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Abstract

In many bird species, eggs in a brood hatch within days of each other, leading to a size asymmetry in
detriment of younger siblings. Hatching asynchrony is often thought of as an adaptive strategy, and the
“Brood Reduction Hypothesis™ is the most widely studied hypothesis in relation to this. This hypothesis states
that when food resources are unpredictable, hatching asynchrony will allow the adjustment of the brood size
maximizing fledging success and benefitting parents. The Magellanic Penguin (Spheniscus magellanicus) is
an appropriate species to test this hypothesis because it has a 2-egg clutch that hatches over a 2-day interval
with a broad range of variation (-1 to 4 days), it shows facultative brood reduction, and food abundance
between breeding seasons is variable. We performed a manipulative study at Isla Quiroga, Argentina, during
three breeding seasons (2010-2012) by forcing broods to hatch synchronously (0 days) or asynchronously (2
or 4 days). Years were categorized as “bad” or “good” years based on estimated food abundance. Our study
provided no support for the hypothesis in a strict sense because in the “bad” year: a) asynchronous broods did
not have higher nestling survival than synchronous broods, and b) the second-hatchling in asynchronous
broods did not die more often than those in synchronous broods. Nonetheless, we found evidence supporting
the hypothesis in a broad sense: in the “bad” year, younger siblings of 4-day asynchronous broods starved
earlier than those of synchronous broods, and 2-day asynchronous broods fledged heavier young than
synchronous broods.

Keywords

Brood Reduction Hypothesis, Hatching asynchrony, Magellanic Penguin, Nestling survival
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Introduction

Hatching asynchrony is the time elapsed between hatching of the first and the last egg of a clutch (Clark and
Wilson 1981; Stoleson and Beissinger 1995). The early onset of incubation during the laying period is
believed to be the mechanism responsible for hatching asynchrony (Wang and Beissinger 2009; Rebstock and
Boersma 2011; Johnson et al. 2013). Hatching asynchrony results in a size hierarchy between the first and the
last nestlings of a clutch, that sometimes entails an asymmetric growth and occasionally brood reduction
(O’Connor 1978; Mock and Schwagmeyer 1990).

Some authors propose that hatching asynchrony is not adaptive and is the result of physiological or
environmental constraints (i.e., constrains during the incubation period or during egg laying; reviewed all in
Magrath (1990)). However, contrary to these non-adaptive explanations, other hypotheses view hatching
asynchrony as a side-effect of selection for an early start of incubation (Nest failure hypothesis, Hurry-up
hypothesis; reviewed all in Magrath (1990)); while others propose that the asynchrony happens because it
increases the energy efficiency of parents for raising their nestlings (Peak load hypothesis, Sibling rivalry
hypothesis, Dietary diversity hypothesis; reviewed all in Magrath (1990)).

Among the adaptive explanations, several hypotheses have been proposed to explain that hatching
asynchrony may have evolved as a mechanism that facilitates adaptive brood reduction (Magrath 1990;
Stoleson and Beissinger 1995), including the “Brood Reduction Hypothesis” (Lack 1947). This hypothesis
links the parental benefit of hatching asynchrony to environmental unpredictability. When food abundance is
low, hatching asynchrony would leave the youngest and smallest hatchling out of the competition for food.
This should occur rapidly in the nestlings’ raising period to reduce parental effort (Mock and Forbes 1994), so
that parents would not invest so much time and energy in a nestling that has a great chance of dying of
starvation. With the reduction of the brood in a situation of low food availability, parents might be able to
bring enough food to the remaining nestlings, maximizing their chances of survival in an otherwise bad
situation. When food abundance is high, despite the hatching asynchrony and the size difference of the
nestlings, the adults should be able to feed all nestlings of the clutch (Ricklefs 1965; Lack 1968; Clark and
Wilson 1981).

A modification of the “Brood Reduction Hypothesis™ considers the main effects of asynchrony in

terms of quality, and not quantity, of fledglings (the “Offspring Quality Assurance Hypothesis”, Amundsen
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and Slagsvold 1991a). A better quality of fledglings could alone explain the occurrence of asynchrony,
although no brood reduction may occur (Slagsvold et al. 1995). In this sense, Amundsen and Slagsvold
(1991b) found that synchronous broods produced more nestlings, but asynchronous broods produced better-
quality fledglings.

The “Brood Reduction Hypothesis™ has been studied in several penguin species (Jackass Penguin
Spheniscus demersus: Seddon and Van Heezik 1991; Gentoo Penguins Pygoscelis papua: Williams and
Croxall 1991; Chinstrap Penguin Pygoscelis antarctica: Moreno et al. 1994). In all these species hatching
asynchrony does not seem to result in brood reduction. More so, in Chinstrap and Gentoo Penguins, brood
reduction is not only inefficient but also apparently unrelated to hatching asynchrony (Williams and Croxall
1991; Moreno et al. 1994). Similarly, the effects of hatching asynchrony on nestling survival have been
studied in a non-manipulative work in Magellanic Penguins (Spheniscus magellanicus). This correlational
study found little evidence in favor of the “Brood Reduction Hypothesis” (Boersma and Stokes 1995). It
concluded that asynchrony is not directly related to brood reduction and that is the size asymmetry between
the nestlings of the same clutch—which is not strongly related to asynchrony in this species—that is

associated with the reduction (Boersma and Stokes 1995).

By trying to understand the ultimate cause of hatching asynchrony, Hhere, we will evaluate for the [c°n formato: Inglés (Estados Unidos)

first time through a manipulative study both hypotheses: "Brood Reduction Hypothesis" and

"Offspring Quality Assurance Hypothesis" in a penguin species. In addition, we will study the age of brood

reduction as an indication of the potential benefit of asynchrony for the cost that foster parents faced. we

is>inWe will use as a

model the Magellanic Penguin breeding at Isla Quiroga, Santa Cruz, Argentina. This species exhibits several
characteristics in its breeding biology which makes it interesting to experimentally test the hypothesis despite
the negative correlational results, mentioned above, found in a more northern colony (Boersma 1991,
Boersma and Stokes 1995). Magellanic Penguins show an average 2-day hatching asynchrony between both
eggs of the clutch, with a natural variation ranging from -1 to 4 days (Boersma et al. 1990). Previous studies
have proposed that the species has facultative brood reduction (Lamey 1990), with a generally low breeding

success (Boersma et al. 1990; Frere 1993). Food abundance is very variable between years (Boersma 2008),



112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

and has been shown to be determinant for nestling growth (Barrionuevo 2015). As a result, breeding success
is also highly variable within the same colony between years (Boersma et al. 1990; Frere 1993).

In this study, we manipulated the onset of incubation during three years generating synchronous (0
days), or asynchronous (2 or 4 days) broods. The years were categorized as “good” or “bad” according to
estimated food abundance based on chlorophyll a concentrations. We predict that in “bad years” but not in
“good years™: a) the mortality of the last hatchling would be greater than the mortality of first born nestling in
asynchronous broods, while we would find no difference within synchronous broods; b) last born nestlings of
asynchronous broods would die more often than the last born nestlings of synchronous broods; ¢) mortality
rates of both nestlings in asynchronous broods would be lower than in synchronous broods; and d) last
hatchlings of asynchronous broods would die earlier in the nestling period—uwithin the first half of the
nestling period—than those of synchronous broods. Additionally, if what matters adaptively is the quality of
offspring surviving (following the predictions of “The Offspring Quality Assurance Hypothesis™), e) we
predict that fledglings from asynchronous broods would weigh more on average than those from synchronous

ones.

Methods

Study site

We carried out this study at Isla Quiroga (47°45'S, 65°53'W), located 80 m off the coast (Puerto Deseado,
Santa Cruz Province, Argentina), during three breeding seasons: October-January 2010, 2011 and 2012.
About 1500 pairs of Magellanic Penguins breed in this area, nesting mostly under bushes. There are no
terrestrial predators in the island (Frere, unpublished data), with Kelp Gulls (Larus dominicanus) being the
main predators of eggs and nestlings. The climate is temperate-cold with annual temperatures not exceeding
16° C on average. During the laying and incubation period of our study the ambient temperature was on
average 11.8° C (minimum = 4.8° C, maximum = 22.7° C) (data provided by the National Weather Center,

Puerto Deseado Station, 2.5 km apart from the study site).
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Year quality categorization

Magellanic Penguins vary their diet according to their latitudinal range of distribution (Frere et al. 1996). In
northern colonies they eat mostly anchovy (Engraulis anchoita) (Gandini et al. 1999), but in our study site
their diet is based on Sprat (Sprattus fuegensis), Squid (Loligo gahi), Silverside (Odontesthes smitti) and Hake
(Merluccius hubbsi) (Frere et al. 1996). Their foraging distances reaches as far as 500 km away from their
colony (Boersma and Rebstock 2009).

Direct estimation of food abundance for wild penguins is very difficult. Also, manipulating their
food abundance, i.e.: by trying to feed wild animals of this species, is also complicated. Therefore, we ran our
experiment during several years in order to cover a wide range of environmental scenarios. The year is
usually used as an indicator of the environmental conditions experienced by penguins during a breeding
season (Boersma and Stokes 1995; Boersma 2008): poor quality years—“bad years”—or high quality years—
“good years”. Other studies in penguins categorized the years using the rates of nestling starvation (Boersma
and Stokes 1995), mean mass of stomach contents of adults, average breeding success for a colony (Williams
and Croxall 2001), or nestling growth and final brood size (Moreno et al. 1994). We categorized years
according to inferred food availability through: a)-the breeding-suceess-of-control-nests-atlsla-Quirega-bythe
breeding-suceess-of-othercolonieslocalized-near-lsla-Quirega;-and-¢c)-the concentration of chlorophyll a in

known foraging areas. Chlorophyll a can be a good estimator of ocean production in a given area (Boersma et

al. 2009), therefore allowing us indirect calculations of ocean productivity and food availability in a given

year.
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used data from the Ocean Productivity web site that base their estimation of chlorophyll concentration on the
Vertically Generalized Production Model (VGPM) (Behrenfeld and Falkowski 1997) as the standard
algorithm. The VGPM is a "chlorophyll-based" model that estimates net primary production from chlorophyll
using a temperature-dependent description of chlorophyll-specific photosynthetic efficiency. For the VGPM,
net primary production is a function of chlorophyll, available light, and the photosynthetic efficiency. Preys of
Magellanic Penguins aggregate in tidal mixing fonts (Sanchez and de Ciechomsky 1995; Hansen et al. 2001)
that are visible in satellite images as areas of high chlorophyll a (Acha et al. 2004; Rivas et al. 2006). In fact,
Boersma et al. (2009) have shown that in Puerto Deseado foraging sites correspond to areas of high
chlorophyll a. We used monthly net primary production for the months precedingproceeding the breeding
period, August and September—during these months penguins are arriving to the breeding sites (Frere pers.

obs.)—and for the whole breeding period: October, November, December and January and then we summed

the whole concentrations. We also determined the sites were penguins most often forage in the area using
published works. Boersma et al. (2009) and Sala et al. (2012) agree that penguins forage north from Puerto
Deseado, in the southern end of the Golfo San Jorge and east of the mouth of “Ria Deseado”, both studies
were carried out during the nestlings’ stage. Using their maps we determined the coordinates of both locations

which were defined as site A and site B, respectively. For the final result of chlorophyll a concentrations we

summed also the sites.

General field methods

Starting in early October, we randomly chose active nests (those nest sites that were occupied and defended
by a breeding pair), and we identified these nests with flagging tape (Tapebrothers, Longwood, FL) with a
unique nest number (approximately 200 nests per year). Each year we chose different nests to avoid taking
repeated measurements of the same pair of breeders, given that the same couple usually returns to the same

nest site every breeding season (Boersma et al. 1990). Nonetheless, when captured for estimation of body

[ Cddigo de campo cambiado
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condition, all adults were individually identified with permanent metal tags with a unique number (2 x 10
mm; National Band and Tag Company, Newport, KY) attached to the foot webbing.

During hatching we visited nests every day, eggs were marked with their laying order number with a
waterproof marker. During incubation we returned to the nests every four days to check for egg predation, we
discarded predated nests from our analyses. Thirty-five days after the first egg was laid, we checked the nests
daily to record the hatching date. We weighed nestlings from hatching to the age of approximately 52 days
old at a 3-day interval with a series of spring scales (0-100: + 1 g, 101-300 g: + 2 g, 301-500 g: £ 5 g, 501-
1000 g: £10 g, >1001 g: £ 25 g; Pesola AG, Baar, Switzerland). Nestlings within a nest were individually
identified: first hatched nestlings were marked with permanent markers in the inner part of the right flipper
and the right foot, while second hatched nestlings were marked on the left flipper and foot. As nestlings tend
to move from the nest once they grow, we marked nestlings of contiguous nests with different colors. We
assumed that nestlings fledged if at 52 days old they were heavier than 1900 g and had started to molt (Reid
and Boersma 1990; Boersma and Rebstock 2009). Breeding success was estimated as the total number of
nestlings fledged divided by the total number of clutches with two eggs hatched.

On the laying day of the second egg and when males retuned to take their incubation spell
(approximately 15 days after the laying period finished), we captured females and males of each nest to
estimate body condition. We measured bill length and depth with a caliper (+ 0.1 mm, Mitutoyo, Illinois,
USA), and flipper and foot length with a ruler (= 1 mm) as described in Barrionuevo and Frere (2015), and we
also weighed them with a spring scale (+ 25 g). With all the measurements we ran a Principal Component
Analysis (PCA), and then we regressed the adults’ mass against the first component of the PCA (Yorio et al.

2001).

Control nests

We randomly chose a set of nests each year (n2o10 = 49 nests, Nzo11 = 44 nests and nzo12 = 51 nests) for which

the only manipulation we did on them was the procedure described above in “General field methods”. These

nests did not suffer any additional manipulations and were considered our control group.
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Manipulated nests

In experimental nests, apart from the observations and measurements described in “General field methods”,
we performed a manipulation of the onset of incubation by momentarily removing freshly laid eggs from their
nests. On the laying day of the first eggs, we assigned nests to one of three treatments: synchronous broods
(HA=0), asynchronous broods (HA=2), and extreme asynchronous broods (HA=4). In all treatments, we
removed freshly laid eggs from the nest and stored them in an airtight, plastic container, and left in the nests
an artificial egg instead (see below for information on artificial eggs). On the laying day of the second egg: a)
for those nests in HA=0, we returned the first eggs to their original nests and removed the artificial eggs,
leaving in the nests the first-laid eggs and the freshly laid second eggs (nzo10 = 20 nests, nzo11 = 39 nests and
N2012 = 44 nests); and b) for nests in treatments HA=2 and HA=4, we removed the fresh second-laid eggs and
stored them in an airtight plastic container, and we returned the first-laid eggs to each nest, leaving the first
egg and one artificial egg in each nest. We then returned second eggs to their nests and removed the artificial
eggs two days after the second egg was laid in HA=2 (nz10 = 8 nests, Nze11 = 11 nests and nzo12 = 17 nests) or
four days after the second egg was laid in HA=4 (na010 = 14 nests, nzo11 = 23 nests and nzg12 = 27 nests).

We identified each egg with their order and nest number with a waterproof marker before removing
them. Eggs were stored in an airtight plastic container within egg cartons in a vertical position at the island.
The container was covered with a white cardboard, which prevented the eggs from being directly exposed to
the sun, but did not alter their exposure to the ambient temperature. Once eggs were stored they were no
longer moved until we returned them to their nests. Artificial eggs were made of gypsum and had the same
size and shape as penguin eggs. All females accepted these eggs as their own and continued the incubation
without any problems (Wagner et al. 2013). This experiment allowed us to conserve the laying order of the
eggs and avoid variations related to the genetic background of the nestlings when performing cross-fostering
experiments. By doing this we forced clutches to hatch synchronously or with two or four days of asynchrony

covering the whole range of asynchronies of Magellanic Penguins.

Data analysis
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In manipulated nests, HA=0 resulted in clutches with -1, 0 and 1 days of asynchrony, HA=2 only
encompassed clutches with 2 days of asynchrony, and HA=4 resulted in clutches with 3, 4 and 5 days of
asynchrony.

To determine prediction a—see Introduction for a detailed description of predictions—(in “bad
years” in asynchronous broods last hatchlings would die more often than first hatchlings) and b (in “bad
years” last hatchlings of asynchronous broods would die more often than those of synchronous broods), we
ran a Generalized Linear Mixed Model (GLMM) with a Binomial distribution and log link function. The
response variable was whether the nestling fledged or not, the predictor variables were hatching asynchrony
(as a three level factor: 0, 2 and 4 days), hatching order (as a two level factor: first or second-hatchling), year
(as a three level factor: 2010, 2011 or 2012), the triple interaction and all the possible double interactions. We
also added the nest as a random factor to account for the lack of independency of the nestlings of the same
clutch.

To determine prediction ¢ (in “bad” years, mortality rates in asynchronous broods would be lower
than in synchronous broods), we ran a Generalized Linear Model (GLM) with Poisson distribution and log
link function. Here, the response variable was the number of dead nestlings within a clutch (0, 1 or 2
nestlings). The predictor variables were hatching asynchrony (as a three level factor: 0, 2 and 4 days), year (as
a three level factor: 2010, 2011 or 2012), and the double interaction between both factors.

To study prediction d (last hatchling of asynchronous broods would die earlier than those of
synchronous broods), we only used those nests in which brood reduction of the second hatchling occurred. To
analyze when brood reduction occurred—nestling age—we used a Linear Model (LM) with mortality age as
the response variable, and year (as a two-level factor: “good” years—2010 and 2011—and “bad” year—
2012), hatching asynchrony (as a three-level factor: 0, 2 and 4), and the interaction between both variables, as
predictor variables. We additionally analyzed the variables affecting the mass asymmetry on the previous
measurement to the reduction of the brood. For this, we ran a LM with mass asymmetry on the previous
measurement to the death of the nestling (live nestling minus dead nestling) as response variable, and year (as
a three-level factor: 2010, 2011 and 2012), hatching asynchrony, and the interaction between both factors as

response variable.

10
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In all models we used a backwards selection procedure removing the terms one by one following a
decreasing level of complexity (interactions first) and a decreasing p value, comparing the models with and
without the eliminated variable with the function “anova” using the goodness-of-fit chi-square test (2
parameter) in the GLMM and GLM, and F-stat in LM (Crawley 2007). Sometimes, we also used Tukey’s
HSD tests to compare the levels of the significant factors. We used the R software version 2.12.1 (R
Development Core Team 2010), the package “multcomp” and “lme4” and the function “Imer” for the GLMM,
the function “glm” for the GLM, and the function “lm” for the LM analysis. We also used the packages
“multcomp” and the function “glht” for the Tukey comparisons. In the GLM we report results of the “anova”
as the change in the deviance between models (Deviance).

To test all the mentioned predictions, we used only those nests in which nestlings starved and did not
die by other causes. To decide if the nestlings died of starvation or not, we made a curve adjusted to a
Gompertz equation (Barrrionuevo 2015) with the nestling mass and age of successfully fledged nestlings from
the control nests using the program Sigma Plot (Systat Software Inc. 2006). With the resulting parameters (a:
asymptotic mass, b: inflexion point and c: increment rate) we constructed an equation with which we
calculated for each age the corresponding mass with their standard error. If a nestling mass was above the
values calculated with the curve the last time it was measured (before it died), we discarded that nest because
itis likely that the nestling died of another cause other than starvation.

To analyze prediction e (fledglings from asynchronous broods would weigh more on average than
those from synchronous ones), we studied nestling mass at fledging. We adjusted each nestling’s growth
curve (age vs. mass) to a Gompertz curve and extracted the asymptotic mass (with R software v. 2.12.1). We
did not follow nestlings until they fledged; therefore the asymptotic mass is an estimation of the nestlings’
mass at fledging. Using the last mass measured would add much error because the mass is highly variable
between measures depending on whether the nestlings had just received food. As our objective was to
compare nestling quality between treatments we pooled together broods with one and two fledged nestlings.
We ran a Factorial ANOVA with nestling asymptotic mass as the dependent variable and year and hatching
asynchrony as the categorical factors, including effects between both factors. We ran this analysis with

Statistica v.7 (Statsoft Inc. 2004).

11
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All other statistical analyses were performed using Statistica v.7. We report values as mean + SE and

considered differences to be significant at p < 0.05. Graphs were plotted using Statistica v. 7 or Sigma Plot.

Results

Hatching asynchrony and breeding success

Hatching asynchrony in control nests was 1.61 + 0.10 days (n = 94 nests), ranging from -1 (first laid eggs
hatched after than second laid eggs) to 4 days. Large asynchronies were unusual in control nests (3 % of the
nests had -1 and 4 days asynchronies, each, 11 % had 0 and 18 % had 3 days asynchronies). In manipulated
nests asynchronies ranged from -1 to 5 days and 31 % of the clutches had extreme asynchronies: 3, 4 and 5
days; mean asynchrony was 1.71 + 0.18 days.- In these nests the hatching asynchrony highly explained the
initial mass asymmetry (first minus second nestling’s mass on the hatching day of the second nestling)
(Simple Regression, r? = 0.67, p <0.0001, y = -12.9 + 33.1 x).

In experimental nests, female and male body condition did not significantly differ between study
years (One-Way ANOVA: females: F2101 = 0.27, p = 0.75; males: F21g9 = 0.15, p = 0.86). Likewise, the body
condition of adults did not differ between treatment groups (hatching asynchronies) (One-Way ANOVA:
females: F2101 = 1.63, p = 0.19; males: F2101 = 0.51, p = 0.60). Therefore, we discarded the possibility that
differences in body condition between years or treatments could have influenced our experiment.

In control nests, 0.37 % of the eggs failed to hatch (i.e., the eggs remained on their nests after the
supposed hatching date and when broken there was no or little development of the embryos), while 0.53 % of
the manipulated eggs failed to hatch.

Breeding success in control nests during the study year was: 1.45 fledglings per nest in 2010 (n = 49
nests), 1.61 fledglings per nest in 2011 (n = 44 nests) and 0.71 fledglings per nest in 2012 (n = 51 nests). In
manipulated nests, breeding success during the study years was: 1.09 fledglings per nest in 2010 (n = 42
nests), 1.52 fledglings per nest in 2011 (n = 73 nests) and 0.89 fledglings per nest in 2012 (n = 88 nests). We

did not find significant differences between control and manipulated nests within years (Mann-Whitney U

12



332 test: 2010: z = -1.84, p = 0.06; 2011: z = -0.93, p = 0.35; and 2012: z = 1.31, p = 0.18). Fhis-shewsthat the

333 manipulation did not affect breeding success.
334

335 [Yeaﬂ quality categorization Comentado [R1]: Saqué lo del ‘xito rproductivo y dejé solo lo d
la clorofila. Ademas sumé cada sitio y los meses.

336

337

338

339

340

341

342 2011 had the major Acecerding-to-the-concentrations of chlorophyll a of the three years, 6090 mgC/m?/day, < [c°n formato: Sangria: Primera linea: 0 cm

[ Con formato: Superindice

343 2010 had 4764 mgC/m?/day and 2012 4243 mgC/m?/day. This result is achieved by adding both foraging sites

344 and every month of study (August to January).So, 2011 was the year with the largest food abundance and

345 2012 the worst year, 2010 could be categorized as an “intermediate”-quality year. during-the-menths-previous

346

347

348

349

350
351  “goed”

352

353 Survival

354

355 In the model (GLMM) run to corroborate predictions a and b, we found that the triple interaction between
356 hatching asynchrony, year and hatching order significantly affected nestling survival (GLMM: %? = 10.9, p =
357 0.03). Supporting prediction a, we found that in the “bad” year and not in the “good” and “intermediate” years
358  second hatchlings (2N) died more often than first hatchlings (1N) in the asynchronous broods (HA=4) (Tukey

359  Contrasts: IN-HA=4-2012 vs. 2N-HA=4-2012: z = 4.28, p <0.01; IN-HA=4-2011 vs. 2N-HA=4-2011: z =
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1.55, p = 0.98; and 1N-HA=4-2010 vs. 2N-HA=4-2010: z = 1.45, p = 0.99). Also, this difference was not
significant for synchronous broods (Tukey Contrasts: IN-HA=0-2012 vs. 2N-HA=0-2012: z = 2.22, p = 0.65)
or for 2-day asynchronous broods (Tukey Contrasts: IN-HA=2-2012 vs. 2N-HA=2-2012: z = 1.55, p = 0.95)
in the “bad” year. Rejecting prediction b, in the “bad” year, second hatchlings of 4-day asynchronous broods
did not die more often than second hatchlings of synchronous broods (Tukey Contrasts: 2N-HA=4-2012 vs.
2N-HA=0-2012: z = -1.66, p = 0.95). Neither did this happen between 2-day asynchronous and synchronous
broods (Tukey Contrasts: 2N-HA=2-2012 vs. 2N-HA=0-2012: z = -0.15, p = 0.99). However, in 2012 second
hatchlings of HA=4 died more than first hatchlings of HA=0 (Tukey Contrasts: z = 3.39, p = 0.046), and
second hatchlings of HA=0 died more than first hatchlings of HA=4 (Tukey Contrasts: z = 3.39, p = 0.046).
All the other combinations of the Tukey Contrasts were not significant.

In the model (GLM) in which we try to corroborate the prediction c, we found that neither the
interaction between hatching asynchrony and year (GLM: Deviance = -0.18, p = 0.67), nor hatching
asynchrony (GLM: Deviance = -0.03, p = 0.86; breeding success (fledgling/nest): HA=0: 1.17, HA=2: 1.08,
HA=4: 1.20) affected the number of nestlings that starved per nest. So, in the “bad” year nestlings of HA=4 or
HA=2 did not die less than nestlings of synchronous clutches as expected by prediction c (Fig. 1). We did find
that in 2011 more nestlings survived per nest than in 2010 (Tukey Contrasts: p=0.003) and 2012 (Tukey

Contrasts: p <0.0001) (Significance of year in GLM: Deviance = -4.29, p = 0.04).

Brood reduction: nestlings’ age and mass

In those nests in which brood reduction of the second nestling occurred, the average age for this event was
20.7+1.66 days. The age of hatchlings at brood reduction varied across years (LM: F1102 = 3.43, p = 0.04),
with nestlings in 2011 dying earlier (12.6 days) than nestlings born in 2010 (23.6 days, t = 2.17, p = 0.03) and
2012 (22.5 days, t = 2.37, p = 0.02). Hatching asynchrony was not significant in the model (LM: F2,102 = 2.54,
p = 0.08). Nonetheless, the interaction between hatching asynchrony and year was significant (LM: Fg 102 =
3.01, p = 0.02), but the results of the Tukey Contrast showed rerno significant differences between the
possible combinations of the interactions (0.08 < p < 0.99). Yet, it should be noticed that in “good” years

nestlings’ age at death is very similar between treatments (HA=0: 19.3 days, HA=2: 17.1 days, HA=4: 17.6
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days), while in the “bad” year nestlings’ age at death appears to be different (Fig. 2). Therefore, we performed
an a posteriori Fisher LSD-test, and found significant differences in the “bad” year between treatments HA=0
and HA=4 (p = 0.02), with nestlings in HA=0 dying later than nestlings in HA=4 (26.5 days vs. 15.2 days,
Fig. 2), as predicted by prediction d.

The year (LM: F2,108 = 0.56, p = 0.57) and the interaction between year and hatching asynchrony
(LM: Fg108 = 1.58, p = 0.19) did not affect the mass asymmetry between siblings at brood reduction, but the
mass depended positively on the hatching asynchrony (LM: F210s = 5.11, p = 0.01). The mass asymmetry
between nestlings of HA=4 was 279 g larger than of those of synchronous broods (Tukey Contrasts: t = 3.18,
p = 0.006). On the other hand, the initial mass asymmetry was related to the mass asymmetry at brood

reduction (Simple Regression: r = 0.28, F1105 = 8.74, p = 0.004, Fig. 3).

Fledglings’ mass

Asymptotic mass of fledglings differed with respect to the treatment (ANOVA: F;167 = 4.90, p = 0.01), year
(ANOVA: F2167 = 59.5, p <0.0001) and the interaction between those factors (ANOVA: F4167 = 3.29, p =
0.04) (Fig.4). Within the“geed”vyears2010 and 2011 there was no difference between treatments (Fig. 4). In
the “bad” year nestlings’ mass of HA=0 (mean: 2697 g) was lower than nestlings’ mass of HA=2 (mean: 3174
g) (Tukey Contrasts, p = 0.01), but we found no differences between HA=0 and HA=4 (Tukey Contrasts, p =
0.71). Synchronous clutches had heavier fledglings in the “good”/”intermediate” years than in the “bad” year
(Tukey Contrasts, 2012 vs. 2010 and 2012 vs. 2011: all p <0.0001). In HA=2 there were no differences in
fledglings’ mass between years, while in HA=4 there were only differences between the best and the worst

years (Tukey Contrasts, 2012 vs. 2011 p <0.0001).

Discussion|

Through a manipulation of the onset of incubation of Magellanic Penguins we generated different hatching

asynchronies, within the natural range found in wild colonies and-increasing-the-sample-size-of extreme

asynchronies;-which allowed us to test the “Brood Reduction Hypothesis”. The manipulation did not affect

15

Comentado [R2]: Cambiale el enfoque hacia lo novedoso!




416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

the breeding success because there were no differences within years and also the hatching asynchrony reached

through the manipulation was representative of the real asynchrony found in control nests. In this sense, we
were able to test the effect of the asynchronies on nestling survival and fledgling quality, in three different

years, twone “good”-quality year (2011),s one “intermediate”-quality year (2010) and one “bad”-quality year

(2012), which conferred us different scenarios of food abundance and environmental conditions. We did not
find a-clearsupport to the “Brood Reduction Hypothesis” in its strict sense (Lack 1947), especially because
we found that asynchronous broods (HA=2 and HA=4) did not have a higher survival rate than the survival

rate in synchronous broods (HA=0) in “bad” years. Nonetheless, we found for the first time in the study

species that the asynchrony could be adaptive in the sense that it could be beneficial for the quality of

fledglings and for the reduced costs that face parents when raising nestlings. did-find-thatsSynchronous

broods were negatively affected in the “bad” year because their fledglings were lighter and died later than
nestlings of asynchronous broods. These results demonstrate that for this study-species the “Brood Reduction
Hypothesis” may be supported in a broad sense (Amundsen and Slagsvold 1991a).; although;-w\\e think,
further studies are needed to test if the apparent benefits of asynchronous over synchronous broods could
benefit adults’ breeding success. In another study in Magellanic Penguins, with un-manipulated nests, but
with many years of study (6), neither fledging success nor fledging mass were related to hatching asynchrony,
but the initial size asymmetry within a brood explained the reduction in the brood (Boersma and Stokes
1995). Nonetheless, in this study Boersma and Stokes (1995) did not find a strong relationship between
hatching asynchrony and initial size asymmetry as we did.

Contrary to the “Brood Reduction Hypothesis” and to our predictions, we did not find that
asynchronous broods conferred an advantage over synchronous broods in terms of nestling survival in the
“bad” year. Similarly, we did not find support for our prediction that in the “bad” year second hatchlings of
asynchronous broods would die more than those of synchronous ones; regardless of the hatching asynchrony,
in the “bad” year second hatchlings tend to starve. The year, and not the asynchrony, was key to brood
reduction. inln all the other penguin studies conducted to date there is also no effect of asynchrony in brood
reduction (Seddon and Van Heezik 1991; Williams and Croxall 1991; Moreno et al. 1994; Boersma and

Stokes 1995). W
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have to be very poor before asynchronous broods fledge more nestlings than synchronous ones and -—n-this
sense-the breeding success of the “bad” year {0-61Fledghings/rest}-was not so low when compared thee-our

threshold value of this colony (0.9 fledglings/nest-11 year study, Frere not published) and to what has been

found in other penguin colonies (Boersma et al. 1990; Frere et al. 1998), we think that is worth to conduct our

experiment over many more years in order to include a wider environmental variation, with, potentially, really

bad years.- N

We found that Magellanic Penguins are indeed facultative brood reducers when food is scare as

proposed by Lamey (1990), and Boersma and Stokes (1995); at Isla Quiroga brood reduction of the last
nestling occurred in the “bad” year. Furthermore, asynchrony facilitates this reduction, because second
hatchlings died more than first ones in asynchronous broods and not in synchronous broods, which supports
the “Brood Reduction Hypothesis” (Lack 1947). Also, as this difference is not noticed in the
“good”/"intermediate”-quality years, this could be demonstrating that when food is abundant adults
compensate the disadvantage of the last hatchlings, maybe by preferentially feeding them (but see Boersma
and Stokes 1995), as has been shown in other species (Royle et al. 2002). In favor of the “Brood Reduction
Hypothesis”, we found that brood reduction occurred early in the growing period (approximately at 20 days
old), within the first third of the growing period, which agrees with the idea that younger nestlings are rapidly
eliminated to reduce parental effort (Lack 1954). Furthermore, we found that in the “bad” year it occurred 10
days earlier for 4-day asynchronous broods than for synchronous broods, conferring a possible advantage for
asynchronous broods over synchronous ones. It is worth checking if feeding nestlings for 10 more days would
cause a significant disadvantage for parents of this species, which feed their nestlings for many days—
approximately 70 days (Boersma et al. 1990; Frere et al. 1998). Nonetheless, in Pygoscelis penguins, it has
been found that brood reduction occurs later, during the creche stage, when they have already invested
heavily in nestlings, breaking down the “Brood Reduction Hypothesis” (Williams and Croxall 1991; Moreno
et al. 1994). We also found that the more asynchronous the brood the larger the mass difference between

siblings before the brood reduction occurred, another indication of the importance of hatching asynchrony.
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Supporting the “Brood Reduction Hypothesis” in a broader sense (Amundsen and Slagsvold 1991a),
in the “bad” year fledglings of 2-day asynchronous broods were heavier than those of synchronous broods.
Remarkably, fledglings of 4-day asynchronous broods were not heavier than synchronous nestlings, but
neither they were lighter than 2-day broods in the “bad” years. Maybe the 2-day interval is the optimal
balance between avoiding a similar demand of both siblings and an extreme asymmetry between siblings. In
the genus Pygoscelis, the quality advantage of asynchronous broods over synchronous broods disappears
during the later creche phase (Moreno et al. 1994) and hatching asynchrony was only related to the within-
brood asymmetry at 15 days but not at 45 days of age (Belliure et al. 1999). In the Jackass Penguin, a
congener of our study species, brood asymmetry remains until fledging (Seddon and Van Heezik 1991). Also,
we still do not know if an advantage of 477 g in favor of asynchronous fledglings over synchronous ones
could produce an adaptive advantage of asynchronous broods. On one hand, fledglings weigh 2-3 kg, so the
increment would be in the order of a 25-26 % of total fledgling mass. On the other hand, there would still be a
need to understand how fledgling mass could affect juvenile survival. The juvenile survival is very low in the
study species (0.2) and has been shown to be affected by the breeding season (Pozzi 2015).

hNiIIiams] and Croxall (1991), and Moreno et al. (1994) suggested that asynchrony in penguins may
be a secondary consequence of adults keeping their eggs warm immediately after laying. The species of those
studies breed in extreme low ambient temperatures, which is not the case for Magellanic Penguins (Williams
1995). Seddon and Van Heezik (1991) proposed that in a congener of Magellanic Penguins hatching
asynchrony provides an advantage in nestling quality, as is suggested by the extended “Brood Reduction
Hypothesis” (Amundsen and Slagsvold 1991a) and the “Sibling Rivalry Reduction Hypothesis” (Hahn 1981).
The “Sibling Rivalry Reduction Hypothesis” proposes that asynchrony may reduce the rivalry of siblings
during feeding (Hahn 1981), but also states that this advantage in terms of quality should be in “good” or
“bad” years, which is not the case of Magellanic Penguins in the current study. Boersma (1991) suggested that
asynchronies in Magellanic Penguins might function as a mechanism that increases the chances that both
nestlings are fed soon after hatching. The key to understanding hatching asynchrony might be in how it is
established. Rebstock and Boersma (2011) showed that parental behavior during incubation controls hatching
asynchrony in Magellanic Penguins. Also, in other species, it has been shown that parents can control

asynchrony by the amount of incubation that occurs during egg laying (Johnson et al. 2013). We have
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Quizds pondria algo de por qué en otras especies o estudios de
Magallanes no se encontré que mueran rapido ni tampoco una
ventaja al peso al fledgling? Puede ser que en Pygoscelis sea menor
la ha?por lo q vi es 1??? Pero no tengo los libros de pingiinos!
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previously shown that asynchrony is the result of a physiological constraint of the brood patch area on the
laying day of the first eggs (Barrionuevo and Frere 2015). So, asynchrony might be a consequence of a
balance between the need to begin the contact with the egg, so that the brood patch can properly develop (St.
Clair 1992; Massaro et al. 2006), and the delayed development of the brood patch.

L&I%heughwﬂe think that asynchrony could bring a benefit for parents compared to synchronous
broods in a “bad” year, but there still needs to be studied we-are-netsure-to what extent those benefits could
really affect Magellanic Penguin’s breeding strategies. In terms of survival, Boersma (1991) showed that the
breeding success is highest in 2-day asynchronous broods, but we did not find a higher breeding success for
that asynchrony. This asynchrony provides nestlings that survive a better condition that may be crucial for
post fledging survival. This trait may have been important for a selection of this interval, because most control
nests had this asynchrony. Although there are broods with extreme asynchronies, the percentage of these nests

is very low. Even synchronous nests are at a disadvantage and 4-day asynchronous nests did not present a

large advantage over 2-day broods. | | Comentado [R4]: Creo que esto también lo sacaria

To conclude, we think that asynchrony could bring a benefit for parents compared to synchronous

broods in a “bad” year, but there still needs to be studied to what extent those benefits could really affect

Magellanic Penguin’s breeding strategies. w\\e could not find complete support for the “Brood Reduction

Hypothesis in Magellanic Penguins, mainly because during the “bad” years, in both synchronous and

asynchronous nests, the second nestling died. However, we found support for the hypothesis in a broader

sense because in “bad” years parents of asynchronous broods would invest less time feeding their nestlings—

because they starve early—and, would produce higher quality fledglings than parents of synchronous broods.

Compliance with Ethical Standards

Conflict of Interest: M. Barrionuevo declares that she has no conflict of interest. E. Frere declares that he has

no conflict of interest.

Ethical approval: All applicable international, national, and/or institutional guidelines for the care and use of

19



527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

animals were followed.

References

Acha EM, Mianzan HW, Guerrero RA, Favero M, Bava J (2004) Marine fronts at the continental shelves of

austral South America: physical and ecological processes. J Mar Syst 44:83-105

Amundsen T, Slagsvold T (1991a) Asynchronous hatching in the pied flycatcher: an experiment. Ecology

797-804

Amundsen T, Slagsvold T (1991b) Hatching asynchrony: facilitating adaptive or maladaptive brood

reduction. Acta XX Congressus Internationalis Ornithologici 3:1707-1719

Barrionuevo M (2015) Inversion parental en el Pingiiino de Magallanes (Spheniscus magellanicus):
asincronia de eclosion, causas proximas y ultimas. PhD Thesis, Universidad de Buenos Aires,

Argentina

Barrionuevo M, Frere E (2015) Egg temperature and initial brood patch area determine hatching asynchrony

in Magellanic Penguin Spheniscus magellanicus. J Avian Biol 47:16-25

Belliure J, Carrascal LM, Minguez E, Ferrer M (1999) Limited effects of egg size on chick growth in the

chinstrap penguin Pygoscelis antarctica. Polar Biol 21:80-83

Behrenfeld MJ, Falkowski PG (1997) Photosynthetic rates derived from satellite-based chlorophyll

concentration. Limnology and oceanography 42:1-20

Boersma PD (1991) Asynchronous hatching and food allocation in the Magellanic Penguin Spheniscus

magellanicus. Acta XX Congressus Internationalis Ornithologici 2:961-973

Boersma PD (2008) Penguins as Marine Sentinels. BioScience 58:597—607

Boersma PD, Rebstock GA (2009) Foraging distance affects reproductive success in Magellanic Penguins.

Mar Ecol-Prog Ser 375:263-275

20



550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

Boersma PD, Rebstock GA, Frere E, Moore SE (2009) Following the fish: penguins and productivity in the

South Atlantic. Ecol Monogr 79:59-76

Boersma PD Stokes DL (1995) Mortality patterns, hatching asynchrony, and size asymmetry in Magellanic
Penguin Spheniscus magellanicus chicks. In: Dann P, Norman I, Reilly P (eds) The Penguins:

Ecology and Management. Surrey Beatty, Chipping Norton, Australia, pp 3-25

Boersma PD, Stokes DL, Yorio PM (1990) Reproductive variability and historical change of Magellanic
Penguins (Spheniscus magellanicus) at Punta Tombo, Argentina. In: Davis L, Darby J (eds) Penguin

Biology. Academic Press, San Diego, California, pp 15-43

Clark AB, Wilson DS (1981) Avian breeding adaptations: hatching asynchrony, brood reduction and nest

failure. Q Rev Biol 56:253-277

Crawley MJ (2007) The R Book. John Wiley and Sons, Ltd., West Sussex

Frere E (1993) Ecologia reproductiva del Pingiiino de Magallanes (Spheniscus magellanicus) en la colonia de

Cabo Virgenes. PhD Thesis, Universidad de Buenos Aires, Argentina

Frere E, Gandini PA, Boersma PD (1996) Aspectos particulares de la biologia de reproduccion y tendencia
poblacional del Pingiiino de Magallanes (Spheniscus magellanicus) en la colonia de Cabo Virgenes,

Santa Cruz, Argentina. Hornero 14:50-59

Frere E, Gandini PA, Boersma PD (1998) The breeding ecology of Magellanic Penguins at Cabo Virgenes,

Argentina: what factors determine reproductive success? Colon Waterbirds 21:205-210

Gandini PA, Frere E, Pettovello AD, Cedrola PV (1999) Interaction between Magellanic penguins and shrimp

fisheries in Patagonia, Argentina. Condor 101:783-789

Hahn DC (1981) Asynchronous hatching in the laughing gull: cutting losses and reducing rivalry. Anim

Behav 29:421-427

Hansen JE, Martos P, Madirolas A (2001) Relationship between spatial distribution of the Patagonian stock of

21



573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

Argentine anchovy, Engraulis anchoita, and sea temperatures during late spring to early summer. Fish

Oceanogr 10:193-206

Johnson LS, Napolillo FM, Kozlovsky DY, Hebert RM, Allen A (2013) Variation in incubation effort during
egg laying in the Mountain Bluebirds and its association with hatching asynchrony. J Field Ornithol

84:242-254

Lack D (1947) The significance of clutch size. Ibis 89:302-352

Lack D (1954) The natural regulation of animal numbers. Clarendon Press, Oxford

Lack D (1968) Ecological adaptations for breeding in birds. Methuen, London

Lamey TC (1990) Hatch asynchrony and brood reduction in penguins. In: Davis LS, Darby JT (eds) Penguin

biology. Academic Press, San Diego, pp 399-416

Magrath RD (1990) Hatching asynchrony in altricial birds. Biol Rev 65:587-622

Massaro M, Davis LS, Scott R (2006) Plasticity of brood patch development and its influence on incubation
periods in the Yellow-Eyed Penguin Megadyptes antipodes: An experimental approach. J Avian Biol

37:497-506

Mock DW, Schwagmeyer PL (1990) The peak load reduction hypothesis for avian hatching asynchrony. Evol

Ecol 4:249-260

Mock DW, Forbes LS (1994) Life-history consequences of avian brood reduction. The Auk 111:115-123

Moreno J, Carrascal LM, Sanz JJ, Amat JA, Cuervo JJ (1994) Hatching asynchrony, sibling hierarchies and

brood reduction in the Chinstrap Penguin Pygoscelis antarctica. Polar Biol 14:21-30

O'Connor RJ (1978) Brood reduction in birds: selection for fratricide, infanticide and suicide? Anim Behav

26:79-96

Pozzi LM (2015) Dindmica poblacional del Pingiiino de Magallanes (Spheniscus magellanicus) en el norte de

Patagonia Argentina. 2015. PhD Thesis, Universidad del Comahue, Argentina

22



596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

R Development Core Team (2010) R: a language and environment for statistical computing. R Foundation for

Statistical Computing, Vienna, Austria

Rebstock GA, Boersma PD (2011) Parental behavior controls incubation period and asynchrony of hatching

in Magellanic Penguins. Condor 113:316-325

Reid WV, Boersma PD (1990) Parental quality and selection on egg size in the Magellanic Penguin.

Evolution 44:1780-1786

Ricklefs RE (1965) Brood reduction in the Curve-billed Thrasher. Condor 67:505-510

Rivas AL, Dogliotti Al, Gagliardini DA (2006) Seasonal variability in satellite-measured surface chlorophyll

in the Patagonian Shelf. Cont Shelf Res 26:703-720

Royle NJ, Hartley IR, Parker GA (2002) Begging for control: when are offspring solicitation behaviours

honest? TREE 17:434-440

Sala JE, Wilson RP, Frere E, Quintana F (2012) Foraging effort in Magellanic penguins in coastal Patagonia,

Argentina. Mar Ecol Prog Ser 464:273-287

Sanchez RP, de Ciechomski JD (1995) Spawning and nursery grounds of pelagic fish species in the sea-shelf

off Argentina and adjacent areas. Sci Mar 59:455-478

Seddon PJ, Van Heezik YM (1991) Hatching asynchrony and brood reduction in the Jackass Penguin: an

experimental study. Anim Behav 42:347-356

Slagsvold T (1986) Asynchronous versus synchronous hatching in birds: experiments with the pied

flycatcher. J Anim Ecol 55:1115-1134

Slagsvold T, Amundsen T, Dale S (1995) Costs and benefits of hatching asynchrony in Blue Tits Parus

caeruleus. J Anim Ecol 64:563-578

Statsoft Inc. (2004) Statistica for Windows. V. 7. Tulsa, UK

23



618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

St. Clair CC (1992) Incubation behavior, brood patch formation and obligate brood reduction in Fiorland

Crested Penguins. Behav Ecol Sociobiol 31:409-416

Stoleson SH, Beissinger SR (1995) Hatching asynchrony and the onset of incubation in birds, revisited. Curr

Ornithol 12:191-270

Systat Software Inc (2006) Sigma Plot for Windows v.10.0. San Jose, CA

Wagner EL, Lee EJ, Boersma PD (2013) Patterns of acceptance of artificial eggs and chicks by Magellanic

Penguins (Spheniscus magellanicus). J Ornithol 154:99-105

Wang JM, Beissinger RS (2009) Variation in the onset of incubation and its influence on avian hatching

success and asynchrony. Anim Behav 78:601-613

Williams TD, Croxall JP (1991) Chick growth and survival in gentoo penguins (Pygoscelis papua): effect of

hatching asynchrony and variation in food supply. Polar Biol 11:197-202

Williams TD (1995) The penguins: Spheniscidae. Oxford University Press, Oxford

Yorio P, Garcia Borboroglu P, Potti J, Moreno J (2001) Breeding biology of Magellanic Penguins Spheniscus

magellanicus at Golfo San Jorge, Patagonia, Argentina. Mar Ornithol 29:75-79

24



640

641

642 Figure caption

643 Fig. 1 Number of nestlings that starved per nest for the different treatments of hatching asynchrony (0, 2 and

644 4 days). Mean + coefficient intervals are show

645 Fig. 2 Number of dead nestlings according to the hatching asynchrony-treatment (HA) discriminated by age
646 in: a) “good” (2010 and 2011) and b) “bad” (2012) years. Different asynchronies are represented by different

647  fill patterns in the bars and line fitting with different colors

648 Fig. 3 Initial mass asymmetry calculated as the mass of the first minus the second-hatchling on the day the
649  second nestling hatched vs. the final mass asymmetry on the previous measurement to the brood reduction

650 calculated as the live nestling minus the dead nestling. Fitting equation is: y = 321 + 2.11 x

651 Fig. 4 Fledgling mass in relation to the study year and the hatching asynchrony (in days, denoted with
652  different markers). Mean + 0.95 confidence intervals are shown and letters denote significant differences

653
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662

663

664

665

666

667

668

669

670

(mgClm=*2/day) (mgClm**2/day)
20102041 47994 51756
46613 540-89
66575 616-02
28074 31376
19281 22796
26347 19951
2011-2012 92866 96323
947480 #4891
626.69 478.36
31638 23985
23879 16854
22515 20834
2012-2013 532.73 534.53
50149 58076
317-86 41343
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November  201.84

December 24411

Janbary 27821
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