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Abstract

In birds, the duration of egg incubation (the time from incubation onset to hatching) can affect
multiple components of nest success, but what affects incubation duration? Previous studies
suggest that incubation duration is affected by both parental behavior and components of the egg,
which have yet to be determined. One egg component that may be related to incubation behavior
and the time until hatching is eggshell porosity, which affects the exchange of metabolic gasses
and water vapor across the shell and, thus, the speed of embryonic development and incubation
duration. We tested whether eggshell porosity was associated with the timing of incubation onset
by female House Wrens (Troglodytes aedon Vieillot, 1809), and whether porosity varied within
clutches in a manner that might be associated with incubation periods and hatching patterns (i.e.,
synchronous vs. asynchronous hatching). Eggshell porosity was unrelated to the onset of maternal
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incubation and did not differ between early and later-laid eggs within clutches, but differed
significantly among females and covaried with egg size. We conclude that producing all eggshells
of similar porosity within clutches, while adjusting incubation onset once most or all eggs are laid,
provide facultative maternal control over variation in hatching patterns.
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incubation behavior; eggshell porosity; onset of incubation; hatching asynchrony; egg; House
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Introduction

In altricial birds, the eggs within a clutch often hatch asynchronously over several days,
causing offspring to differ considerably in size shortly after hatching, with last-hatched
nestlings usually half the size of their older siblings (e.g., Clotfelter et al. 2000; Maddox and
Weatherhead 2008; Johnson et al. 2009). This initial hierarchy is typically maintained
throughout the time offspring are in the nest, and often results in the death of the younger,
smaller nestlings (Slagsvold 1986; Mock and Parker 1997; Lago et al. 2000; Johnson et al.
2003, 2009; Maddox and Weatherhead 2008). Synchronous hatching of eggs also occurs in a
wide variety of avian taxa (Clark and Wilson 1981; Slagsvold and Lifjeld 1989; Hébert and
Sealy 1992; Stoleson and Beissinger 1995; Hébert 2002) and occurs when all eggs hatch
over a short period of time, typically within a day, which results in nestlings being similar in
size throughout their time in the nest (Bowers et al. 2011).

Considerable variation in hatching synchrony has been documented both within and among
species (Lack 1954, 1966; Clark and Wilson 1981; Magrath 1990; Stoleson and Beissinger
1995), but the factors that contribute to this variation are not fully understood. Generally,
asynchronous hatching occurs when full, diurnal incubation begins before the laying of the
penultimate egg of the clutch, staggering embryonic development across the egg-laying
sequence, whereas synchronous hatching occurs when incubation commences with the
penultimate egg or upon clutch completion, causing development to begin at a similar time
for all offspring in the clutch (Clark and Wilson 1981; Wiebe et al. 1998; Badyaev et al.
2003; Ardia et al. 2006; Kontiainen et al. 2010; Arnold 2011; Johnson et al. 2013).
However, Wang and Beissinger (2009) found that variation in hatching spans was unrelated
to the onset of incubation in five passerine species, despite considerable variation in the
onset of incubation relative to clutch completion. Moreover, within clutches, the incubation
periods of earlier-laid eggs were actually longer than those of later-laid eggs (Wang and
Beissinger 2009; see also Vifiuela 1997; Hadfield et al. 2013), suggesting that mechanisms
other than differences in the onset of incubation may contribute to variation in incubation
periods, including properties of the eggs themselves. However, the properties of the egg that
influence incubation periods have yet to be determined (see also Robinson et al. 2008).
Ricklefs and Smeraski (1983) cross-fostered eggs among nests of the European Starling
(Sturnus vulgaris) shortly after laying, and found that the length of the incubation period
depended on the incubation behavior of the foster parents, and also on the nest from which
the eggs originated. They found that differences in incubation periods were associated with
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variation in the composition of eggs laid by both the original and foster mothers, as revealed
by both nest-of-origin and nest-of-rearing effects, leading them to suggest that the formation
of eggs may be correlated with maternal incubation behavior (see also Stein and Badyaev
2011).

As avian eggshells contain microscopic pores, shell porosity is one component of the egg
that may be related to incubation behavior and incubation periods. Eggshell porosity (i.e.,
the total pore area of the eggshell divided by eggshell thickness) directly affects the
exchange of metabolic gasses and water vapor across the shell, which regulates the rate of
embryonic development and incubation duration (Ar et al. 1974; Ar and Rahn 1985; Vleck
and Bucher 1998; Zimmermann and Hipfner 2007). Indeed, blocking all eggshell pores with
light oils has often been used to manage pest species as gas exchange ceases and embryos
asphyxiate (Blokpoel and Hamilton 1989; Hindman et al. 2014). Variation in eggshell
porosity has also been reported to be associated with egg size and the time elapsed between
laying and hatching within clutches; eggs within clutches that exhibited similar porosity
hatched more synchronously than eggs within clutches that differed more widely in porosity
(Massaro and Davis 2005). Therefore, natural variation in eggshell porosity could contribute
to differences in developmental rates and hatching times among siblings within nests,
generating variation in hatching synchrony (Massaro and Davis 2005; Boonstra et al. 2010;
Clark et al. 2010). In some species, for example, clutches that hatch synchronously exhibit
increasing eggshell porosity from earlier- to later-laid eggs within the clutch (Massaro and
Davis 2005; Clark et al. 2010). Such a pattern would facilitate enhanced exchange of gas
and water vapor across the eggshell in later-laid eggs, thereby allowing them to “catch up,”
in terms of embryonic development, to their siblings in earlier-laid eggs.

In this study, we investigated within- and among-clutch variation in eggshell porosity in a
population of House Wrens (Troglodytes aedon Vieillot, 1809) in which both synchronous
and asynchronous hatching of eggs occurs (Harper et al. 1992, 1994; Ellis et al. 2001a,b;
Bowers et al. 2011, 2013). Only females incubate eggs, and, as in other species (see above),
asynchronous hatching occurs when females begin diurnal incubation prior to laying the
penultimate egg of the clutch, whereas synchronous hatching occurs when incubation
commences with the penultimate egg or upon clutch completion (Johnson 2014). If variation
in eggshell porosity is associated with incubation period (i.e., the time until hatching), then
clutches hatching synchronously may exhibit increased eggshell porosity from earlier- to
later-laid eggs within the clutch (Massaro and Davis 2005; Clark et al. 2010). Alternatively,
clutches that hatch asynchronously may exhibit lower porosity among later-laid eggs, which
would constrain embryos in later-laid eggs from catching up developmentally with those in
earlier-laid eggs and facilitate hatching across multiple days. Here, we test the hypothesis
that eggshell porosity is associated with the female’s onset of diurnal incubation by relating
when females began fully incubating their eggs with the porosity of the eggshells these
females produced. This hypothesis predicts that if eggshell porosity is associated with
maternal incubation behavior, then females commencing diurnal incubation at different
times relative to clutch completion may exhibit differences in eggshell porosity among their
eggs. We also test for an interaction between onset of incubation and egg-laying order, while
controlling for variation in egg size, which would be predicted if porosity within clutches
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changes across the laying sequence differently for females that initiate incubation at
different times relative to clutch completion.

Materials and Methods

Study area and species

We studied a population of House Wrens breeding in secondary deciduous forest in north-
central Illinois, USA (40.665°N, 88.89°W) in 2012 and 2013. Nestboxes (N = 820) were
mounted on 1.5-m poles spaced 30 m apart along north-south transects separated by 60 m,
and all nestboxes were protected, to an extent, from ground-dwelling predators (e.g.,
mammals and snakes) by 48.3-cm diameter aluminum predator baffles mounted on the poles
below the nestboxes. Lambrechts et al. (2010) provide further details on nestbox size and
construction materials.

House wrens are small (10-12 g), cavity-nesting songbirds with breeding grounds
distributed across the mid-latitudes of North America, and birds in the study population
winter in the southern United States and northern Mexico (Johnson 2014). In spring, females
select a mate that is defending a nest site and eventually lay a clutch of 4-8 eggs (Dobbs et
al. 2006), producing one egg per day until their clutch is completed. Clutch size does not
differ, on average, between clutches that hatch synchronously or asynchronously (Ellis et al.
2001a; Bowers et al. 2011). Incubation periods generally last 12.5 d. Only females incubate
eggs and brood young nestlings, but both parents provision nestlings after hatching. The
length of the nestling period is typically 14-17 days (Bowers et al. 2013). The oldest, largest
nestlings usually leave the nest first, with the rest of the brood following within a few hours,
although some nestlings, typically small, underdeveloped runts, occasionally remain in the
nest and die of starvation (Johnson 2014).

Field procedures and measuring porosity

We checked nesthoxes at least twice weekly during the 2012 and 2013 breeding seasons for
evidence of female settlement and, after nest-building was completed, we visited nests daily
between 0600 and 1100 hr Central Daylight Time and collected eggs on the day each was
laid. We replaced the fresh eggs with artificial eggs, which females readily accepted. We
documented the onset of “full,” diurnal incubation by females (Kendeigh 1952; Johnson
2014) as determined by eggs being noticeably warm to the touch on the morning that we
visited nests to collect the eggs. Thus, we have no information on partial heat applied
nocturnally to eggs prior to the onset of diurnal incubation (e.g., Kendeigh 1952, 1963;
Wang and Beissinger 2009); nonetheless, the onset of incubation as we assessed it here is
predictive of whether eggs eventually hatch synchronously or asynchronously (Johnson
2014).

In the laboratory, we weighed each egg on an electronic balance (x 0.001 g; Acculab Pocket
Pro 2060D), and measured egg length and breadth using a digital thickness gauge (+ 0.01
mm; Mitutoyo 700-121) prior to weighing egg yolks (+ 0.0001 g; Mettler Toledo AE163)
and storing eggshells for porosity measures. To test for differences in porosity between
earlier- and later-laid eggshells within clutches, we compared the porosity of the eggshells
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of the first-laid, second-laid, penultimate, and ultimate eggs from each of 28 clutches (14
clutches from 2012 and 14 from 2013). We estimated eggshell porosity following the
methods described in Jaeckle et al. (2012), although a novel method has recently been
developed using casts that allow for the visualization of three-dimensional pore morphology
(Murphy et al. 2015). Estimates of shell porosity and gas conductance across the eggshell
have not been compared using these two methods in House Wrens, so we utilized the earlier,
more traditional methods used by Jaeckle et al. (2012). Eggshells were first broken into
fragments and submerged in boiling 5% NaOH for 12 min to remove any persisting shell
membrane and cuticle. After boiling in NaOH, the fragments were rinsed with water and
then air-dried prior to viewing with a compound microscope (Nikon E-600). The outer
surface of each eggshell fragment (N = 2,232 fragments from 112 eggs) was examined and
photographed with a digital camera (Nikon MT-5B). Surface area of the fragments was
calculated using ImageJ (version 1.46r; average fragment size = 6.65 mm?2). For each egg,
we examined at least 80 mm? (mean = SD = 120.3 + 43.5 mm?) of the eggshell, constituting
an average of 19.9% of the eggshell surface. One observer (AW) counted and measured the
diameters of each pore within an eggshell fragment (x400 magnification) using an ocular
micrometer (+ 2 um). Pores were primarily circular in shape, so we calculated pore area as
the area of a circle for analysis. We then estimated the total pore area (mm?) per egg, using
estimates of total eggshell surface area and egg volume following Paganelli et al. (1974) and
Hoyt (1979), respectively. Eggshell thickness (£ 0.01 mm) was estimated as the average of
nine randomly selected fragments from each eggshell using a base-mounted thickness gauge
(Starrett 2600-1), and we calculated eggshell porosity as the total pore area per egg x
eggshell thickness™ (Ar et al. 1974). There was no association between eggshell thickness
and maternal body mass or tarsus length (linear mixed model with nest identity as a random
effect; body mass: F1 3 =0.10, P = 0.75; tarsus length: F1 3 =0.23, P = 0.63). For 32 eggs
(8 clutches), we compared porosity from the basal, equatorial, and apical regions of each
eggshell using a total of 345 fragments, and we found no differences in porosity among
these regions (F, 31 = 0.35, P = 0.71). Thus, for the remaining clutches, we sampled
eggshell fragments randomly within eggs, and we used a single mean value of porosity for
each egg in our statistical analyses.

All research subjects were cared for in accordance with current ethical standards, and all
activities complied with current laws of the United States of America, and were in
accordance with the Illinois State University Institutional Animal Care and Use Committee,
United States Geological Survey, and United States Fish and Wildlife Service (see
Acknowledgements).

Data analysis

We obtained porosity measures for early-laid eggs (28 first- and 28 second-laid eggs within
the laying sequence) and late-laid eggs (28 penultimate and 28 last-laid eggs within the
laying sequence) from 28 clutches. Prior to analysis, we converted data to z-scores to obtain
standardized parameter estimates from our analyses following Schielzeth (2010), which
provides greater utility for parameter estimates as a measure of effect size. We first
characterized among-female variation in eggshell porosity using an analysis of variance
(ANOVA) with eggshell porosity as the dependent variable, egg volume and female tarsus
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length (as a measure of female skeletal size) as main effects, and maternal identity as a
random effect. We then analyzed within-clutch variation in eggshell porosity by testing
whether this trait differed between early and late-laid eggs within clutches, and also between
clutches for which females differed in the onset of incubation (early vs. late) relative to
clutch completion. We did this using a linear mixed model with relative egg-laying order
(egg number divided by the clutch size, where egg number is the sequence in which eggs
were laid) and maternal onset of incubation as fixed effects and nest identity as a random
effect. We also included relative egg size, i.e. the difference between the volume of a given
egg and the clutch mean (Krist and Remes 2004), as a covariate. We used SAS (version 9.3)
for all analyses, tests were two-tailed (o = 0.05), and the data satisfied assumptions of
normality and homogenous variance.

We detected substantial, greater than five-fold, variation in eggshell porosity among clutches
(Fig. 1). There was a significant, positive correlation among females in both eggshell
porosity and egg size (Table 1a, Fig. 1), and a marginally non-significant trend for large
females to produce less porous eggshells than smaller females (Table 1a). Egg size was also
positively correlated with the amount of maternally derived yolk deposited in the egg (i.e.,
wet yolk mass; rog = 0.536, P < 0.001). Despite the high degree of among-female variation
in porosity, variation among eggs within clutches was minimal and there was no association
between eggshell porosity and the egg’s position within the laying sequence (Table 1b).
There was also no difference in the porosity of eggs laid by females initiating incubation at
different times relative to clutch completion, nor was eggshell porosity related to differences
in egg size within clutches (Table 1b). Removal of the non-significant interaction from the
model in Table 1b revealed similarly non-significant main effects for relative laying order,
incubation onset, and relative egg size (all P > 0.5).

Discussion

If eggshell porosity were associated with the incubation behavior of females, then females
commencing full incubation at different times relative to clutch completion should have
exhibited differences in the porosity of the eggs they produced. However, we did not
observe this, nor did we detect a correlation between eggshell porosity and egg-laying order
within clutches. Thus, differences in hatching spans among nests (i.e., synchronous vs.
asynchronous hatching) are unlikely to be associated with variation in eggshell porosity,
and, therefore, unlikely to contribute substantially to differences in developmental rates and
hatching times among siblings within nests.

Intriguingly, not all House Wren populations exhibit synchronous and asynchronous
hatching. For example, although asynchronous hatching is slightly less common than
synchronous hatching in our study population (Harper et al. 1992, 1993; Ellis et al. 2001a;
Bowers et al. 2011), all clutches hatch asynchronously in a Wyoming population and nearly
all clutches hatch asynchronously in a Panamanian population (Johnson 2014). On the other
hand, other Central-American populations are comprised of entirely synchronously hatching
clutches (Johnson 2014). We do not yet have a complete understanding of the ecological
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factors contributing to variation in brood hatching patterns, although spatial and temporal
variation in food abundance, temperature, and predation risk likely play a role (Lack 1954;
Hussell 1972; Slagsvold and Lifjeld 1989; Pennock 1990; Wiebe and Bortolotti 1994;
Hébert 2002; Ardia et al. 2006, 2009). Given the highly variable and unpredictable nature of
these biotic and abiotic factors, it is likely that selection has favored female control of brood
hatching patterns primarily through adjustments to incubation behavior (see also Wiebe
1995; Wiehn et al. 2000), rather than through selection for changes in the female physiology
underlying the formation of eggs (Lack 1954; Howe 1976, 1978). Although there may be
properties of eggs aside from eggshell porosity that affect variation in hatching patterns, we
do know that clutches of eggs hatching synchronously or asynchronously in our study
population do not differ in egg mass (E.K. Bowers, personal observation), or in levels of
maternally derived androgens within yolks, each of which might be expected to influence
variation in incubation periods (Ellis et al. 2001b). Thus, producing all eggshells of similar
porosity within clutches, while being able to adjust incubation behavior facultatively once
most or all of the eggs have been produced, may facilitate female control over synchrony or
asynchrony in hatching under variable conditions. What, then, generates variation in
eggshell porosity among clutches? Portugal et al. (2014) recently reported a positive
association between estimated rates of gas exchange and egg size across species, consistent
with the positive correlation between egg size and shell porosity we detected within our
study species. Given the positive association between eggshell porosity and egg size,
increases in eggshell porosity with egg size may be necessary to maintain normal rates of
gas exchange and embryonic development for larger eggs that have a lower surface
area:volume ratio than smaller eggs. Moreover, variation in eggshell porosity may influence
the thermal inertia of eggs and, therefore, an incubating parent’s ability to regulate the
temperature of developing embryos, independently of the effect that eggshell porosity has on
gas exchange.

In conclusion, clutches of House Wrens in this population varied widely in eggshell
porosity, a variable known to entail consequences for the rate of embryonic development
and incubation periods. However, variation in eggshell porosity was not associated with the
onset of full incubation by females, nor the order in which eggs were produced within
clutches in the study population. Thus, it appears unlikely that variation in porosity is related
brood hatching patterns in this population.
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Fig. 1.

Among-female variation in eggshell porosity (pore area [mm?] x eggshell thickness [mm]~1)
and egg size in the House Wren (Troglodytes aedon). Plotted are bivariate means + SE for
each clutch (N = 4 eggs from each).
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Results of analyses testing for among- and within-clutch variation in eggshell porosity.

Table 1

(a) Among-clutch variation.

Estimate + SE F

df

Egg size 0.348+£0.162 463 1,23
Female tarsus length  -0.291+0.168 3.00 1,23

Intercept -0.003 + 0.165

(b) Within-clutch variation.
Estimate + SE
Relative laying order 0.206 + 0.306
Incubation onset (early vs. late) 0.538 +0.388
Rel. laying order x Incub. Onset  —0.561 + 0.367
Relative egg size 0.024 +0.080
Intercept -0.219 + 0.286

0.09
1.92
2.34
0.09

P
0.042
0.097

df
1,822
1,515
1,811
1,834

0.766
0.172
0.130
0.766
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Note: For incubation onset, females commencing incubation prior to laying the penultimate egg had slightly, but not significantly, increased

porosity estimates relative to those that commenced incubation upon laying the penultimate or ultimate egg.
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