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When successive stages in the life history of an animal directly overlap, phys-
iological conflicts can arise resulting in carryover effects from one stage to
another. The extreme egg-size dimorphism (ESD) of Eudyptes penguins,
where the first-laid A-egg is approximately 18—57% smaller than the
second-laid B-egg, has interested researchers for decades. Recent studies
have linked variation in this trait to a carryover effect of migration that
limits the physiology of yolk production and egg sizes. We assembled data
on ESD and estimates of migration—reproduction overlap in penguin species
and use phylogenetic methods to test the idea that migration—reproduction
overlap explains variation in ESD. We show that migration overlap is generally
restricted to Eudyptes relative to non-Eudyptes penguins, and that this overlap
(defined as the amount of time that egg production occurs on land versus at
sea during homeward migration) is significantly and positively correlated
with the degree of ESD in Eudyptes. In the non-Eudyptes species, however,
ESD was unrelated to migration overlap as these species mostly produce
their clutches on land. Our results support the recent hypothesis that extreme
ESD of Eudyptes penguins evolved, in part, as a response to selection for a pela-
gic overwinter migration behaviour. This resulted in a temporal overlap with,
and thus a constraint on, the physiology of follicle development, leading to
smaller A-egg size and greater ESD.

1. Introduction

Traditionally, it was assumed that life-history stages such as migration, breed-
ing and moult were organized so that direct overlaps between activities were
minimized [1]. However, it has become increasingly clear that successive life-
history stages can directly overlap [2], as can the underlying physiologies,
resulting in carryover effects from one stage to another [3]. Such carryover
effects can be mediated by resource partitioning, or by physiological or hormo-
nal ‘conflicts’” between the regulatory systems of different life-history processes
when they operate simultaneously (e.g. locomotion versus reproduction) [2,4].
Depending on context, these conflicts can have positive, negative or neutral
effects on fitness [2]. For example, environmental conditions during the non-
breeding stage of the annual cycle can influence decisions about migratory
and foraging behaviours, which can then influence an individual’s relative
condition and physiological readiness for reproduction weeks or even months
later [5,6]. In birds, males of some migratory species are known to initiate
reproductive development long before their arrival at breeding areas. In the
trans-equatorial garden warbler (Sylvia borin), for example, males begin secret-
ing testosterone and developing their testes late in migration while on the wing
[7]. Similarly, in American redstarts (Setophaga ruticilla), male arrival date at breed-
ing grounds is positively correlated with testosterone levels [8]. Although this did
not result in advanced readiness for reproduction in the redstarts, testosterone
had positive pleiotropic effects on their migratory behaviour such that birds with
high levels arrived early [8]. For female birds, there is limited evidence that
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reproductive development is also initiated during migrations [2],
with examples mostly in the penguins [9-11]. In some species,
egg production (e.g. vitellogenesis, follicle development) can
begin when females are migrating back to breeding colonies,
and in the highly migratory crested penguins (Eudyptes spp.),
migratory activity has been linked to a unique reproductive
pattern of extreme egg-size dimorphism (ESD) [9-13].

The functional and evolutionary significance of the extreme
ESD of Eudyptes penguins has interested researchers for
decades [14], and was highlighted by David Lack and V. C.
Wynne-Edwards in their early debates about clutch size evol-
ution and group selection. The penguins are a small avian
family of 18 species (Spheniscidae), which exhibit pronounced
variation in reproductive life history [11], and most species
have a clutch size of two, the exceptions being the single-egg
emperor penguins Aptenodytes forsteri and king penguins
A. patagonicus. Among the two-egg species, those within the
genus Eudyptes exhibit an extreme degree of ESD, where the
first-laid A-egg is 18—57% smaller than the second-laid B-egg
[11,12]. This is coupled with obligate brood size reduction
directed at the smaller A-egg; in almost all cases, the surviving
chick is hatched from the B-egg [15,16]. Such extreme ESD is
unmatched in any other bird species and may represent a
rare example of an evolutionary transition towards a single-
egg clutch [13,14]. Eudyptes also differ from other two-egg
penguins by embarking on pelagic overwinter migrations,
with individuals ranging over approximately 2 million km?
throughout the southern latitudes during the approximately
six-month non-breeding period [17,18], and then making
rapid return migrations back to breeding colonies [17]. Female
Eudyptes penguins initiate egg production during these return
migrations [9,10], and in macaroni penguins (E. chrysolophus)
and rockhopper penguins (E. chrysocome), ESD is inversely
correlated with time between arrival at the breeding ground
and egg laying [10,19]. The latest-arriving females generally
produce the most dimorphic eggs and have lower plasma
levels of the yolk precursor vitellogenin; that is, they show
lower reproductive ‘readiness” upon arrival [10,19]. Although
other factors can contribute to variation in ESD (see [20]
and Discussion), these studies support the hypothesis that vari-
ation in extreme ESD in Eudyptes penguins is partially owing
to a physiological constraint imposed by migratory activity
[9,10,13]. However, this idea has not yet been tested across the
Spheniscidae, within a phylogenetic framework.

Here, we assemble published data on ESD for the
16 penguin species possessing two-egg clutches. We then
use phylogenetically controlled models to explore variation
in ESD relative to an index of the overlap between migratory
activity and reproductive development, which we specifically
define as the time interval between arrival at the breeding
colony and the initiation of laying [9]. The development of
immature ovarian follicles to mature egg yolks (i.e. rapid
yolk development time, RYD) takes approximately 15 days
in the two-egg penguins (range 14-17 days [21]. We therefore
assume that a migration—reproduction overlap will be highly
correlated with ESD, but only when the laying interval is less
than RYD. In other words, if the time between arrival and
laying is less than RYD, then ESD should be evident as fol-
licle development would have been initiated prior to colony
arrival during migration. If the arrival to laying interval is
more than RYD, then ESD should be minimal or zero. This
result would provide support for the hypothesis that extreme
ESD in Eudyptes has evolved, in part, from selection for

pelagic migration behaviour [13] and an associated constraint n

on follicle development, perhaps via the physiology of yolk
production [9,10,19].

2. Material and methods

From the scientific literature, we assembled data on female pre-
laying body mass, A- and B-egg masses, ESD and an index of
migratory overlap. The Aptenodytes penguins (e.g. king penguins
and emperor penguins) were excluded from the analysis simply
because they produce a single-egg clutch, and so ESD does not
occur. ESD was calculated as the ratio of A-egg to B-egg mass.
Migratory overlap was calculated as the interval in days between
arrival of the female in the breeding colony and laying date [9].
Table 1 summarizes these data, and an annotated table of overlap
estimates with citations to published sources can be found in the
electronic supplementary material (table S1). All data were
critically assessed to provide best-known estimates for each vari-
able (see Discussion). Figure 1 shows the phylogeny of all two-
egg species in the Spheniscadae, and tabulates their migratory
or non-migratory (ie. resident) tendencies [22,23] (we have
included Aptenodytes for illustrative purposes only, to indicate
their position within the family). Theoretically, it is difficult to
define the ‘arrival’ dates of females of non-migratory species,
and therefore difficult to calculate their pre-laying intervals (e.g.
females may be in or near the colony everyday before laying).
Although some published estimates are available (see electronic
supplementary material, table S1), we fixed the interval for
the only resident species for which we could not find published
estimates (e.g. Galapagos, black-footed and white-flippered
penguins; electronic supplementary material, table S1) at 15
days, which is the mean of RYD times for penguins and the pre-
sumed minimum time interval before laying for resident species
(see Discussion).

We used phylogenetic generalized least-squares (PGLS)
regression analysis to explore the relationship between migratory
overlap and ESD, while controlling for allometric effects related
to female arrival body mass. Pagel's A provides a maximum-
likelihood estimate of phylogenetic autocorrelation or signal.
The evolution of species traits is independent of phylogeny when
A=0. The importance of phylogeny increases when A >0, and
conforms to Brownian motion when A = 1. The value of A is a
scaling factor for a correlation, and not a correlation coefficient
itself, so a A slightly greater than 1.0 is theoretically possible [24].
Our model incorporated a published molecular phylogeny for the
Spheniscidae [22] (figure 1). Species were categorized as either
Eudyptes or non-Eudyptes (class variable). a was set at 0.05. Analysis
was run using the APE package in R [25].

3. Results

ESD differed significantly between Eudyptes and non-Eudyptes
(figure 1; t1p = 11.760, p < 0.0001). Consistent with our predic-
tion, this ESD was significantly correlated with the index of
migratory overlap, but only in the Eudyptes penguins and not
in non-Eudyptes penguins (figure 2; A =1.02, n =16, class
t19 = 2.252, p = 0.044, interval ;o = 5.819, p = 0.0002, class x
interval t;p= —5.522, p=0.0003). Female pre-laying body
mass had no significant effect in the model (p=0.394),
nor did its interaction with the class variable (Eudyptes or
non-Eudyptes; p = 0.415). When the model is re-run without
the three species for which we do not have published interval
estimates (open circles in figure 2; table 1), the significance
levels and parameter estimates do not change meaningfully
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Figure 1. Molecular phylogeny of the 16 two-egg penguin species with Bayesian posterior support probabilities (data from [22]), and indication of non-breeding
foraging tendencies [23]. The genus Aptenodytes was not included in the analysis as these penguins produce only a single-egg clutch, but they are presented to
indicate their position in the Spheniscadae. Also shown is a boxplot comparing the extent of egg-size dimorphism in Eudyptes and non-Eudyptes. Points in the
boxplot are colour-coded to genus.

Table 1. Biological characteristics of the two-egg-clutch penguin species used in the comparative analysis of egg-size dimorphism. The penguin genus
Aptenodytes is not included as its species produce only a single-egg clutch. Comments on interval data are provided in the electronic supplementary material,

table S1.

common hame

Adélie
chinstrap
gentoo
black-footed
Magellanic
vl"ér'uvian
Galapagos
litle
white-flippered
yéliow-eyedv o
erect-crested
vmacaroni
royal
rockhoppéra
Fiordland
Snares

scientific name A-egg mass (g)
Pygoscelis adeliae 122.8 153
Pygoscelis antarcticus 102.2 102.5
Pygoscelis papua 128.2 120.0
Spheniscus demersus 1068 104.8
Spheniscus magellanicus 124.9 124.7

 Spheniscus humboldti 1212 1251
Spheniscus mendiculus 79.6 80.9

' Evudyptulva'minor' - 537 - - 53..5
E. minor albosignata 60.0 59.7

 Megadyptes antipodes 1394 1369
Eudyptes sclateri 81.6 150.9

' Eudypté5 chryﬁolophui 97 1494
Eudyptes schlegeli 100.3 1593

' Eudypfes moseleyi ' 84.5 1132
Eudyptes pachyrhynchus 99.4 1185

' Eudyptes robustus ' 1033 1325

B-egg mass (g)

1.065
0.997
1.013
1.019

1.002

0.969
0.984

1004
1,005

1018
0.541
0,620
0.630

0746

0.839
0.780

arrival to laying interval (d)

17.0
17.4
250
25.0
15.0°

310
15.0°

210
15.0°

300
105

105
100

140
150
135

®The rockhopper penguins were recently divided into northern (E. moseleyi), southern (E. chrysocome) and eastern (E. filholi) species.
®Interval estimates are not available (see electronic supplementary material, table S1), and so are fixed at a mean RYD time of 15 days (see Material and methods).
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Figure 2. Phylogenetic generalized least-squares regression model showing
the relationship between egg-size dimorphism and migration —reproduction
overlap, defined here as the time interval on land between colony arrival
and the initiation of egg laying. Egg-size dimorphism is positively correlated
with interval in Eudyptes penguins (red points) but not in the non-Eudyptes
(all other colours as identified to genus in figure 1). The open points (colour-
less centres) indicate the resident species for whom pre-laying interval on
land was fixed at 15 days, which is the mean duration of rapid yolk devel-
opment times (dashed line; see Material and methods, and table 1). As
predicted, extreme ESD occurs when the interval between arrival and
laying is less than RYD time, which suggests that follicle development
began at sea. Note that the 15-day RYD line is the mean RYD value calculated
for three species (see Discussion); the mean value calculated for Eudyptes
only is 16 days, whereas for little penguins and Adélie penguins, it is
14 and 15 days, respectively.

(e.g. the results and interpretation are the same with and
without these three species).

4. Discussion

We tested the hypothesis that the extreme ESD of Eudyptes pen-
guins evolved, in part, via selection for pelagic, overwinter
migration behaviour, which results in a temporal overlap and
thus a trade-off with the physiology of follicle development
[13]. Our results clearly show that migration—reproduction over-
lap (arrival-to-laying interval less than RYD) is characteristic
of the genus Eudyptes, and that the extent of overlap strongly
predicts the magnitude of ESD (figure 2). In contrast, the
other four two-egg penguin genera (Pygoscelis, Spheniscus,
Megadyptes and Eudyptula) exhibit no discernible overlap
between migration and egg production (laying interval more
than RYD), and both eggs of their clutches are consequently
the same size (ESD ~ 1). The relationship between migration—
reproduction overlap and ESD in Eudyptes was not an artefact
of phylogenetic autocorrelation, as our models controlled for
phylogeny, nor was it influenced by female pre-laying body
mass. Our study therefore strongly suggests that the difference
between Eudyptes and non-Eudyptes in terms of ESD lies in
how the duration of migration—reproduction overlap relates to
that of rapid yolk development, which is itself a product of
their evolutionary history.

Before we discuss how migratory overlap relates to RYD,
we will put our main results into a broader context. We show

that the difference between migration—reproduction overlap
and egg sizes in Eudyptes and non-Eudyptes penguins is strik-
ing (figure 2), but as with any comparative analysis we
acknowledge that confidence in the quality of available data
is paramount. We critically evaluated the published literature
citing arrival-to-laying intervals/overlap and ESD, and sum-
marize these in the electronic supplementary material, table
S1 and in table 1, but discuss this further here. In our review
of the literature, the only anomaly that we identified in overlap
estimates was for the Adélie penguins (Pygoscelis adeliae).
The literature on Adélie penguins shows that ESD is well
established at approximately 1.065, and the majority of sources
suggest that this species has a long pre-laying period on land,
averaging 21 days [26], and as high as 28 days at some colonies.
This is much greater than their RYD period of approxima-
tely 15 days (see electronic supplementary material, table S1).
However, for at least one population, a pre-laying period
as low as 10 days has been reported [27]. Despite the possibi-
lity for a migration-reproduction overlap in Adélie in rare
cases (electronic supplementary material, table S1), via a
short arrival-to-laying interval, Adélie are essentially inshore
foragers, dispersing sometimes great distances from breed-
ing colonies during winter, but usually within continental
margins and the sea-ice edge [28]. Although some Adélie
and several other non-Eudyptes species can travel distances
similar to or even greater than Eudyptes during the non-
breeding period [28-30], it is not the total distance travelled,
but the speed of the return migration that distinguishes
Eudyptes spp. from other penguins. During their return to colo-
nies, Eudyptes swim at nearly twice the speed of non-Eudyptes
(e.g. approximately 72 km day ' in rockhoppers [31] versus
approximately 32 km day ' in Adélie [28]; travel speeds are
generally well documented in Eudyptes [17] but less so in
other species), which is perhaps characteristic of pelagic over-
winter migration behaviour [13]. The expeditiousness of these
return migrations may be the key characteristic of Eudyptes
that creates a physiological conflict between migratory activity
and follicle development, leading to their extreme ESD [10]. In
contrast, Adélie penguins tend to forage in near-shore polynyas
and ice edges close to breeding colonies in the days to weeks
preceding arrival at breeding colonies [32]. In cases where
their arrival-to-laying interval is shorter than RYD times of
approximately 15 days (electronic supplementary material,
table S1), portions of this time can also be spent ‘tobogganing’
over sea ice rather than actively swimming (e.g. sliding on
their bellies, which is energetically less expensive than either
swimming or walking [33]). For these reasons, we suggest
that the physiological and energetic demands exacted from
Adélie penguins during their slower, in-shore return migrations
must be very different from the demands of expeditious
migrations typical of Eudyptes, and may explain why in the
rare cases where pre-laying intervals of Adélie are shorter
than RYD times, ESD is still approximately 1.

What is the mechanism underpinning, and the consequence
of, the overlap between migratory activity and rapid yolk
development in penguins? As mentioned previously, RYD is
an essential component of egg production that leads to the
development of a mature yolky follicle, the relative size of
which influences albumen secretion and final egg size [2,34].
As we show, there is a strikingly different relationship between
migration overlap and RYD in Eudyptes versus non-Eudyptes
penguins. RYD lasts approximately 16 days in Eudyptes
(E. pachyrhynchus), and approximately 14 and 15 days in the
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other two penguin species for which this has been quantified
(Eudyptula minor and Pygoscelis adelige, respectively [21]).
What our analysis suggests is that when the interval between
arrival and egg laying is less than the predicted RYD time,
there is an apparent overlap between the demands of migratory
activity (e.g. swimming) and the physiology driving yolk pro-
duction. Because the development of the first yolky follicle,
which gives rise to the first egg of the clutch (i.e. the A-egg),
precedes that of the second follicle by around 4 days [27,35],
any physiological conflicts or constraints arising between
migration and follicle development should disproportionately
affect the A-egg [9,10] (coupled with the exponential pattern
of follicle growth any direct effect of overlap on B-egg size
will be small). Within Eudyptes, there is a linear relationship
between interval and ESD such that short intervals (which
equals greater migration—reproduction overlap) yield highly
dimorphic eggs, whereas longer intervals yield less dimorphic
eggs. However, when the interval exceeds that of the predicted
RYD, as is the case for all other non-Eudyptes species, egg pro-
duction occurs entirely on land and free from migratory
constraint, and there is essentially no dimorphism between
eggs (ESD ~ 1). We can only speculate as to the physiological
mechanism responsible for limiting follicle development that
underlies ESD [10,19], but HPA upregulation of glucocorticoid
hormone secretion to sustain active metabolism and locomotor
activity [36—38] may exert anti-gonadotropic effects, which has
been previously documented in birds and linked to reductions
in yolk precursor levels and egg sizes [39].

Our results clearly support the hypothesis that a
migration—reproduction overlap can constrain egg production
in Eudyptes penguins, where greater overlap disproportio-
nately affects the A-egg, leading to smaller A-egg size and
greater ESD [9,10]. Although the specific mechanism has not
been identified, we view this as a classic “trade-off’, but one
that might involve a physiological conflict [4] rather than
involve simple resource partitioning. As the impact of this
migratory conflict or trade-off has an effect on the ensuing pat-
tern of reproductive investment at the time of egg laying (and
subsequently in terms of realized fecundity [13]), we think this
also fits the definition of a ‘carry-over” effect [3]. Thus, one of
the most intriguing questions is why the consequences of this
constraint have persisted in Eudyptes penguins, and why they
have retained a two-egg clutch despite millions of years of evol-
ution (this maladaptation is dealt with at length in [13]). In
birds, there is a widespread fitness advantage associated
with early onset of egg laying [2], which suggests that there
is strong selection for early onset of reproductive development
in penguins, especially at higher latitudes [13]. However, it is
this coupled with the evolution of a slowed life history
and, specifically, pelagic overwinter migration behaviour [13]
that explains ESD in Eudyptes penguins alone. Therefore,

References

1. Dawson A. 2008 Control of the annual cycle in 3.
birds: endocrine constraints and plasticity in
response to ecological variability. Phil. Trans. R. Soc.
B 363, 1621—1633. (doi:10.1098/rstb.2007.0004)

2. Williams TD. 2012 Physiological adaptations for 4,
breeding in birds. Princeton, NJ: Princeton University

0'Connor CM, Norris DR, Crossin GT, Cooke SJ. 2015
Biological carryover effects: linking common

concepts and mechanisms in ecology and evolution. 5.
Ecosphere 5, art28. (doi:10.1890/ES13-00388.1)

Williams TD. 2012 Hormones, life-history,

and phenotypic variation: opportunities in 6.
Press. evolutionary avian endocrinology. Gen. Comp.

migration—reproduction overlap leads to a direct constraint
on follicle development, reducing A-egg size and generating
variation in ESD across the Eudyptes clade.

We acknowledge that other factors have probably contrib-
uted to the evolution of ESD. For example, there is most
certainly a genetic component to ESD, as female Eudyptes
breeding in captivity still produce dimorphic eggs, despite
ample food supply, and lack of any migratory demands,
although the extent of ESD tends to be less that that observed
in the wild [40]. Individual repeatability in ESD has also been
reported, at least for one species (rockhoppers), although
there remains a high degree of interindividual variation [20].
Finally, recent work has shown that B-egg allometry is positive
and uniform across two-egg-clutch Spheniscidae (despite
differences in migratory overlap and ESD) but that ESD
in Eudyptes is associated with a 5.4% increase in relative
B-egg size [13]. Larger B-egg size could certainly be viewed
as an adaptive response to a maladaptive situation (i.e. com-
pensation for the migratory constraint imposed on A-egg
development). This suggests that B-egg size might be opti-
mized to enhance survival in a one-chick brood [13], though
there is currently no evidence that variation in B-egg size affects
offspring growth or survival [9]. Nevertheless, our compara-
tive analysis of ESD suggests that a migratory constraint on
follicle development, perhaps through effects on yolk precur-
sor production [10], is the key mechanism contributing to the
evolution of extreme ESD in Eudyptes penguins. ESD can there-
fore be considered a hallmark of clutch-size maladaptation,
resulting from a slowed life history and selection for pelagic
overwinter migrations [13]. Future comparative studies that
examine relationships between migration overlap and individ-
ual A- and B-egg/yolk formation times might reveal different
selection pressures that affect the relative size of each egg.
Data on individual egg formation times however are presently
limited in penguins [21]. More precise monitoring of penguin
colonies and overwinter tracking efforts would also provide
better estimates of arrival-to-laying intervals for some species,
and further elucidate this evolutionary enigma.

Data accessibility. The data used in this study are shown in table 1 and
in the electronic supplementary material.

Authors” contributions. G.T.C. compiled the data and conducted the
analysis. G.T.C. and T.D.W. wrote the paper.

Competing interests. We have no competing interests.

Funding. Support was provided by a Natural Sciences and Engineering
Research Council of Canada Discovery Grant to GTC (grant number
04044-2014-RGPIN) and Discovery and Accelerator grants to T.D.W.
(grant nos 155395-2012-RGPIN and RGPAS/429387-2012).

Acknowledgements. We thank Will Stein for input on early versions of this
paper, and Robert Latta for advice on phylogenetic analysis. We also
thank Sergio Luiz Pereira, Oliver Haddrath and Kerri-Anne Edge for
providing the Spheniscidae phylogeny.

Endocrinol. 176, 286—295. (doi:10.1016/j.ygcen.
2011.11.028)

Norris DR, Marra PP. 2007 Seasonal interactions,
habitat quality, and population dynamics in migratory
birds. Condor 109, 535—547. (doi:10.1650/8350.1)
Sorenson MG, Hipfner JM, Kyser TK, Norris DR. 2009
Carry-over effects in a Pacific seabird: stable isotope

€Ly19L07 (€8T g 20 Y 20id  biobuiysigndiianosieforqds H


http://dx.doi.org/10.1098/rstb.2007.0004
http://dx.doi.org/10.1890/ES13-00388.1
http://dx.doi.org/10.1016/j.ygcen.2011.11.028
http://dx.doi.org/10.1016/j.ygcen.2011.11.028
http://dx.doi.org/10.1650/8350.1
http://rspb.royalsocietypublishing.org/

Downloaded from http://rspb.royalsocietypublishing.org/ on October 5, 2016

evidence that pre-breeding diet quality influences
reproductive success. J. Anim. Ecol. 78, 460—467.
(doi:10.1111/}.1365-2656.2008.01492.x)

Bauchinger U, Van&rsquo;t Hof T, Biebach H. 2007
Testicular development during long-distance spring
migration. Horm. Behav. 51, 295-305. (doi:10.
1016/j.yhbeh.2006.10.010)

Tonra (M, Marra PP, Holberton RL. 2011 Early
elevation of testosterone advances migratory
preparation in a songbird. J. Exp. Biol. 214,
2761-2767. (doi:10.1242/jeh.054734)

Williams TD. 1990 Growth and survival in
macaroni penguin, Eudyptes chrysolophus, A- and B-
chicks: do females maximize investment in the
large B-egg? Oikos 59, 349—354. (d0i:10.2307/
3545145)

Crossin GT, Trathan PN, Phillips RA, Dawson A,

Le Bouard F, Williams TD. 2010 A carryover effect of
migration underlies individual variation in
reproductive readiness and extreme egg-size
dimorphism in macaroni penguins. Am. Nat. 176,
357-366. (doi:10.1086/655223)

. Williams TD. 1995 The penguins. Oxford, UK: Oxford

University Press.

Slagsvold T, Sandvik J, Rofstad G, Lorentsen Y,
Hushy M. 1984 On the adaptive value of intraclutch
egg-size variation in birds. Auk 101, 685-697.
(doi:10.2307/4086895)

Stein RW, Williams TD. 2013 Extreme intraclutch
egg-size dimorphism in Eudyptes penguins, an
evolutionary response to clutch-size maladaptation.
Am. Nat. 182, 260—270. (doi:10.1086/670929)
Lack DL.1968 Ecological adaptations for breeding
in birds. London, UK: Methuen.

St. Clair CC. 1992 Incubation behavior, brood patch
formation and obligate brood reduction in Fiordland
crested penguins. Behav. Ecol. Sociobiol. 31,
409-416. (doi:10.1007/BF00170608)

St Clair CC, Waas JR, St. Clair RC, Boag PT. 1995
Unfit mothers? Maternal infanticide in royal
penguins. Anim. Behav. 50, 1177—-1185. (doi:10.
1016/0003-3472(95)80034-4)

Bost CA, Thiebot JB, Pinaud D, Cherel Y, Trathan PN.
2009 Where do penguins go during the inter-
breeding season? Using geolocation to track the
winter dispersion of the macaroni penguin. Biol.
Lett. 5, 473 —476. (doi:10.1098/rsbl.2009.0265)
Thiebot J-B, Cherel Y, Crawford RIM, Makhado AB,
Trathan PN, Pinaud D, Bost C-A. 2011 A space
oddity: geographic and specific modulation of

20.

21.

22.

23.

24,

25.

26.

2].

28.

29.

migration in Eudyptes penguins. PLoS ONE 8,
€71429. (doi:10.1371/journal.pone.0071429)
Crossin GT, Poisbleau M, Demongin L, Chastel 0,
Williams TD, Eens M, Quillfeldt P. 2012 Migratory
constraints on yolk precursor production limit egg
androgen deposition and underlies a brood
reduction strategy in rockhopper penguins. Biol.
Lett. 8, 1055—1058. (doi:10.1098/rshl.2012.0476)
Morrison KW. 2016 Individual repeatability in laying
behaviour does not support the migratory carry-
over effect hypothesis of egg-size dimorphism in
Eudyptes penguins. J. Avian Biol. 47, 1-10. (doi:10.
1111/jav.00740)

Astheimer LB, Grau CR. 1990 A comparison of yolk
growth rates in seabird eggs. /bis 132, 380—394.
(doi:10.1111/j.1474-919X.1990.tb01057.x)

Baker AJ, Pereira SL, Haddrath OP, Edge K-A. 2006
Multiple gene evidence for expansion of extant
penguins out of Antarctica due to global cooling.
Proc. R. Soc. B 273, 11—17. (doi:10.1098/rspb.2005.
3260)

Croxall JP, Davis LS. 1999 Penguins: paradoxes and
patterns. Mar. Ornithol. 27, 1-12.

Miinkemiiller T, Lavergne S, Bzeznik B, Dray S,
Jombart T, Schiffers K, Thuiller W. 2013 How to
measure and test phylogenetic signal. Methods Ecol.
Evol. 3, 743-756. (doi:10.1111/}.2041-210X.2012.
00196.x)

Paradis E, Claude J, Strimmer K. 2004 APE: analyses
of phylogenetics and evolution in R language.
Bioinformatics 20, 289—290. (doi:10.1093/
bioinformatics/btg412)

Trathan PN, Ballard G. 2013 Adélie penguin. In
Penguins: natural history and conservation (eds PG
Borboroglu, PD Boersma). Seattle, WA: University of
Washington Press.

Astheimer LB, Grau (R. 1985 The timing and
energetic consequences of egg formation in the
Adélie penguin. Condor 87, 256 —268. (doi:10.2307/
1366891)

Ballard G, Toniolo V, Ainley DG, Parkinson CL, Arrigo
KR, Trathan PN. 2010 Responding to climate
change: Adélie penguins confront astronomical and
ocean boundaries. Ecology 91, 2056 —2069. (doi:10.
1890/09-0688.1)

Trivelpiece WZ, Buckelew S, Reiss C, Trivelpiece SG.
2009 The winter distribution of chinstrap penguins
from two breeding sites in the South Shetland
Islands of Antarctica. Polar Biol. 30, 1231-1237.
(doi:10.1007/500300-007-0283-1)

30.

3N

32.

33.

34.

35.

36.

37.

38.

39.

40.

Putz K, Ingham RJ, Smith JG. 2000 Satellite tracking
of the winter migration of Magellanic penguins
Spheniscus magellanicus breeding in the Falkland
Islands. Ibis 142, 614—622. (doi:10.1111/j.1474-
919X.2000.th04461.x)

Thiebot J-B, Cherel Y, Trathan PN, Bost C-A. 2011
Inter-population segregation in the wintering areas
of macaroni penguins. Mar. Ecol. Prog. Ser. 421,
279-290. (doi:10.3354/meps08907)

Stonehouse B. 1963 Observations on Adélie
penguins (Pygoscelis adeliae) at Cape Royds,
Antarctica. In Proc. of the Xlll Int. Ornithological
Congress, 17—24 June 1962, Ithaca, NY:

pp. 766—779.

Wilson RP, Culik B, Adelung D, Coria NR, Spairani HJ.
1991 To slide or stride: when should Adélie penguins
(Pygoscelis adeliae) toboggan? Can. J. Zool. 69,
221-225. (doi:10.1139/291-033)

Lavelin |, Meiri N, Einat M, Genina O, Pines M. 2002
Mechanical strain regulation of chicken glypican-4
gene expression in the avian eggshell gland.

Am. J. Physiol. 283, R853—R861.

Grau CR. 1982 Egg formation in Fjordland crested
penguins (Eudyptes pachyrhynchus). Condor 84,
172-177. (doi:10.2307/1367663)

Crossin GT, Trathan PN, Phillips RA, Gorman KB,
Dawson A, Sakamoto KQ, Williams TD. 2012
Corticosterone predicts foraging behaviour and
parental care in macaroni penguins. Am. Nat. 180,
E31—E41. (doi:10.1086/666001)

Cornelius JM, Boswell T, Jenni-Eiermann S, Breuner
(W, Ramenofsky M. 2013 Contributions of
endocrinology to the migration life history of birds.
Gen. Comp. Endocrinol. 190, 47—60. (doi:10.1016/j.
ygcen.2013.03.027)

Green JA, Boyd IL, Woakes AJ, Warren NL, Butler PJ.
2009 Evaluating the prudence of parents: daily
energy expenditure throughout the annual cycle of
a free-ranging bird, the macaroni penguin Eudyptes
chrysolophus. J. Avian Biol. 40, 529—538. (doi:10.
1111/j.1600-048X.2009.04639.x)

Salvante KG, Williams TD. 2003 Effects of
corticosterone on the proportion of breeding
females, reproductive output and yolk precursor
levels. Gen. Comp. Endocrinol. 130, 205—214.
(doi:10.1016/50016-6480(02)00637-8)

Dorman WA. 2013 Egg characteristics in relation to
nesting microclimate in captive southern rockhopper
penguins, Eudyptes chrysocome. MSc thesis,
Winthrop University.

€LYL9LOT (€8T g oS Y oid  biobuiysiigndAianosiedorqdss H


http://dx.doi.org/10.1111/j.1365-2656.2008.01492.x
http://dx.doi.org/10.1016/j.yhbeh.2006.10.010
http://dx.doi.org/10.1016/j.yhbeh.2006.10.010
http://dx.doi.org/10.1242/jeb.054734
http://dx.doi.org/10.2307/3545145
http://dx.doi.org/10.2307/3545145
http://dx.doi.org/10.1086/655223
http://dx.doi.org/10.2307/4086895
http://dx.doi.org/10.1086/670929
http://dx.doi.org/10.1007/BF00170608
http://dx.doi.org/10.1016/0003-3472(95)80034-4
http://dx.doi.org/10.1016/0003-3472(95)80034-4
http://dx.doi.org/10.1098/rsbl.2009.0265
http://dx.doi.org/10.1371/journal.pone.0071429
http://dx.doi.org/10.1098/rsbl.2012.0476
http://dx.doi.org/10.1111/jav.00740
http://dx.doi.org/10.1111/jav.00740
http://dx.doi.org/10.1111/j.1474-919X.1990.tb01057.x
http://dx.doi.org/10.1098/rspb.2005.3260
http://dx.doi.org/10.1098/rspb.2005.3260
http://dx.doi.org/10.1111/j.2041-210X.2012.00196.x
http://dx.doi.org/10.1111/j.2041-210X.2012.00196.x
http://dx.doi.org/10.1093/bioinformatics/btg412
http://dx.doi.org/10.1093/bioinformatics/btg412
http://dx.doi.org/10.2307/1366891
http://dx.doi.org/10.2307/1366891
http://dx.doi.org/10.1890/09-0688.1
http://dx.doi.org/10.1890/09-0688.1
http://dx.doi.org/10.1007/s00300-007-0283-1
http://dx.doi.org/10.1111/j.1474-919X.2000.tb04461.x
http://dx.doi.org/10.1111/j.1474-919X.2000.tb04461.x
http://dx.doi.org/10.3354/meps08907
http://dx.doi.org/10.1139/z91-033
http://dx.doi.org/10.2307/1367663
http://dx.doi.org/10.1086/666001
http://dx.doi.org/10.1016/j.ygcen.2013.03.027
http://dx.doi.org/10.1016/j.ygcen.2013.03.027
http://dx.doi.org/10.1111/j.1600-048X.2009.04639.x
http://dx.doi.org/10.1111/j.1600-048X.2009.04639.x
http://dx.doi.org/10.1016/S0016-6480(02)00637-8
http://rspb.royalsocietypublishing.org/

	Migratory life histories explain the extreme egg-size dimorphism of Eudyptes penguins
	Introduction
	Material and methods
	Results
	Discussion
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


