lake for four breeding seasons (2009-
2012).

doi:10.1371/journal.pone.0047777.g003

It is becoming clear that incubation is an important reproduc-
tive cost in birds [6,28]. Incubating parents need to balance the
competing demands of maintaining their body condition with the
thermal requirements of developing embryos. This trade-off is
more difficult to balance for species, like wood ducks, in which
only one parent incubates. Studies that manipulate energy
demands of incubating parents have provided strong evidence
that incubation represents an important energetic constraint in
species like European starlings (Sturnus vulgarns) and tree swallows
[11,29,30]. When incubating parents are energetically con-
strained, incubation temperature can fall below levels needed for
optimal embryo development [31]. Female wood ducks, for
example, show restraint during incubation and favor self-
maintenance over maintaining optimal thermal conditions for
embryos [32].

In this study, low incubation temperature extends the incuba-
tion period of wood ducks and produces ducklings with reduced
body mass and lipid mass. Reduced incubation temperature also
lengthens the incubation period in a variety of other species of
birds and influences traits potentially important for offspring
survival [5,12,13]. Eggs incubated at low temperatures, for
example, use more energy during development [33,34] and young
hatch with smaller nutrient reserves [35]. Similarly, DuRant et al.
[15] reported wood ducks incubated at 35°C expended 20-37%
more energy during development than did embryos incubated at
higher temperatures. This increased energy expenditure by
developing embryos is consistent with the 20% reduction in lipid
mass we found in this study for newly-hatched ducklings incubated
at 35°C. Nutrients that remain after hatching help to satisfy early
energy requirements and are especially important to precocial
young. Large residual nutrient reserves are helpful, for example,
when food is unavailable or when young have to travel from
nesting sites to distant brood-rearing areas. Body mass of newly-
hatched ducklings, for example, frequently has a positive effect on
survival [36,37,38].

Reduced residual energy reserves also may impact future
growth and development of precocial young. For example, young
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Table 3. Frequency that female wood duck ducklings
survived and were recaptured as breeding adults after being
incubated at high (=35.9°C) and low (35.0°C) temperatures.

Survived

No Yes Total
Low temperature 53 1 54
High temperature® 135 1 146

?Includes ducklings from the mid and high temperature groups.
doi:10.1371/journal.pone.0047777.t003

wood ducks incubated at higher temperatures grew faster and
were in better condition 9 days after hatching than ducklings
incubated at low temperatures (35°C) [17]. Further, even though
wood duck ducklings incubated at low temperatures have less
residual energy, DuRant et al. [19] found they need to expend
more energy to maintain their body temperature during thermal
challenges than individuals incubated at higher temperatures. The
ability to thermoregulate is especially important for young birds,
and hypothermia is often an important source of mortality for
young ducklings [39]. Indeed, many studies show that mortality of
young ducklings, including wood ducks, is greatest within the first
two weeks of hatching [40]. It is during this time that precocial
young are transitioning to homeothermy, and when they may be
most susceptible to hypothermia. Therefore, the negative rela-
tionship between low incubation temperature and duckling
survival may partly reflect the effect that reduced residual nutrients
have on an individual’s ability to develop homeothermy and meet
thermoregulatory challenges [19].

The ability to mount a strong immune response also can
influence survival in young birds [41]. Early developmental
conditions, like incubation, can influence phenotypes and poten-
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responses of young wood ducks incubated at low incubation
temperatures were weaker than duckling incubated at higher
temperatures. Reduced immune responses of young wood ducks
likely make them more susceptible to diseases and parasites,
potentially affecting their survival.
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This is the first avian study that links actual incubation conditions
to fitness consequences. Incubation temperature influences duck-
ling phenotype in multiple ways; however, the mechanism by
which differences in temperature affect survival and reproduction
is unclear and requires further study. Trade-offs in energetic
allocation by incubating parents can influence fitness of parents as
well as offspring. As such, incubation is an important reproductive
cost that likely has played an important role in the development of
life history characteristics of birds like clutch size and egg size

[20,42].

Acknowledgments

We thank the Savannah River Ecology Laboratory especially Whit
Gibbons for use of their facilities. We also would like to thank Emily Butler,
Matt Carney, Corey Earle, Benton Gann, Caleb Gaston, Maureen
McClintock, Marilena Nunez, Jason Scott, and Johnathan Walls for
assistance with the field work. The Institutional Animal Care and Use
Committee of Auburn University approved our research (PRN 2006-1049
and 2010-1691).

Author Contributions

Conceived and designed the experiments: GRH. Performed the experi-
ments: GRH RAK. Analyzed the data: GRH. Contributed reagents/
materials/analysis tools: GRH RAK. Wrote the paper: GRH.

13. Olson CR, Vleck CM, Vleck D (2006) Periodic cooling of bird eggs reduces
embryonic growth efficiency. Physiol Biochem Zool 79: 927-936. doi:10.1086/
506003.

14. Hepp GR, Kennamer RA, Harvey WF (1989) Recruitment and natal philopatry
of wood ducks. Ecology 70: 897-903. doi:10.2307/1941357.

15. DuRant SE, Hopkins WA, Hepp GR (2011) Embryonic developmental patterns
and energy expenditure are affected by incubation temperature in wood ducks
(Aix sponsa). Physiol Biochem Zool 84: 451-457. doi:10.1086/661749.

16. DuRant SE, Hopkins WA, Hawley DM, Hepp GR (2012a) Incubation
temperature affects multiple measures of immunocompetence in young wood
ducks (Aix sponsa). Biol Lett 8: 108-111. doi:10.1098/rsbl.2011.0735.

17. DuRant SE, Hepp GR, Moore IT, Hopkins BC, Hopkins WA (2010) Slight
changes in incubation temperature affect early growth and stress endocrinology
in wood duck (Aix sponsa) ducklings. J Exp Biol 213: 45-51. doi:10.1242/
jeb.034488.

18. Hopkins BC, DuRant SE, Hepp GR, Hopkins WA (2011) Incubation
temperature influences locomotor performance in young wood ducks (Aix
sponsa). J Exp Zool 315A: 274-279. doi:10.1002/jez.673.

19. DuRant SE, Hopkins WA, Wilson AF, Hepp GR (2012b) Incubation
temperature affects the metabolic cost of thermoregulation in a young precocial
bird. Funct Ecol 26: 416-422. doi:10.1111/§.1365-2435.2011.01945 x.

20. Monaghan P, Nager RG (1997) Why don’t birds lay more eggs? Trends Ecol
Evol 12: 270-274. doi:10.1016/S0169-5347(97)01094-X.

21. Manlove CA, Hepp GR (2000) Patterns of nest attendance in female wood
ducks. Condor 102: 286-291. doi:10.1650/0010-5422(2000)102[0286:PO-
NAIF]2.0.CO;2.

22. Dobush GR, Ankney CD, Krementz DG (1985) The effect of apparatus,
extraction time, and solvent type on lipid extractions of snow geese. Can J Zool
63: 1917-1920. doi:10.1139/285-285.

23. Zicus MC (1989) Automatic trap for waterfowl using nest boxes. J Field Ornithol
60: 109-111.

24. SAS Institute (2007) SAS/STAT Users Guide. Version 9.2. Cary, North
Carolina. SAS Institute.

October 2012 | Volume 7 | Issue 10 | e47777



26.

27.

28.

29.

33.

. White GC, Burnham KP (1999) Program MARK: survival estimation from

populations of marked animals. Bird Study 46(Supplement): 120-138.

Hepp GR, Hoppe RT, Kennamer RA (1987) Population parameters and
philopatry of breeding female wood ducks. J Wildl Manage 51: 401-404.
doi:10.2307/3801026.

Lindstr?m J (1999) Early development and fitness in birds and mammals. Trends
Ecol Evol 14: 343-348. doi:10.1016/50169-5347(99)01639-0.

Tinbergen JM, William JB (2002) Energetics of incubation. In: Deeming DC,
editor. Avian incubation: Behavior, environment, and evolution. New York:
Oxford University Press.

Reid JM, Monaghan P, Ruxton GD (2000) Resource allocation between
reproductive phases: the importance of thermal conditions in determining the
cost of incubation. Proc R Soc Lond B 267: 37-41. doi:10.1098/
rspb.2000.0963.

. Ardia DR, Pérez JH, Chad EK, Voss MA, Clotfelter ED (2009) Temperature

and life history: experimental heating leads female tree swallows to modulate egg
temperature and incubation behavior. J Anim Ecol 78: 4-13. doi:10.1111/

j-1365-2656.2008.01453.x.
. Nord A, Sandell MI, Nilsson J-A (2010) Female zebra finches compromise clutch

temperature in energetically demanding incubation conditions. Funct Ecol 24:
1031-1036. doi:10.1111/j.1365-2435.2010.01719.x.

. Hepp GR, Kennamer RA (2011) Date of nest initiation mediates incubation

costs of wood ducks (Aix sponsa). Auk 128: 258-264. doi:10.1525/
auk.2011.10189.

Booth DT (1987) Effects of temperature on development of mallee fowl Leipoa
ocellata eggs. Physiol Zool 60: 437-445.

PLOS ONE | www.plosone.org

34.

36.

37.

38.

39.

40.

41.

42.

Incubation Temperature Influences Fitness in Birds

Vleck CM, Vleck D (1996) Embryonic energetics. In: Carey C, editor. Avian
energetic and nutritional ecology. New York: Chapman & Hall. 417-460.
Eiby YA, Booth DT (2009) The effects of incubation temperature on the
morphology and composition of Australian brush-turkey (Alectura lathami)
chicks. J Comp Physiol B 179: 875-882. doi: 1007/500360-009-0370-4.
Pelayo JT, Clark RG (2003) Consequences of egg size for offspring survival: a
cross-fostering experiment in ruddy ducks (Oxyura jamaicensis). Auk 120: 384-
393. doi:10.1642/0004-8038(2003)120[0384:COESFO]2.0.CO;2.

Traylor JJ, Alisauskas RT (2006) Effects of intrinsic and extrinsic factors on
survival of white winged scoter (Melanitta fusca deglandi) ducklings. Auk 123:
67-81. doi:10.1642/0004-8038(2006)123[0067:EOIAEF]2.0.CO;2.

Amundson CL, Arnold TW (2011) The role of predator removal, density-
dependence, and environmental factors on mallard duckling survival in North
Dakota. J Wildl Manage 75: 1330-1339. doi:10.1002/jwmg.166.

Korschgen CE, Kenow KP, Green WL, Johnson DH, Samuel MD, et al. (1996)
Survival of radiomarked canvasback ducklings in northwestern Minnesota.
J Wildl Manage 60: 120-132. doi:10.2307/3802046.

Bellrose FC, Holm DJ (1994) Ecology and management of the wood duck.
Mechanicsburg: Stackpole Books.

Moller AP, Saino N (2004) Immune response and survival. Oikos 104:299-304.
doi:10.1111/j.0030-1299.2004.12844.x.

Martin TE (2008) Egg size variation among tropical and temperate songbirds:
An embryonic temperature hypothesis. Proc Nat Acad Sci 105: 9268-9271.
doi:10.1073/pnas.0709366105.

October 2012 | Volume 7 | Issue 10 | e47777



