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How individuals allocate resources to reproduction is a fundamental concept in animal life history theory. While
it is crucial to quantify the relative allocation of somatic reserves to reproduction by avian females; variation at
the individual and intra-clutch level has generally been neglected. We investigated nutrient allocation to eggs
of little penguins (Eudyptula minor, Forster, 1781) using automated body-mass recording and natural δ13C and
δ15N values for plasma and blood cells of incubating females, and down feathers of their chicks. Further, we
evaluated the role of female age (a proxy for experience or senescence) and condition as drivers of individual
strategies within this population. Little penguins increased their body masses during a short period prior the
onset of reproduction, suggesting that they were accumulating resources to cope with reproductive require-
ments. Estimated endogenous contribution to eggs was relatively low (~20%), and female age was revealed as
a major factor modulating individual variations in resource allocation strategies. Older females accumulated
larger amounts of reserves before laying (up to 40% body mass increases) and relied more on endogenous
resources (up to 45%) for clutch production than younger females. Our findings suggest that females were able
to adjust their endogenous investment between their two chicks, with somatic reserve inputs to heavier siblings
showing a bimodal distribution (mean ± SD; 16.7 ± 5.9% and 36.5 ± 4.4%) that contrasted with the unimodal
distribution observed for lighter siblings (17.8 ± 8.7%). Here, we provide evidence pointing to age and age-
related changes as major factors modulating individual decisions on the amount of somatic reserves allocated
to eggs. We additionally identified two distinct allocation strategies at the intra-clutch level that may favour
siblings with greater chances to fledge, revealing a novel clutch size reduction strategy in seabirds that produce
two eggs of similar size but involving a differential nutrient investment in eggs.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Resource acquisition and allocation to reproduction are crucial
components of life-history strategy of awide range of animals including
birds, mammals and reptiles (Costa and Trillmich, 1988; Hays et al.,
2002a; Nager, 2006). In birds, females can presumably adjust the
amount of endogenous (i.e. stored) versus exogenous (i.e. via local
diet) nutrients to eggs. Likewise in other animals, the roles of exogenous
and endogenous nutrients have been shown to vary in line with the
feeding resources near breeding sites, but also with other intrinsic
factors such as female age or experience (Hays et al., 2002b; Saraux
et al., 2011;Williams, 1966; Zimmer et al., 2011). However, quantifying
the study; AC performed the re-
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reproductive strategies in birds has been hampered by an inability to
directly trace nutrient flow to eggs (Hobson, 2006). The use of stable
isotope techniques, which can directly trace nutrient allocation to
eggs, represents an improvement over indirect conventional techniques
based on correlatingmass gains to the clutchwith bodymass variations
in the laying female (e.g. Hobson, 2006; Hobson et al., 2005; Oppel et al.,
2010; Sharp et al., 2013). Comparisons between the isotopic composi-
tions of female tissues (a proxy to the isotopic composition of the
females' body protein pool acquired prior to reproduction and their
diet concurrent with egg synthesis, e.g. Oppel et al., 2010) with that
for different egg components or natal down feathers of the chicks
have been used previously to quantify the relative contribution of
endogenous vs. exogenous pathways to egg formation (e.g. Hobson
et al., 1997, 2005; Sharp et al., 2013). However, variations at the individ-
ual and the intra-clutch level have often been neglected when tracing
resource allocation to egg production (but see Hobson et al., 2005;
Oppel et al., 2010), despite their broad ecological application and poten-
tial implications for life-history characteristics (e.g. Hamel et al., 2009;
Oppel et al., 2010; Wheatley et al., 2008).
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mailto:ramirez@ebd.csic.es
http://dx.doi.org/10.1016/j.jembe.2015.03.020
http://www.sciencedirect.com/science/journal/00220981
www.elsevier.com/locate/jembe


92 F. Ramírez et al. / Journal of Experimental Marine Biology and Ecology 468 (2015) 91–96
Isotopic approaches to defining resource allocation strategies have
been used previously in migrant species likely acquiring endogenous
resources in isotopically distinct landscapes from their breeding
grounds (e.g. Hobson, 2006; Klaassen et al., 2006; Oppel et al., 2010).
However, intrinsic processes of isotopic routing and fractionation occur-
ring throughout the capital route likely yield enriched isotopic values of
endogenous resources. This may allow their tracing to eggs even for
non-migrant species occurring at isotopically constant landscapes
throughout the entire annual cycle (Ramírez et al., 2011). Here, we
extended the application of stable isotope approaches to investigate
resource allocation strategies in the non-migrant little penguin
(Eudyptula minor, Forster, 1781) from southern Australia. In this two-
egg clutch, sexually dimorphic species (Dann et al., 1995), individuals
become heavier during a short period prior to the onset of reproduction
(Dann et al., 1995, see also Fig. 1), suggesting that they are accumulating
reserves to cope with reproductive requirements. Based on a continu-
ous body-mass recording (2001–2012) and on blood cells and plasma
δ13C and δ15N values for incubating females and values for their chicks'
down feathers (2009), we explored variations at the individual and
the intra-clutch level in resource allocation strategies in addition to
quantifying the role of potential drivers of such individual strategies.
In particular, we tested whether female age, a proxy for experience or
senescence; and body mass, a proxy for body condition, played a
relevant role in explaining patterns in individual resource allocation
(Bradley and Safran, 2014). If differential allocation to egg formation
occurs, we expected that older females (Bradley and Safran, 2014;
Zimmer et al., 2011) and those with better body condition at the time
of breeding (Saraux et al., 2011; Zimmer et al., 2011) would rely prefer-
entially on somatic resources for egg production, perhaps at the expense
of their own body reserves and their future breeding attempts
(Williams, 1966).
2. Material and methods

2.1. Field work

Bodymass of little penguins individually marked with transponders
(Allflex, Australia) was recorded at the Summerland Peninsula, Phillip
Island (Victoria, Australia; 38°15′S, 143°30′E) over 12 breeding seasons
from 2001 to 2012 (where 2001 refers to the breeding season in the
austral summer of 2001–2002) using an automatic penguin monitoring
system consisting of a gateway coupled to a weighing scale and a
transponder reader (see details in Chiaradia and Kerry, 1999). During
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Fig. 1. Temporal trend in little penguin male and female body mass changes (grams)
throughout the breeding cycle. Body masses were obtained by averaging data for the
2001–2012 period relative to laying date.
this twelve-year period, little penguin nests were checked three times
a week using a portable purpose-built transponder reader, thus
allowing us to determine the breeding phenology.

During the 2009 breeding season, about 0.2 ml of whole blood was
extracted from female penguins (n = 31) sampled immediately after
laying. Blood samples were centrifuged within 1 h after extraction,
and obtained blood cells (n = 31) and plasma (n = 19; recovered
plasma from the other 12 samples was insufficient for isotope ratio
determinations) were stored separately at −18 °C for stable isotope
analysis. Following Oppel et al. (2010), we assumed that blood cells
and plasma (half-life = 28.9 and 2.9 days, Hobson and Clark, 1993)
represented the isotopic composition of the females' body protein
pool acquired prior to reproduction and their diet concurrent with egg
synthesis, respectively. Natal down feathers from chicks of these
females were sampled ca. 10 days after hatching. Natal down feather
is a metabolically inert tissue directly synthesized from egg resources
and so down stable isotopic composition reflects the main source of
nutrients to clutch production (Klaassen et al., 2001). Siblings
were categorised according to their body mass whereby categories A
(n = 31) and B (n = 18; the other 13 B siblings deceased before natal
down sampling) were assigned to the heaviest and lightest chicks,
respectively. Chicks were weighted again at the time of fledgling to
explore for potential consequences of female resource allocation strate-
gies to chicks' body condition.

2.2. Stable isotope analyses

Blood cells and plasma were freeze-dried, lipid-extracted through
several rinses with chloroform–methanol (2:1) solution (in the case of
plasma) and then powdered. Subsamples of powdered materials were
weighed to the nearest μg and placed into tin capsules for δ13C and
δ15N determinations. Isotopic analyses were performed at the Laborato-
ry of Stable Isotopes of the Estación Biológica de Doñana (LIE-EBD,
www.ebd.csic.es/lie/index.html) using a continuous-flow isotope-ratio
mass spectrometry system (Thermo Electron, Bremen, Germany)
consisting of a Flash HT Plus elemental analyser interfaced with a
Delta V Advantage mass spectrometer. Stable isotope ratios are
expressed in the standard δ-notation (‰) relative to Vienna Pee Dee
Belemnite (δ13C) and atmospheric N2 (δ15N). Based on replicate
measurements on the within-run standards LIE-BB (baleen; mean ±
SD = −18.58 ± 0.06‰ and 9.95 ± 0.02‰ for δ13C and δ15N), LIE-CV
(cow horn, −22.19 ± 0.09‰ and 10.25 ± 0.1‰) and LIE-PA (feather,
−15.77 ± 0.08‰ and 16.55 ± 0.05‰), as previously calibrated using
international standards IAEA-CH-3, IAEA-CH-6, IAEA-N-1 and IAEA-N-
2, measurement error was estimated to be ±0.1 and ±0.2‰ for δ13C
and δ15N, respectively.

2.3. Parameter estimations and statistical analysis

Individual female mass gain during the 2009 pre-laying period
was monitored for females (n = 13), from which blood samples
were collected, with enough body mass measurements (N3 records
distributed along the last 30 days before laying). Minimum- and
maximum-body mass values were used for estimating relative fe-
male mass increments prior to reproduction. Given the previously
reported age-related changes in foraging performance for little
penguins (Pelletier et al., 2014; Zimmer et al, 2011), we explored
the relationship between female age and mass gain during the pre-
laying period using Pearson's correlation.

The relative contribution of the endogenous and exogenous path-
ways to chick down formation was approached through a dual-
isotope (δ13C and δ15N), two population-level endpoint (female blood
cells and plasma) Bayesian mixing model (Parnell et al., 2008). Consid-
ered isotopic endpoints were adjusted to account for isotopic discrimi-
nation factors (Δ13C and Δ15N, ‰) linking female tissues with chick
down feather. Following Gauthier et al. (2003), discrimination factors

http://www.ebd.csic.es/lie/index.html
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Fig. 2. Sensitivity analysis for estimated contributions of endogenous resources to chick
down feather formation. Different isotopic discrimination factors, with‰ changes ranging
from −0.6‰ to +0.6‰, were incorporated in our multisource isotope mixing model.
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linking prey with natal down for a carnivore model (Spectacled eider,
Somateria fischeri) were used to account for expected isotopic enrich-
ment between endogenous reserves and chick down feather
(Δ13C:1.4 ± 0.4‰ andΔ15 N: 5± 0.4‰; Federer et al., 2012). Regarding
the exogenous pathway, overall isotopic discrimination factors (3.31 ±
0.4‰ and 0.95 ± 0.4‰) were obtained by subtracting prey to plasma
isotopic discrimination factors for little penguins (−1.91‰ and
4.05‰, n = 14, Chiaradia et al., 2014) to those discrimination values
linking prey with chick down feathers provided by Federer et al.
(2012). The robustness of inter-individual differences in derived
estimates was tested through a sensitivity analysis in which different
isotopic discrimination factors (change in isotopic discrimination factor
ranging ±0.6‰ about the mean) were incorporated in our multisource
isotopemixingmodel. Discrimination factors linking diet with different
tissues, including egg components and natal down feathers, have been
found to vary according to various extrinsic (e.g. diet composition,
DeNiro and Epstein, 1978) and intrinsic factors (e.g. taxa, Hobson,
1995; or physiological conditions, Martínez del Rio and Wolf, 2005).
Absolute values for derived estimates should be only considered, then,
as an approximation to the actual endogenous contributions to egg
production in little penguins. However, we claim that our estimates
should be still useful for capturing individual strategies within this
population and comparing resource allocation strategies at the intra-
clutch level.

Generalised Linear Mixed Model (GLMM) with nest identity as a
random factor to account for the dependence between siblings was
used to explore the role of female age and body mass gain during the
pre-laying period in explaining derived estimates for the endogenous
contribution to down formation in A and B chicks. The same GLMM
procedure was also used to explore for differences in body masses
between siblings at fledging. Statistical analyses were run in SPSS 18.0
software (SPSS Inc., Chicago, Illinois, USA).
A Chick

B Chick

8

3. Results

Over twelve years (2001–2012), females were on average 10%
lighter than males except at the pre-laying period when both sexes
increased their bodymasses (by ca. 20%), but with a higher net increase
for females that reached the same bodymass ofmales about 10–15 days
prior to laying, when the peak of body mass occurred. Body mass for
both sexes decreased afterwards to reach minimum body mass values
at the time of egg laying, and subsequently recovered their original
values at the end of the incubation period (ca. 30 days after egg laying,
Fig. 1).

When exploring individual trends in body mass for females mon-
itored during the 2009 pre-laying period, mass gain (mean ± SD)
was 28.9 ± 6.3%, with these estimates showing a positive, but non-
significant correlation with female age (Pearson's r = 0.536, p =
0.06), thus enabling the inclusion of both predictors within our
models.
Table 1
Summary (mean ± standard deviation, SD) of δ13C and δ15N values (‰) for female blood
cells and plasma, and down for their corresponding chicks (sample sizes in brackets).
Chicks were categorised according to their body mass, whereby A and B categories were
assigned to the heaviest and lightest chicks, respectively.

δ13C (‰) δ15N (‰)

Mean SD Mean SD

Female
Blood cells (31) −19.6 0.18 14.4 0.74
Plasma (19) −21.9 0.63 12.9 0.79

Chick (down)
A Chick (31) −19.2 0.48 15.0 0.86
B Chick (18) −19.7 0.89 14.8 0.70
Chick natal down feathers showed intermediate isotopic values
between endpoints after correcting for isotopic discrimination
(Table 1). These results allowed the use of mixing models to transform
isotopic information into relative contributions of endogenous and
exogenous resources to chick down formation. Mean endogenous
contribution to chick down was 23.7 ± 11% (ranging from 6.3% to
45.5%) for heavier (A chicks) and 17.8 ± 8.7% (4.2% to 37.5%) for lighter
chicks (B chicks). Absolute estimates derived from our mixing models
varied slightly according to the isotopic discrimination factor consid-
ered. However, inter-individual differences were maintained through
the range of isotopic discrimination factors (Fig. 2), thus pointing to
the reliability of our approach for depicting, in a comparative sense,
resource allocation strategies at the individual and the intra-clutch
level. Derived estimates for endogenous contribution to A chicks follow-
ed a bimodal distribution (Fig. 3), with an antimode value (least
frequent value between the two modes) being approximately equal to
30% (dip statistic =0.05, indicating significant bimodality; Hartigan
and Hartigan, 1985). Two group k-mean cluster analysis was therefore
used to assign individual A chicks to mode category. Average estimates
for the two considered modes (hereafter, groups A1 and A2) were
16.7 ± 5.9% (6.3% to 29%) and 36.5 ± 4.4% (30.5% to 15.5%).

Fitted models for endogenous contribution to natal down formation
revealed that the contribution of somatic nutrients was higher for older
females and those showing highermass gains (F1,35.7 = 6.33; p=0.017
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and F1,9.36 = 10.66; p = 0.009, respectively). The magnitude of the
response variable differed significantly according to a three-level factor
including the three groups of chicks (i.e. A1, A2 and B: F2,37.6 = 46.4;
p b 0.001). Specifically, female endogenous nutrient contributions to
down of the B chick were similar to that observed for group A1 (95%
CI for the difference = −4.8–1.9%), whereas group A2 showed contri-
butions greater than those observed for group A1 and B chicks (95% CI
for the difference= 14.2–22.9%, Fig. 4). Chick bodymass (g) at fledging
differed also according to chick category (F2,33= 6.6; p=0.004; Fig. 5),
withmean least-square estimations of mean values (MLS) derived from
fitted model showing greater body masses for fledglings within the
group A2 (95% CI for MLS=943–1329 g), followed by fledglings within
the group A1 (95% CI for MLS = 869–1215 g) and B chicks (95% CI for
MLS = 859–1013 g).
4. Discussion

Our quantitative approach to resource allocation strategies in
little penguin showed that female age was amajor determinant of in-
vestment in reproduction. Older females, those with lower residual
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reproductive potential (Bradley and Safran, 2014; Williams, 1966),
tended to rely more on endogenous reserves likely acquired during
a short period before clutch formation. Further, within clutches, we
found evidence for two distinct resource allocation strategies
resulting in different-conditioned chicks, in terms of body mass,
and suggesting that females may invest differently in their eggs.

Body mass gain in females suggests that they build up endogenous
nutrient deposits thatmight be subsequently used for clutch production
(Dann et al., 1995; Marchant and Higgins, 1990). In males, these nutri-
ent reservoirs may facilitate other energy-demanding activities such
asmale–male competition formates ormate guarding. Rapid yolk depo-
sition and albumen synthesis take approximately 12 days (Alisauskas
and Ankney, 1992; Ruiz et al., 2000). Clutch production coincides,
therefore, with observed decrease in individual body mass suggesting
that somatic reserves may play an important role in fueling clutch
production, which amounts to ca. 10% of annual mean body mass of
females (Dann et al., 1995; Marchant and Higgins, 1990). However,
egg formation is not the only energy and/or nutrient-demanding
process occurring during the clutch production period. Costs ascribed
to maintenance of reproductive organs or thermoregulation may be
also high in birds, and can be partially sourced by somatic reserves
(Hobson, 2006; Nager, 2006). Accordingly, our isotopic approach
revealed relatively little endogenous reserve input to eggs (ca. 20%) in
little penguins, thus underscoring problems in using just mass change
as evidence for nutrient allocation strategies in birds (Hobson , 2006).

Female age played a fundamental role in modulating resource
allocation strategies at the individual level. Age, an index of foraging
experience and perhaps body condition, has been considered as the
most relevant factor affecting foraging and breeding performance in
little penguins (Nisbet and Dann, 2009; Pelletier et al., 2014; Zimmer
et al, 2011). More experienced and better-conditioned middle-aged
(5–10 years) little penguins forage better than inexperienced younger
(3–4 years) and poorer-conditioned but experienced older (11–
14 years) individual females (Zimmer et al., 2011). In contrast, our
study indicated that older but not middle-age females were those
accumulating larger amounts of reserves during the pre-laying period
and relying more on endogenous reserves for clutch production. The
observed increased investment by older females (in terms of allocation
of endogenous resources) to clutch productionmay therefore be associ-
ated with senescence rather than advantages in foraging associated
with experience (Bradley and Safran, 2014; Zimmer et al., 2011).
Indeed, older individuals in long-lived bird species typically display
less ‘reproductive restraint’ due to their low residual reproductive po-
tential in later years (Bradley and Safran, 2014; Curio, 1983; Drent and
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Daan, 1980; Martin, 2002). Age-related change in reproductive and life-
history strategies could be considered as a major driver of individual
variations in resource acquisition and allocation strategies to reproduc-
tion in little penguins.

Although we could not identify the ultimate cause of the bimodal
pattern in allocation strategy for heavier chicks, this result suggested
distinct resource allocation strategies at the intra-clutch level for little
penguins. Heavier chicks apparently were derived from two parental
strategies, one involving larger endogenous nutrient inputs at egg
formation and others through feeding during the chick growth phase.
Our methodological approach prevented us from knowing the laying/
hatching order. However, if A chicks were indeed the first one in the
laying sequence, our results also suggest that female little penguins
may optimise their reproductive investment by allocating resources
differentially to eggswithin the laying sequence according to their prob-
ability of producing young successfully (Hubner et al., 2002; Williams
et al., 1993). In this two-egg clutch seabird, foraging in an unpredictable
environment (Chiaradia et al., 2010; Gales and Green, 1990; Hobday,
1992), we speculate that second laid-eggs would be of lower quality
but viable, potentially resulting in successful fledging if food resources
are plentiful at chick rearing.

Previous studies have provided consistent evidence suggesting age-
related increments in female reproductive effort, based on the incre-
ment of egg sizes (Christians, 2002) or on the increasing allocation of
essential nutrients to eggs (e.g. antioxidants, (Beamonte-Barrientos
et al., 2010, 2013)). However, to our knowledge our study is the first
pointing to age and age-related changes as major factors modulating
individual decisions on the amount of somatic reserves allocated to
eggs. We additionally identify two distinct allocation strategies at the
intra-clutch level likely involving a differential allocation of endogenous
nutrients to eggs and a differential effort in raising siblings to fledging.
We speculate that such strategies would be directed to optimise female
investment in reproduction by allocating resources preferentially to
those eggs/chicks with enhanced probabilities of fledging successfully.
Accordingly, this study is an important contribution to further investi-
gation on resource allocation to reproduction in birds. Further isotopic
investigations including alternative drivers to resource allocation
strategies, such as individual variation in feeding performance, diet
choice and prey quality (e.g. Oppel et al., 2010), should be conducted
to fully comprehend avian reproductive and life-history strategies.
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