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Abstract The use of stored nutrients for reproduction
represents an important component of life-history varia-
tion. Recent studies from several species have used stable
isotopes to estimate the reliance on stored body reserves in
reproduction. Such approaches rely on population-level
dietary endpoints to characterize stored reserves (“capi-
tal”) and current diet (“income”). Individual variation in
diet choice has so far not been incorporated in such
approaches, but is crucial for assessing variation in nutrient
allocation strategies. We investigated nutrient allocation to
egg production in a large-bodied sea duck in northern
Alaska, the king eider (Somateria spectabilis). We first
used Bayesian isotopic mixing models to quantify at the
population level the amount of endogenous carbon and
nitrogen invested into egg proteins based on carbon and
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nitrogen isotope ratios. We then defined the isotopic sig-
nature of the current diet of every nesting female based on
isotope ratios of eggshell membranes, because diets varied
isotopically among individual king eiders on breeding
grounds. We used these individual-based dietary isotope
signals to characterize nutrient allocation for each female
in the study population. At the population level, the
Bayesian and the individual-based approaches yielded
identical results, and showed that king eiders used an
income strategy for the synthesis of egg proteins. The
majority of the carbon and nitrogen in albumen (C:
86 &+ 18%, N: 99 + 1%) and the nitrogen in lipid-free yolk
(90 £ 15%) were derived from food consumed on breed-
ing grounds. Carbon in lipid-free yolk derived evenly from
endogenous sources and current diet (exogenous
C: 54 £ 24%), but source contribution was highly variable
among individual females. These results suggest that even
large-bodied birds traditionally viewed as capital breeders
use exogenous nutrients for reproduction. We recommend
that investigations of nutrient allocation should incorporate
individual variation into mixing models to reveal intra-
specific variation in reproductive strategies.

Keywords Capital breeding - Eggshell membranes -
Migratory birds - Mixing models - Stable isotopes

Introduction

The use of stored nutrients in reproduction represents an
important component of life-history variation (Stearns
1992). In environments with seasonal fluctuations in
resource availability, animals may have to reproduce at a
time when food availability is low (Monaghan and Nager
1997; Perrins 1996). One way to overcome this challenge is
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to carry nutrients from earlier annual cycle stages to fuel
the reproductive effort, a strategy referred to as capital
breeding (Drent and Daan 1980; Jonsson 1997; Meijer and
Drent 1999). The alternate strategy, income breeding,
describes animals that rely entirely on current diet from the
local environment for nutrients needed in reproduction.

Capital and income breeding are the two extremes of a
continuum of breeding strategies. Where along that con-
tinuum a species falls depends on the general life history of
the species as well as on the resource availability at the
place and time of reproduction (Bonnet et al. 1998;
Houston et al. 2007; Jonsson 1997). Many recent studies
have used stable isotope applications to trace the origin of
nutrients used for reproduction, in insects (O’Brien et al.
2000, 2005), fish (Jardine et al. 2008), reptiles (Warner
et al. 2008), mammals (Dalerum et al. 2007), and espe-
cially in migratory birds (Bond et al. 2007; Morrison and
Hobson 2004; Schmutz et al. 2006). The techniques used to
quantify the allocation of nutrients via isotopic mixing
models have advanced rapidly in the recent past (Moore
and Semmens 2008; Parnell 2008; Phillips et al. 2005).
However, so far no method has incorporated individual
variation in diet choice into nutrient allocation models,
despite substantial evidence that individual specialization
in foraging behavior affects animal isotope ratios (Aradjo
et al. 2007; Bearhop et al. 2006; Matthews and Mazumder
2004; Woo et al. 2008). Capturing individual variation in
diet and reproductive allocation is of particular importance
in studies of migratory birds, in which reproductive strat-
egies can be closely linked to migration strategies (Béty
et al. 2004; Drent et al. 2003; Prop et al. 2003). Variation in
nutrient allocation strategies at the species level has been
linked to body size (Nolet 2006), distance to areas where
reserves can be accumulated (Klaassen et al. 2006), quality
of these areas in relation to breeding grounds (Drent et al.
2007), and costs associated with accumulating and trans-
porting reserves from distant staging areas (Alerstam
2006). Because variation in nutrient allocation strategies
fundamentally affects life-history characteristics, a tech-
nique to explore variation at the individual level would
have broad ecological utility (Hamel et al. 2009; Wheatley
et al. 2008).

In this study we investigate nutrient allocation to egg
production of king eiders (Somateria spectabilis) by using
stable isotopes of carbon and nitrogen to quantify the
proportion of egg proteins derived from body reserves
(Hobson 2006). King eiders migrate and winter at sea, but
nest in freshwater ecosystems of the circumpolar Arctic;
thus, we used the well-described isotopic differences
between marine and freshwater environments (Peterson
and Fry 1987) to distinguish egg nutrients accumulated in
marine staging areas from nutrients derived from breeding
areas (Hobson 2006). Eiders are the largest carnivorous
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waterfowl breeding in the Arctic and rely on body reserves
to fuel their metabolism during incubation (Bentzen et al.
2008; Kellett and Alisauskas 2000; Parker and Holm
1990). Based on allometric equations of energy expendi-
ture during migration and clutch formation (Nolet 2006),
eiders should be able to carry sufficient reserves to pursue a
capital strategy for egg formation. However, the source of
nutrients for egg synthesis in eiders has not been quantified.

King eiders exhibit large individual variation in several
aspects of their ecology (Merkel et al. 2007; Oppel et al.
2008, 2009b; Suydam 2000), and such individual variation
needs to be incorporated into studies of nutrient allocation.
Thus, we evaluated nutrient allocation in two ways. We
first estimate nutrient allocation to egg proteins in king
eiders at the population level using a Bayesian isotope
mixing model (Jackson et al. 2009; Moore and Semmens
2008; Semmens et al. 2009). We then introduce an
approach to account for individual variation in diet choice
of king eiders on breeding grounds. We show that this
approach yields identical results as a Bayesian analysis at
the population level, but provides additional information on
the extent of variability in nutrient allocation at the indi-
vidual level. This information facilitates future investiga-
tions of how migratory and reproductive strategies interact
to affect individual fitness.

Materials and methods
Study area

We studied king eiders in June and July 2005-2007 at two
sites located on the Arctic coastal plain of Alaska. “Olak”
was near Teshekpuk Lake, approximately 30 km south of
the coast of the Beaufort Sea (70° 26’ N, 153° 08’ W), and
“Kuparuk” was ~ 150 km to the east within an active
oilfield 10 km south of the coast (70°20" N, 149°45" W).
Both sites consisted mainly of low-lying tundra with
numerous ponds, lakes, and wetland complexes. Satellite
telemetry has shown that king eiders arrive in the study
areas in the first two weeks of June, and do not commute
between breeding grounds and marine foraging sites after
arriving on the tundra (Phillips et al. 2007). Thus, nutrients
obtained during foraging on breeding grounds are entirely
terrestrial and/or freshwater, and thus should exhibit a
different isotopic signature than nutrients derived from the
marine diet during migration (Peterson and Fry 1987).
King eiders nesting in both study areas winter in the Bering
Sea and use the eastern Chukchi Sea for approximately
three weeks during spring migration, which is a likely site
for reserve accumulation (Oppel et al. 2009a). The eastern
Chukchi Sea is approximately 400 km west of our study
area.
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Field measurements

We located king eider nests by systematically searching
each study site between mid-June and mid-July, and esti-
mated the incubation stages of detected nests by candling
eggs on the day the nest was found (Weller 1956). We
calculated the day of nest initiation as the day the nest was
found minus the incubation stage (in days) of the oldest egg
in the nest minus 2 days to adjust for the initial laying stage
during which eggs are not incubated (Suydam 2000). Mean
dates of nest initiation in our study areas were 19 June 2005
(range 7 June—1 July, n = 70), 18 June 2006 (9 June-3
July, n = 68), and 19 June 2007 (12-30 June, n = 43).

Tissue and food source collection

We collected one egg from each clutch in 2006 and 2007,
and all infertile eggs and eggs from abandoned or partly
depredated nests in 2005-2007. We collected eggs between
12 June and 15 July 2006 at an average age of 5 days
(£5 days, n = 69), and between 17 June and 5 July 2007 at
an average age of 4 days (5 days, n = 42). In 2005, the
collection of fresh eggs was not possible due to another
ongoing study, and we collected eggs between 15 June and
15 July at an average age of 8 &= 6 days (n = 24). All eggs
collected at ages >17 days were infertile and had not
undergone embryonic development, and we did not analyze
eggs that no longer contained white albumen or yellow
yolk.

We also collected all remaining eggshell membranes
(hereafter: membranes) from depredated and hatched nests.
Eggshell fragments were sorted to ensure that each mem-
brane sample represented an individual egg. Membranes
were stored individually in paper envelopes and kept dry.
Whole eggs were boiled in the field and subsequently kept
frozen until analysis (Gloutney and Hobson 1998).

All king eiders at our study sites migrate past Point
Barrow, Alaska, in spring (Phillips et al. 2007), approxi-
mately 150 and 300 km west of Olak and Kuparuk,
respectively. In 2003, eight female king eiders shot by
subsistence hunters during the spring migration hunt in
Barrow (15-25 May) were collected for another study. We
excised sections of breast muscle from those birds to
analyze the isotope ratios of king eider protein stores
before arrival on breeding grounds (Gauthier et al. 2003).

In 2006 and 2007 we captured 21 female king eiders on
the breeding grounds during the pre-nesting period (10-22
June) using mist net arrays and decoys. Although only two
of these birds were individually identified via recapture on
the nests sampled in our study, it is likely that all 21
females represented birds nesting in our study area because
they were captured after their spring migration had ended.
At the time of capture, the females had been foraging on

breeding grounds for 0-20 days (Oppel and Powell 2010),
thus encompassing the expected time range elapsing
between arrival and egg formation for individual eiders in
our study area. We collected 1 ml of blood from each bird
by jugular venipuncture. Blood samples were separated
into blood plasma and red blood cells (RBC) using a por-
table centrifuge and a precision syringe. We stored plasma
and RBC samples frozen in liquid nitrogen until analysis.

We collected potential food items by manually sieving
through mud in ponds and lakes of the study areas in July
2005, and by netting pelagic invertebrates in June 2006 and
August 2007. We sampled invertebrates in 19 shallow
(<1 m deep) ponds 10-200 m in diameter where female
king eiders were observed foraging during the pre-breeding
period. We used a 1| mm mesh net to capture invertebrates
in the water column and floating sediment layer throughout
ponds <40 m in diameter, and within 30 m of the shoreline
of larger ponds, corresponding to the areas that are ice-free
during spring and thus available as foraging habitat for
king eiders during the pre-breeding period. We kept all
invertebrate samples frozen until analysis. In 2006 we also
collected aquatic plant leaves (mostly Carex spp., Cyper-
aceae) from the same ponds. We air-dried plant samples
and kept them dry until analysis.

Stable isotope analysis of tissues

We separated whole eggs manually into yolk, albumen,
membrane, and shell. Membranes were cleaned with a
small brush in deionized water to remove surface con-
taminants, oven-dried at 60°C for 24 h, and then crumbled
in a plastic bag. Albumen and yolk were freeze-dried to
constant mass for 48 h, and then ground into powder using
mortar and pestle. We extracted yolk lipids by using sev-
eral rinses with a 2:1 chloroform:methanol solution (Bligh
and Dyer 1959; Hobson 1995), and evaporated all
remaining solvent from the remaining protein fraction
under a fume hood. We cleaned breast muscles in deion-
ized water, freeze-dried and ground them into powder, and
extracted lipids from breast muscle using a 2:1 chloro-
form:methanol solution (Gauthier et al. 2003). We also
freeze-dried plasma and RBC samples and homogenized
them using mortar and pestle. We did not remove lipids
from blood or membrane samples, as these tissues contain
too little lipid to significantly alter isotope ratios (Burley
and Vadehra 1989; Cherel et al. 2005).

We removed calcified shells from freshwater inverte-
brates, rinsed soft parts in deionized water, oven-dried them
at 60°C for 24 h, and then ground them into powder using
mortar and pestle. We used an arithmetic correction for
lipid content in invertebrate samples based on mass balance
and the C/N ratio of samples (Smyntek et al. 2007). Tadpole
shrimps and fairy shrimps (Crustacea: Branchiopoda)
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collected in August 2007 were lipid-extracted with a 2:1
chloroform:methanol solution, and we analyzed extracted
lipid-free body tissues separately.

All dried and homogenized materials were analyzed for
carbon and nitrogen isotope ratios at the Alaska Stable
Isotope Facility (University of Alaska Fairbanks) using
continuous flow stable isotope ratio mass spectrometry
with a Costech ECS4010 elemental analyzer (Costech
Scientific Inc., Valencia, CA, USA) interfaced to a Finni-
gan Delta Plus XP isotope ratio mass spectrometer via the
Conflo III interface (Thermo-Finnigan Inc., Bremen,
Germany). We report results of carbon and nitrogen isotope
analyses in delta (6) notation relative to international
standards (Vienna PeeDee belemnite for C, atmospheric
nitrogen for N) according to the following equation: ¢
X = ([Rsampie/Rstandara]l — 1) x 1,000, with X denoting
either '°>C or '°N, and R representing the ratio of '*C/'*C or
SN/™N, respectively. The standard deviation of replicate
measurements of laboratory peptone standards run con-
currently with samples was less than £0.2%o for carbon
and £0.2%o for nitrogen.

Calculation of source contribution

Nutrients in king eider eggs were derived either from
marine nutrients stored as body reserves, or from fresh-
water nutrients obtained by foraging on breeding grounds.
We used a two-source mixing model to quantify the con-
tributions of these two sources to a mixture (egg compo-
nents) using a single isotopic dimension. We performed
these calculations for both carbon (C) and nitrogen (N), to
assess whether allocation patterns differed between these
elements. We estimated the contribution of each source
separately for albumen and lipid-free yolk. As we found no
differences in egg isotope signatures among years (all
Bonferroni-corrected P > 0.05), we pooled eggs from all
years for analysis.

Avian egg yolk contains >50% lipids (Oppel et al.
2010; Sotherland and Rahn 1987); therefore, the origin of
lipids in yolk of migratory birds is also of interest in
studies of nutrient allocation. We measured the carbon
isotope ratios of yolk lipids, female adipose tissues, and
invertebrate lipids, and these data are available in the
“Electronic Supplementary Material” (Table S1). How-
ever, because our measurements of female adipose tissue
and prey lipids did not sufficiently constrain the possible
sources of yolk lipids, and adequate estimates of dis-
crimination between dietary lipids, adipose tissues, and
yolk lipids were lacking, we omitted lipids from our
estimates of nutrient allocation.

We characterized the isotope ratios of body reserves and
nutrients obtained by foraging on breeding grounds (here-
after referred to as capital and income endpoints,
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respectively) specifically for the protein components
(albumen and lipid-free yolk). We averaged lipid-corrected
isotope signatures of freshwater invertebrates as income
endpoint, and used RBC as capital endpoint. RBC are an
effective proxy for body protein reserves, as most protein is
likely stored in muscles and RBC and muscles turn over at
similar rates (Evans Ogden et al. 2004; Hobson and Clark
1993). Thus, we account for any turnover in our capital
endpoint that occurs as a result of foraging in a freshwater
environment after arrival on breeding grounds (Morrison
and Hobson 2004; Schmutz et al. 2006).

We used a Bayesian mixing model to quantify the
contribution of each source to egg components (Moore and
Semmens 2008). This model incorporates variability in
endpoints and discrimination factors to calculate a poster-
ior probability distribution of source contributions (Jackson
et al. 2009; Moore and Semmens 2008; Semmens et al.
2009). Because we found considerable variation in isotope
ratios of freshwater prey items (Table 1), and we included
uncertainty in isotopic discrimination factors, the ability of
the Bayesian method to incorporate such variation made it
particularly appropriate for this study. We applied correc-
tions for isotopic discrimination between diet, body
reserves, and egg components following the approach of
Gauthier et al. (2003). We used the mean and SD of
published discrimination factors of spectacled eiders
(S. fischeri) (Federer 2009), peregrine falcons (Falco
peregrinus), gyr falcons (F. rusticolus), and prairie falcons
(F. mexicanus) (Hobson 1995) to account for uncertainty
around discrimination factors in king eiders, resulting in
the use of the following discrimination factors in our
model: invertebrates—albumen: +1.8 % 1.5%o for 6'°C and
+3.3 = 0.6%o for 5'°N; RBC~albumen: +2.2 £ 0.9%0 and
+3.3 £ 0.6%o, invertebrates—lipid-free yolk: +1.0 % 2.0%o
and +3.5 &+ 1.0%0; RBC-lipid-free yolk: +1.5 £ 0.7%o
and +3.6 % 0.8%o.

Because discrimination between body reserves and egg
components is unknown, and only assumed to be reflected
by a carnivore income model (Gauthier et al. 2003), we
also explored whether our results would change if this
assumption was incorrect. If proteins used for egg synthesis
exist in a similar form in body reserves, it is possible that
there is no isotope discrimination between body reserves
and egg components. Hence, we also calculated source
contributions to lipid-free yolk and albumen assuming that
there was no discrimination in either C or N between body
reserves and egg components.

We used SIAR v 2.07 in R 2.8.0 (Parnell 2008) to create
posterior probability distributions for endogenous and
exogenous contributions. We estimated means and 95%
credible intervals of source contributions, and graphically
present the posterior probability distribution for our main
model.
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Table 1 Stable carbon and nitrogen isotope ratios of relevant sources of nutrients, body tissues, and egg tissues of king eiders in northern Alaska

513C 515N
n Mean SD Min Max n Mean SD Min Max
King eider body tissues
Breast muscle 8 —17.8 0.5 —18.4 —16.9 8 14.5 0.8 13.5 15.6
Red blood cells (pre-nesting) 21 —19.5 0.8 —20.7 —18.3 21 14.5 0.6 13.4 15.5
Plasma (pre-nesting) 19 —23.1 2.0 —26.9 —19.8 19 11.4 22 9.1 16.6
Food on breeding grounds
Invertebrates® 59 —26.6 35 -33.0 -20.3 59 4.8 23 0.0 9.9
Plants (Cyperaceae) 15 —28.3 1.2 —30.0 —26.4 15 -0.3 5.6 —-12.9 10.9
King eider egg tissues
Eggshell membrane 262 -21.2 2.1 —26.8 —14.6 262 9.2 1.3 5.5 12.9
Albumen 117 -229 2.1 —28.8 —18.1 117 7.9 1.2 43 12.0
Lipid-free yolk 142 —-22.1 22 -29.1 —16.4 142 9.9 1.6 6.2 15.7
Whole yolk 20 —24.0 2.4 —-26.9 —17.9 20 9.2 1.4 7.2 12.1

2 §13C corrected for lipid content using C/N ratio and mass balance model according to Smyntek et al. (2007)

Incorporating individual variation

We found a wide range of isotopic values in both inver-
tebrate prey items and blood plasma of females during egg
formation (Table 1), which suggested that individual
females foraged consistently on prey items with different
isotope ratios (Bolnick et al. 2002; Matthews and
Mazumder 2004). Due to this variation in available and
consumed diet items, a mean isotope signature reflecting
exogenous nutrients (income endpoint) for all individuals
may mask real variation in allocation strategies and lead to
significant error in the estimation of source contributions to
individual eggs. To address that problem specifically,
blood samples could be taken from females captured on
nests, but capture and blood sampling of incubating
females frequently leads to nest abandonment (Criscuolo
2001). To overcome this problem, we explored the
approach of estimating an income endpoint for every
individual nest by using the isotope ratios of eggshell
membranes.

Eggshell membranes are thought to reflect current diet in
seabirds, as reviewed elsewhere (Schaffner and Swart
1991). We found previously that the isotope ratios of
eggshell membranes in king eiders do not change during
incubation (Oppel et al. 2009c). In addition, experimental
data from captive quail showed that eggshell membranes
reach an isotopic equilibrium following a diet switch as
rapidly as blood plasma (Hobson 1995), a widely
acknowledged indicator of recent diet (Evans Ogden et al.
2004; Hobson and Clark 1993; Pearson et al. 2003).
Because captive quail are not an ideal model organism for
resource use in wild migratory birds, we further evaluated

whether using eggshell membranes indicates current diet in
king eiders by comparing the results of the population-level
Bayesian mixing model with results obtained using mem-
brane isotope ratios as income endpoints at the individual
level. The results were very similar at the population level
(see “Results” below), and thus supported the use of
eggshell membranes to represent income for individual
females. This finding does not rule out the presence of
some marine-derived capital resources in eggshell mem-
branes, but it does indicate that any such contribution is
insufficient to substantially alter our estimates of resource
use at the population level.

We used the average 6'°C and §'°N of all membranes
collected from a clutch to describe the isotope signature of
each laying female’s diet. This approach enabled us to
estimate endogenous and exogenous source contributions
to egg formation at the individual level. We used estab-
lished values to correct for discrimination between diet and
membranes (Hobson 1995), and calculated source contri-
bution at the individual level using simple linear mixing
models (Phillips 2001). We used a membrane-albumen
discrimination of —2.3%o for 6'°C and —0.6%o for 6'°N
(obtained by subtracting the diet-membrane discrimination
factor from the diet-albumen discrimination factor given by
Hobson (1995)), and a similarly derived membrane-lipid-
free yolk discrimination of —3.2%o for 6'>C and —0.3%o for
0'°N. Because we found large variations in &'°C of
freshwater prey items, some of the freshwater prey items
approached the 6'°C of the marine endpoint used in our
models. Thus, we excluded eggs from source contribution
calculations if the difference between the discrimination-
corrected income and capital endpoints was <2%o in 6'°C
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or 6"°N (12 of 140 for yolk and 10 of 116 for albumen), as
the error in calculations increases exponentially with
decreasing isotopic difference between endpoints (Phillips
and Gregg 2001; Vander Zanden and Rasmussen 2001).

Statistical analysis

We report all results as mean £+ SD. We used nonpara-
metric Wilcoxon tests or Kruskal-Wallis tests to test for
significant differences among groups at « = 0.05. In mul-
tiple comparisons, we used a Bonferroni correction to
adjust the error rate to the number of comparisons. We
used an ANOVA to examine whether within-clutch varia-
tion in nutrient allocation was larger than variation among
clutches, and we restricted this analysis to clutches from
which we estimated nutrient allocation of more than two
eggs. All analyses were carried out using SPSS 11.0 and R
2.8.0.

Results
Isotopic signatures of body tissues

Plasma and RBC of birds captured prior to nesting on
breeding grounds did not differ between years (all
P > 0.1), so we pooled samples from 2006 and 2007.
Muscle §'°C of female king eiders collected on spring
migration was enriched by 1.7%o over RBC §'°C collected
from birds on breeding grounds during the pre-nesting
period (W = 167.0, P < 0.001), but muscle and RBC did
not differ in 6"°N (W = 81.0, P = 0.90, Table 1). Isotope
ratios of RBC of king eiders captured during the pre-
nesting period did not differ between sites (9'°C:
W =260, P =0.12, 5’N: W = 38.0, P = 0.64, n = 21).
We therefore used the pooled sample of RBC 6'°C
and 0'°N from both sites as our capital endpoint (5'°C:
—19.5 £ 0.8%o, '°N: 14.6 £ 0.6%o).

Isotopic signatures of diet on breeding grounds

We found large variation in freshwater invertebrates col-
lected on breeding grounds, ranging from —33.0 to —20.3%o
in 6"*C and from 0.0 to 9.9%o in 6'°N (Table 1). Aquatic
plants were on average about 1.7%o depleted in 6'*C com-
pared to all invertebrates, but fell completely within the
range of 8'3C variation of invertebrates (Table 1).

Proportional contribution of exogenous nutrients
to eggs

Based on the results of the Bayesian mixing model, N in
both albumen and lipid-free yolk was predominantly
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derived from nutrients consumed on breeding grounds
(Fig. 1; Table 2). The majority of C in albumen was also
derived from exogenous nutrients, while C in lipid-free
yolk was derived almost equally from exogenous and
endogenous sources (Fig. 1; Table 2). Thus, the exogenous
N contribution was almost 30% higher than the exogenous
C contribution for both albumen and lipid-free yolk.

Because discrimination between body reserves and egg
components is poorly known, we also calculated source
contributions assuming no discrimination between body
reserves and egg components. With an assumed discrimi-
nation of 0%o, the mean of the exogenous C contributions
to albumen and to lipid-free yolk decreased by 10% each,
whereas the exogenous N contributions to albumen and to
lipid-free yolk decreased by 2 and 9%, respectively
(Table 2).

With the exception of C in lipid-free yolk, the majority
of proteins in king eider eggs were derived from nutrients
obtained on breeding grounds, leading to large variation in
6'3C and 6"°N of egg components as a result of large
variation in dietary isotope ratios (Table 1; Fig. 1).

Evidence for individual differences in diet
Isotopic variation in eggshell membranes was similar to

variation in diet items (Table 1). We found evidence that
nesting king eiders foraged consistently on isotopically

15 20 25
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o Al ) (it

25
1)
o

Posterior probability
20

15

10

00 02 04 06 08 1000 02 04 06 08 10
Proportional C contribution Proportional N contribution

Fig. 1 Posterior probability distribution of exogenous (black) and
endogenous (white) nutrient contributions to king eider (Somateria
spectabilis) eggs from northern Alaska, calculated with a Bayesian
isotope mixing model at the population level. a Carbon and b nitrogen
contributions to albumen, and ¢ carbon and d nitrogen contributions
to lipid-free yolk
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Table 2 Mean (and 95% credible interval) proportional contribution of exogenous nutrients to albumen and lipid-free yolk of king eider eggs in

northern Alaska estimated with a Bayesian mixing model for C and N

Model 1 Model 2

AS"3C (%) Mean 95% Cil AS"3C (%o) Mean 95% Crl
C in albumen 22 0.69 0.64-0.74 0 0.59 0.54-0.65
N in albumen 3.3 0.97 0.95-1.00 0 0.95 0.90-0.99
C in lipid-free yolk 15 0.53 0.49-0.58 0 0.43 0.37-0.49
N in lipid-free yolk 3.6 0.82 0.79-0.86 0 0.73 0.68-0.77

The two models presented differ in the assumption of isotopic discrimination (A3'*C) between body reserves and egg components

distinct prey items by calculating the within-individual
component of the isotopic variance in membranes (Bolnick
et al. 2002). We found that within-nest membrane isotopic
variance (within-individual component, WIC) was small
compared to the total variance (total niche width, TNW) in
the population (5'°C WIC/TNW = 0.24, §'°N WIC/
TNW = 0.30, based on 57 nests with >1 membrane), and
concluded that individual female king eiders forage on
isotopically different prey items during egg formation.

Estimating source contribution with individual income
endpoints

To account for individual differences in dietary isotope
ratios, we estimated the nutrient source contribution for
every egg by using membrane isotope ratios of the
respective nest as income endpoints. Among individual
females, capital and income endpoints differed from 2.3 to
11.5%0 in 0'°C and 2.6-11.1%o in 0'°N. Exogenous N
contributed 87-142% to albumen (109 £+ 10%, n = 116).
Values exceeding 100% reflect the propagation of errors in
either endpoints or discrimination factors through mixing
model calculations (Wolf et al. 2009); however, the mean
contribution of exogenous N to albumen was indistin-
guishable from 100%. If we adjusted N contributions to
egg albumen to a maximum value of 100% (in n = 96
eggs), the average contribution of exogenous N was
99 £+ 1% (n = 116). In lipid-free yolk, 90 £ 15% of the N
was derived from exogenous sources. Averaged across all
individuals, these results were highly consistent with the
results from the population-wide Bayesian mixing model,
differing from the mean of the posterior probability dis-
tribution by only 2% for N in albumen and 8% for N in
lipid-free yolk. Only 4% of the eggs had exogenous N
contributions of <60%, and most eggs (82%) had very little
(0-20%) endogenous N invested in lipid-free yolk
(n = 137, Fig. 2).

Exogenous C made up 86 &+ 18% (range 26-149%,
n = 106) of albumen C, with most eggs (65%) having
exogenous C contributions of >80% (Fig. 2). Exogenous C
contributions to yolk protein were significantly lower than
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Fig. 2 Relative frequencies of exogenous a carbon and b nitrogen
contributions to albumen, and exogenous ¢ carbon and d nitrogen
contributions to lipid-free yolk in king eider eggs, calculated with
individual isotope mixing models using eggshell membranes as nest-
specific income endpoint. Eggs for which mixing model results
exceeded 100% were included in the 80-100% category (17 for C and
96 for N in albumen, 2 for C and 27 for N in lipid-free yolk)

those to albumen, with an average of 54 + 24% (range
0-148%, n = 128) of the lipid-free yolk C derived from
tundra food sources. These average results across individ-
uals differed from the mean of the posterior probability
distribution of the population-level Bayesian mixing model
by only 1% in lipid-free yolk and by 12% in albumen. We
found large variation in C allocation to lipid-free yolk
among eggs, with similar proportions of eggs having
almost none (0-20%) and almost all (80-100%) C derived
from exogenous sources (Fig. 2).

C and N allocation to yolk protein were positively
correlated (b = 1.16 £ 0.13, P < 0.001, R* = 0.38), but
the proportion of exogenous N allocations to yolk protein
was on average 30% larger than exogenous C allocation
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(paired samples ¢ test, t;,7 = 20.59, P < 0.001); this dif-
ference in individual mixing models was identical to the
difference found in the population-level Bayesian mixing
model.

Variation in nutrient allocation

The large variation in C allocation we found among eggs
could be due to either variation in nutrient allocation within
a clutch or variation in nutrient allocation among females.
Within-clutch variation could be caused by laying order,
whereas variation among females could be a result of
individual nutrient allocation strategies. We examined
whether the variation in C allocation was a result of dif-
ferences among individual females for seven nests from
which we collected more than two eggs. Exogenous C
contributions to yolk protein were less variable within than
among nests (Fg»; = 3.79, P = 0.01). Similarly, exoge-
nous C contributions to albumen were less variable within
than among nests (Fs ;3 = 14.94, P < 0.001, Fig. 3). Nest
initiation date did not explain variation in nutrient alloca-
tion among those nests (P = 0.15, Fig. 3).

Discussion

Traditionally, large-bodied birds migrating to breed in the
Arctic have been viewed as capital breeders, producing
eggs mainly from stored body reserves (Ankney and
Maclnnes 1978). Although recent studies have shown that
several Arctic-nesting species use exogenous nutrients for
egg production (Gauthier et al. 2003; Klaassen et al. 2001;
Morrison and Hobson 2004), capital breeding should be
feasible for large-bodied species like king eiders (Klaassen
et al. 2006; Nager 2006; Nolet 2006). In contrast to our
expectation, we found that king eiders in northern Alaska
largely use an income strategy to produce egg proteins.
This result is surprising given their body size, allometric
considerations of transport costs (Nolet 2006), and the
relatively short distance of <500 km to the main spring
staging site in the Chukchi Sea.

Variation in isotopic signatures and nutrient allocation

We used two different approaches to estimate nutrient
allocation to egg proteins in this study: a Bayesian mixing
model using population level dietary endpoints, and an
approach using individual nest-specific endpoints based on
eggshell membranes. The individual approach was neces-
sary because we found strong evidence that individual
female king eiders foraged consistently on isotopically
distinct prey sources: both plasma and eggshell membranes
exhibited very large isotopic variation, reflecting the
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variable diets consumed by laying females on breeding
grounds. Isotopic variability among diets may be caused by
eiders consuming different prey taxa, foraging in water
bodies with different primary productivity and origin of
dissolved inorganic carbon (Peterson and Fry 1987; Post
2002), or by intraspecific variation in prey organism iso-
tope ratios (Grey et al. 2004; Kiljunen et al. 2006). The
average results of our individual mixing models were
consistent with the results of our Bayesian mixing models
at the population level. If membranes had contained sig-
nificant amounts of endogenous nutrients, the estimates
from our individual mixing models would have yielded
much higher estimates of exogenous proportions. Because
we did not find that pattern in our study, we conclude that
using eggshell membranes as individual-specific income
endpoints is a reasonable approach.

Furthermore, this approach revealed substantial varia-
tion in the origin of nutrients among eggs (Fig. 2) and
individual females (Fig. 3). This variation would be
obscured by approaches using a population-wide average
endpoint for exogenous sources. We thus recommend
examining whether a population consists of individual
specialists (Bearhop et al. 2004; Matthews and Mazumder
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2004; Woo et al. 2008) before using population-wide
average estimates of diet isotope ratios in nutrient alloca-
tion studies. Similarly, individual endpoints for endoge-
nous sources could be required for animals storing reserves
in isotopically different locations, or by foraging on iso-
topically different prey items. In our case, king eiders
exhibited little variation in RBC among individuals, hence
individual capital endpoints were not required.

Reviews of the capital-income dichotomy have empha-
sized that the breeding strategies of most species likely fall
along the continuum between the two extremes of pure
capital and income breeding (Jonsson 1997; Klaassen et al.
2006; Meijer and Drent 1999). Our study shows that with
respect to egg proteins, nutrient allocation strategies can
vary even within a species. Intraspecific variation in
nutrient allocation has been found in mammals (Hamel
et al. 2009; Wheatley et al. 2008) and reptiles (Madsen and
Shine 1999; Warner et al. 2008), and may be a result of
individual quality, size, age, or the timing of nest initiation.
Migratory schedules differ among individuals in our study
area (Oppel et al. 2008), and the time between arrival and
nest initiation may have a large influence on nutrient
allocation. Future studies should investigate migratory
schedules of individuals as causes of individual differences
in nutrient allocation to reveal potential trade-offs between
migratory and reproductive strategies (Béty et al. 2004; Ely
et al. 2007; Prop et al. 2003).

In addition to the variation in endogenous protein con-
tribution among eggs, we found a generally lower contri-
bution of endogenous N than C to egg components in both
the individual and the population level approaches. The
higher endogenous carbon contribution may result from
catabolism of body reserves and incorporation of some of
this endogenous C into eggs (Podlesak and McWilliams
2006). This finding is important because traditional dual-
isotope mixing models that do not account for concentra-
tion dependence (Phillips and Gregg 2001, 2003) assume
that C and N are similarly allocated into tissues and eggs
(Becker and Beissinger 2006; Benstead et al. 2006;
Gauthier et al. 2003; Thompson et al. 1999). We thus rec-
ommend that C and N allocation is analyzed separately in
investigations quantifying the nutrient allocation strategy of
migratory birds.

Uncertainty in discrimination factors is a major concern
when reconstructing source contributions to diets or eggs
using stable isotopes (Martinez del Rio et al. 2009). Dis-
crimination factors between body reserves and egg com-
ponents have to our knowledge never been determined
experimentally, but we demonstrated that the endogenous
contributions of N to albumen and lipid-free yolk were
relatively insensitive to variation in this discrimination
factor. Similarly, the majority of C in albumen was derived
from exogenous sources, even when we assumed no body

reserve—albumen discrimination. For lipid-free yolk, we
found the contributions of endogenous and exogenous
nutrients to be similar regardless of the discrimination
factor used; however, the contribution of endogenous
nutrients exceeded that of exogenous nutrients when we
assumed no body reserve-yolk discrimination. We recom-
mend that researchers using stable isotopes to study
nutrient allocation consider different discrimination factors
to evaluate the robustness of their results towards deviation
of discrimination factors from assumed values taken from
the literature.

Do eiders retain body reserves for incubation?

Although we found that king eiders rely mostly on exog-
enous proteins to produce eggs, female king eiders lose
about 30% of their arrival body mass during the breeding
season, suggesting that endogenous nutrients are still likely
to be important to successful reproduction (Bentzen et al.
2008; Kellett and Alisauskas 2000). Because only some of
these body reserves are invested into eggs, we hypothesize
that they may support metabolic costs during the incuba-
tion period when eiders rarely leave the nest to forage
(Bentzen et al. 2008; Kellett and Alisauskas 2000). A bird
of similar mass, the dark-bellied brent goose (Branta ber-
nicla), arriving with a mass of 1,500 g at breeding grounds
in the Siberian Arctic, invested half of the available body
reserves into eggs (Spaans et al. 2007). However, these
geese laid the entire clutch within a week of arrival. In
contrast, mean arrival and nest initiation dates are two
weeks apart for king eiders in our study area, and none of
the females collected on spring migration in Barrow
showed enlarged follicles. Thus, rapid follicle growth is
likely initiated after arrival on breeding grounds in most
individuals, offering an explanation for large proportions of
exogenous proteins even in yolk.

During incubation, king eiders forage for less than
30 min per day (Bentzen et al. 2008), as opposed to brent
geese foraging an average of 3 h per day (Spaans et al.
2007). Thus, while brent geese invest their body reserves
into eggs and therefore have to forage extensively during
incubation, king eiders may use exogenous resources for
egg formation in order to retain body reserves for incuba-
tion (Bond et al. 2007; Gorman et al. 2008). As a conse-
quence, there is potential for both endogenous and
exogenous nutrient sources to be limiting to king eider
reproduction.

Conclusion

King eiders primarily use an income strategy for the syn-
thesis of egg proteins, suggesting that changes of
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freshwater foraging habitats on breeding grounds could
have significant consequences for reproductive output.
Individual females varied in their reliance on endogenous
nutrients for egg production, with few producing egg pro-
teins mostly from body reserves. Therefore, we caution
against assigning a single nutrient allocation strategy to this
species, and encourage researchers to incorporate individ-
ual variation into their studies of nutrient allocation in
other animals. Our approach enables investigations that
focus on individual variation in reproductive strategies
and will improve current theories of reproductive and
life-history strategies.
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