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Abstract
C rested  p en g u in s (genus Eudyptes) have a peculiar h a tch ing  p a tte rn , w ith th e  first-laid e g g  (A-egg) hatch ing  a fte r th e  
second-la id  eg g  (B-egg) and  chicks from  A -eggs typically having a m uch low er survival probability . M aternal yolk a n d ro g en s  
have b een  su g g e s te d  to  co n trib u te  to  th e  co m p etitiv e  superio rity  o f th e  B-chick in so u th e rn  ro ck h o p p er p en g u in s Eudyptes 
chrysocome, g iven  th e ir  im p o rtan t role in m ed ia ting  sibling co m p e titio n  in o th e r  species. We th e re fo re  increased  th e  yolk 
an d ro g en  levels in freshly-laid e g g s  an d  exam ined  th e  c o n se q u en c es  for sibling co m p e titio n  - via effects on  em bryon ic  
d ev e lo p m en ta l tim es, chick g ro w th  an d  early survival. We p laced o n e  a n d ro g en -trea ted  e g g  an d  o n e  con tro l e g g  in to  each  
fo ste r nest, m atch ing  th e m  for m ass, laying d a te  an d  laying order. The an d ro g en  tre a tm e n t did no t significantly affect 
em bryon ic  d e v e lo p m en ta l tim es o r chick m easu rem en ts  a t hatch ing . H ow ever, e lev a ted  yolk an d ro g en  levels b en efitted  
chick g ro w th  in in te rac tion  w ith th e  n u m b er o f  siblings in a b rood . Chicks from  a n d ro g en -trea ted  e g g s  had faste r g ro w th  in 
th e  p resen ce  of a sibling th an  chicks from  contro l eggs. U nder th e se  c ircum stances th ey  also had a h igher survival 
probability . Thus m aternal a n d ro g en s  a p p e a r  to  reinforce th e  o b se rv ed  hatch ing  p a tte rn , facilitating b rood  reduction . This 
co n trasts  to  m o st previous s tu d ies  in o th e r  spec ies w h ere  yolk a n d ro g en s  have b een  show n  to  c o m p e n sa te  for th e  negative  
co n se q u en c es  o f delayed  h a tch ing  w ithin th e  b ro o d  hierarchy.
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Introduction

In  m ost b ird  species, parents initially produce m ore offspring 
th an  they are able to raise [1-4]. This overproduction com m only 
results in an  intense com petition betw een siblings th a t m ay 
ultim ately lead  to the elim ination o f pa rt o f  the brood. Parents 
influence the level o f sibling com petition by  producing  offspring 
that differ in age, size or quality. Parents achieve this in particular 
by varying the onset o f incubation before clutch com pletion, which 
leads to asynchronous hatching of the offspring. H atch ing  
asynchrony creates an  age and  size hierarchy w ithin a b rood  
[5,6], D uring  poor years, hatching asynchrony m ay serve as a 
m echanism  to adjust b rood  size to food availability during  the 
nestling period  (“b ro o d  reduction  hypothesis” [1]). It is typically 
the sm allest/youngest siblings that die, those in w hich parents 
have invested the least in term s o f tim e and  energy [7].

A lthough hatching asynchrony is assum ed to be the m ain  factor 
influencing sibling com petition and  chick survival, m others also 
influence the survival probability  o f  individual chicks through 
differential allocation o f egg mass, yolk horm ones, yolk carotenoids 
and  yolk antibodies [7-9]. A m ong the egg com ponents, m aternal 
yolk androgens have been  proposed to play an  im portan t role in 
m ediating sibling com petition (see reviews in [8,10,11]). M aternal 
yolk androgens have been shown to influence the outcom e of

sibling com petition th rough  potential effects on  em bryonic 
developm ental times, begging behaviour, post-hatching growth, 
and  survival (see for exam ple [12-14]).

W ithin-clutch variation in yolk androgen  levels is therefore 
typically in terpreted  in the context o f sibling com petition. 
D ecreasing levels o f  m aternal yolk androgens w ith laying order 
are observed in some b ird  species exhibiting hatching asynchrony 
(for exam ple, cattle egrets Bubulcus ibis [15], A m erican coots Fulica 
americana [16] or zebra  finches Taeniopygia guttata [17,18]). T hey  are 
thought to represent a  m echanism  for females to reinforce 
asym metries betw een chicks, facilitating brood  reduction  [8]. O n  
the o ther hand , increasing levels o f m aternal yolk androgens with 
laying o rder are found in o ther b ird  species also exhibiting 
hatching asynchrony (for exam ple, canaries Serinus canaria [19], 
great tits Parus major [20] o r b lack-headed gulls Larus ridibundus 
[21]). T hey  have been  in terpreted  as com pensatory strategy by 
females for the com petitive disadvantages suffered by later 
hatching chicks (“hatching asynchrony adjustm ent hypothesis” 
[8])-

C rested penguins (genus Eudyptes), including our study species, 
the southern rockhopper penguin Eudyptes chrysocome, have a 
unique p a tte rn  o f hatching asynchrony in their two-egg clutches 
[22,23]. T h e  second-laid egg (B-egg) is 28% bigger and  heavier 
th an  the first-laid egg (A-egg) (see [24]) and, although incubation
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Starts only a t clutch com pletion, the A-egg usually hatches one day 
after the B-egg [25-27]. A lthough bo th  eggs com m only hatch, the 
chick hatching from  the A-egg generally dies o f starvation w ithin a 
few days after hatching [27,28]. T h e  m echanism s by which 
reversed hatching asynchrony is achieved rem ain  elusive [25]. 
Given the effects o f yolk androgens on  em bryonic developm ental 
times (see review in [29]), it has been  suggested th a t differential 
allocation o f yolk androgens m ay be an  im portan t m echanism  to 
reverse the hatch ing  pa tte rn  (see [30]). Indeed, in southern 
rockhopper penguins, B-eggs contain yolk androgen  concentra­
tions an d  total yolk androgen  am ounts a t least 50% higher th an  A- 
eggs [30,31]. This was observed consistendy for the three  different 
androgens analysed (testosterone, androstenedione and  dihydro­
testosterone). Interestingly, clutches laid late in the b reeding season 
had  proportionally  h igher androgen levels in the B-egg com pared 
to the A-egg th an  early clutches [30]. Late in the season, w eather 
and  food conditions m ay deteriorate a n d /o r  feeding parents m ay 
initiate p re-m oult storage, and  the likelihood th a t b o th  chicks will 
be able to survive decreases (see [32]). G iven the role th a t m aternal 
yolk androgens play in m ediating sibling com petition (see above), 
we previously suggested th a t yolk androgens reinforce the 
com petitive superiority o f the chick hatched  from  B-egg (B-chick) 
w hen the survival o f  bo th  chicks becom es unlikely [30].

In  the p resent experim ental study, we increased the levels o f 
yolk androgens (testosterone, androstenedione and  dihydrotestos­
terone) in freshly-laid eggs o f free-living southern rockhopper 
penguins to test w hether and  to w hat extent yolk androgens 
contribute to the superiority o f the B-chick. G iven the dram atic 
differences in egg mass betw een A- and  B-eggs [24], we excluded 
these potentially confounding effects by placing eggs o f similar 
mass and  the same position in the laying order into each foster 
nest. W e exam ined the consequences o f em bryonic exposure to 
elevated yolk androgen  levels on  em bryonic developm ental times, 
chick grow th and  early survival, controlling for chick sex and  the 
presence of a  sibling during  growth.

Materials and M ethods

Ethical s t a t e m e n t
T h e  study was perform ed under p ro p er legislation of the 

Belgian and  Flemish law and  was approved by the ethical 
com m ittee on  anim al experim entation (ECD, ID  num bers: 2 0 1 1 / 
44 an d  2011/45). All w ork was conducted  under a  research license 
granted  by the E nvironm ental P lanning D epartm en t o f the 
Falkland Islands G overnm ent (Research Licence No: R 0 6 / 
2009). T his license covered anim al welfare in addition to the egg 
injection procedure. T h e  m ethods th a t we used (nest check, egg 
m anipulation, chick capture and  m easurem ent) p robably  created  a 
low level o f stress an d  did no t cause any desertion from  nestling 
activity or m ortality. T he im pact o f  the injection itself is described 
in the m anuscript. M anipu lated  clutches th a t faded to ha tch  any 
eggs w ere replaced w ith eggs found outside their own nest th a t we 
considered as lost by  their original parents in o rder to avoid 
affecting the b reed ing  success o f the colony.

G enera l  field p ro c e d u re s
T h e  study was carried  ou t a t the “ SetÜement colony” (51°43'S, 

61°17'W ) on New Island, Falk land/M alvinas Islands from 
O ctober to D ecem ber 2010. In  2010, this colony held  about 
7500 breeding pairs o f southern rockhopper penguins. Birds 
m ainly b reed  in open rocky areas fringed by tussac grass Poa 

flabellata. T h e  b reeding biology a t this large colony has been 
described previously [27]. Briefly, males arrive a t the colony first 
(early O ctober) and  establish nest sites. Fem ales arrive a  few days

later, for pairing  an d  copulation in late O c to b er/ea rly  N ovem ber. 
Laying and  hatch ing  intervals are relatively fixed; the second egg 
(B-egg) is generally laid four days after the first one (A-egg), 
incubation starts a t clutch com pletion b u t the A-egg usually 
hatches one day after the B-egg (reversed hatching asynchrony).

D uring  the laying period, we visited the study site daily, to m ark 
and  weigh freshly-laid eggs. F rom  each o f the m onitored  nests, 
w hich were hom ogeneously distributed w ithin the study site, we 
random ly created  one o f two artificial nest categories (AA-nests 
with two A-eggs and  BB-nests with two B-eggs). All egg pairs were 
m atched for laying date (difference w ithin foster clutches: m ean  ±  
SE [range]: 0 .2 2 ± 0 .0 4  [0-1] day for AA-nests and  no difference 
w ithin foster clutches for BB-nests) and  egg mass (difference within 
foster clutches: m ean  ±  SE [range]: 4 .6 8 ± 0 .2 7  [0-9.9] g for AA- 
nests and  1.67 =±0.18 [0-12.2] g for BB-nests) in o rder to obtain 
foster clutches w ith two fo ster-sibling eggs w hich were as similar as 
possible (for a  similar design see [33]). W e perform ed the yolk 
androgen  injections on five consecutive days during  the peak o f the 
B-egg laying period. A-eggs were injected after clutch com pletion 
(four to six days after they w ere laid) an d  B-eggs were injected on 
the day after they were laid. T h e  eggs were no t incubated  for 
longer than  24 h  before androgen  injection (norm al incubation 
time: m ean ±  SD: 33 .2±= 1.3 days for A-eggs and  3 2 .1 ± 1 .0  days 
for B-eggs [27]). For each foster clutch, we injected one egg 
(control) with 50 pi sesame oil into the yolk while the second egg 
(androgen-treated) was injected w ith a  m ixture o f androgens 
dissolved in 50 pi sesame oil. W e injected a  total o f 400 eggs, 
creating 100 AA-nests and  100 BB-nests. All eggs were incubated  
in their foster nest after m anipulation.

Yolk a n d r o g e n  in jection
T h e  am oun t o f each androgen  injected into each A-egg was the 

am oun t needed to increase the total quantity  o f th a t androgen  in a 
typical A-egg to the level found in a  typical B-egg (see table 1). T he 
am oun t o f each androgen  injected into each B-egg was such that 
the increase in concentration  (relative to yolk mass) was the same 
as in an  androgen-treated  A-egg (see table 1). D ata  on  yolk mass 
(m ean 19.6 g in A-eggs and  22.5 g in  B-eggs) and  horm one levels 
were assessed in a  num ber o f previous studies [30,31,34,35]. T he 
injected am o u n t o f androgens corresponded on average to 2.61 
times the standard  deviation observed in na tura l clutches (table 1), 
w hich is com parable to previous injection studies [36-38].

T h e  same m ethod  was used to inject all eggs. Before injection, 
the eggs were left horizontal for a  few m inutes to allow the yolk to 
m igrate towards the injection site (top o f the equator). T he 
injection site was carefully cleaned and  disinfected w ith a  pad  
im pregnated  with 70% isopropyl alcohol. A hole was drilled in the 
egg shell betw een the equato r and  the acute pole o f the egg using a 
Dremel® S ty lus™  L ithium -Ion w ith a  sterile 0.9-m m  bit. T he 
solution was delivered into the yolk using a 1 -ml syringe m ounting  
23-G  sterile needle th a t was exchanged for each egg. T h e  injection 
hole was then  sealed w ith a  piece o f O pS ite w ound dressing (Smith 
& N ephew  M edical Lim ited, Hull, England [13]) im m ediately 
after injection. Dissection o f 10 eggs th a t w ere injected w ith a  dye 
invariably revealed th a t the dye h ad  been  correctly injected into 
the yolk. After m anipulation, eggs were p laced under the 
incubating parents. All incubating parents stayed on  the nests 
during  the egg injection and  after we re tu rned  the eggs.

Egg a n d  chick  m o n i to r in g
From  the beginning of the hatching period, we checked the 

foster nests twice a day (8:00 am  an d  8:00 pm) to keep track o f the 
hatching pa tte rn . W e no ted  w hen the p ipping process started (i.e. 
first crack in  the egg shell) and  w hen chicks w ere fully em erged.
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T a b le  1. A m ounts (In ng) o f te s to s te ro n e  (T), a n d ro s ten e d io n e  (A4) and  d lh y d ro te s to s te ro n e  (DHT) In jected  Into A- and  B-eggs.

O b s e rv e d  v a lu e s  In je c te d  a m o u n ts

H o rm o n es N M in M ax M ean SD in ng in SD units

A-eggs T 193 87 569 143.6 66.47 171 2.57

A4 193 1140 9681 3361 1275 4154 3.26

DHT 127 36 130 67.57 17.86 54 3.02

B-eggs T 188 198 662 315.0 101.7 197 1.94

A4 188 3006 14283 7516 1883 4782 2.54

DHT 124 53 218 121.5 26.63 62 2.33

The am oun ts  w ere calculated in relation to  to tal yolk and rogen  am oun ts  (minimum , m axim um  and m ean ±  S tandard Deviation (SD), in ng) previously m easured  in A- 
and  B-eggs o f sou thern  rockhopper penguins. Injected am oun ts  are also show n as SD units, based  on th e  SD observed  in th e  non-m anipu la ted  popula tion , for each 
and rogen  (T, A4 and DHT) and egg  ca tegory  (A- and  B-eggs). 
doi:10.1371 /journal, pone.0042174.t001

Tw o eggs started to hatch  bu t were lost before we could classify 
them  as fully hatched. E ach new  chick was weighed and  m easured 
w ithin 12 h  o f hatching (hatching mass and  size). T h e  chicks were 
weighed to the nearest grani using a digital balance. W e m easured 
head  length to the nearest 0.1 nin i using a  calliper an d  flipper 
length (extended from  axilla) to the nearest m illim etre with a  ruler 
[39]. A drop  o f blood was taken from  the brachial vein for 
m olecular sexing. W e were not able to obtain  blood from  one 
chick that died before its second capture. Newly hatched  chicks 
were m arked w ith a  pa tch  o f non-toxic colour m arker, later 
com pleted with a  23-m m  glass encapsulated electronic transpon­
der (T IR IS, Texas Instrum ents, USA) im planted  under the skin o f 
the upper back. After hatching, we checked foster nests daily for 
the survival and  the identity o f chicks during  the first 13 days o f 
early growth. D uring  this period, chicks were also weighed and  
m easured about every second day (interval: m ean  ±  SE: 
1 .88±0 .05  days). O n  a  few occasions (i.e. w hen the w eather 
conditions were too bad), we did no t perform  size m easurem ents in 
o rder to m inim ise the chick m anipulation  tim e. All m easurem ents 
were m ade by the same observer.

Eggs that failed to hatch  (i.e. that w ere not hatched  five days 
after their expected hatch ing  date) were rem oved from  the nests. If  
bo th  eggs in a  nest failed to hatch, we replaced them  with one 
chick found outside its own nest that we considered as lost by its 
original parents. This guaran teed  that all pairs could raise a t least 
one chick, w hich is the typical b rood  size a t fledging.

Sex determ ination  was done w ith m olecular techniques. A bout 
1 pi o f the blood sample was used for Chelex® resin-based DN A  
extraction [40]. Tw o pi o f  the resulting D N A  solution was used in 
a  polym erase chain  reaction (PGR) to amplify a  p a rt o f the C H D - 
W  gene in females an d  the C H D -Z  gene in bo th  sexes (for details 
see [41]). T h e  am plified products were separated in 1.5% agarose 
gels containing ethidium  brom ide. W e evaluated the reliability 
with 10 individuals o f know n sex yielding a  100% correct m atch.

Statistical analysis
Statistical analyses were conducted  in SPSS 16.0 for W indows 

except for the C ox regression, w hich was conducted  in S tata  12.1 
for W indows. Differences in hatch ing  success (hatched versus not 
hatched) and  sex ratio  betw een the two treatm ents w ere analysed 
using G eneralized Estim ating E quation  (GEE) m odels with a  logit 
link and  binom ial distribution. Foster nest identity was a repeated  
m easure, treatm ents (control o r androgen-treated) an d  nest 
category (AA- or BB-nest) w ere factors and  egg mass (in g) was a 
covariate. W e tested for the effects o f elevated yolk androgen  levels

on  em bryonic developm ental times and  hatch ing  m easurem ents 
using G E E  models for repeated  m easures (foster nest identity) with 
a  linear link and  Gaussian distribution, an d  w ith treatm ent, nest 
category an d  sex (male o r female) as fixed factors an d  egg mass as 
a  covariate. N ine hatched  eggs, w hich were not incubated  w ith a 
sibling egg until the end o f the incubation, were rem oved from  this 
analysis. G row th in body mass an d  size is approxim ately linear for 
southern rockhopper penguin  chicks aged betw een 5 and  30 days 
(see [27]). Chick grow th was therefore quantified using linear 
regressions o f body mass, head  length and  flipper length according 
to chick age (in days) an d  using the grow th rate (increase pe r day) 
for each individual w ith a t least two m easurem ents (see [42]). 
Because o f the b ad  w eather conditions, we were unable to 
calculate head  an d  flipper grow th rates for four chicks. W e tested 
for the effects o f elevated yolk androgen  levels on chick growth 
using G E E  models for repeated  m easures (foster nest identity) with 
a  linear link and  Gaussian distribution, an d  w ith treatm ent, nest 
category, sex an d  presence o f a  sibling chick in the nest during  
early grow th (0 o r 1) as fixed factors. A dditional tests were 
perform ed runn ing  the same G E E  m odel procedures for the chicks 
from  control and  androgen-treated  eggs separately. W e used Cox 
regression m odels to test for differences in early survival betw een 
chicks according to treatm ent, nest category, sex and  presence o f a 
sibling chick in the nest during  early growth. Chick age was used 
as the tim e axis and  robust standard  errors, clustered by  foster 
nest, were used to adjust for the non-independence of chicks raised 
in the same nest. Observations were right-censored at 13 days o f 
age. In  all the G E E  and  C ox regression procedures, we started 
with all the variables an d  their two-way interactions with 
treatm ent. W e then  simplified the m odels using a  backw ard m odel 
selection procedure, starting with the least significant interaction. 
M ain  effects were not rem oved from  the models, regardless o f their 
significance. Values a re  presented  as m eans ±  standard  errors 
(SE). Sam ple sizes are m entioned th roughout the text.

Results

Overall, out o f  the 200 eggs th a t were injected for each 
treatm ent, 72 control eggs an d  47 androgen-treated  eggs hatched. 
T w enty one broods were com plete (12 AA-nests an d  9 BB-nests) 
while 77 w ere incom plete (26 hatched  only the androgen-treated  
egg and  51 hatched  only the control egg). T h e  hatch ing  success o f 
control eggs was h igher th an  the hatch ing  success o f androgen- 
treated  eggs (36% of the control eggs versus 23.5%  of the 
androgen-treated  eggs, Wald j f  = 8.21, df=  1, P=  0.004) while nest 
category and  egg mass did not influence hatching success
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Of = 0.35, df=  1, P =  0.55 an d  r  = 0.10, df=  1, P=  0.76, respec­
tively). N one o f the interactions w ith treatm ent were significant 
Qf = 0.32, df=  1, P =  0.57 for nest category an d  j f  = 1.30, df=  1, 
P=  0.25 for egg mass).

O u t o f the 116 eggs that hatched  an d  w ere sexed (three chicks 
disappeared  before blood sampling, see methods), 39 out o f 70 
chicks from  control eggs and  22 out o f 46 chicks from  androgen- 
treated  eggs were male. T h ere  was no difference in sex ratio 
betw een treatm ents (54% m ale for the control eggs versus 46% 
m ale for the androgen-treated  eggs, y ’ = 0.72, df=  1, P=  0.39). 
Nest category an d  egg mass also did not influence the sex ratio 
Of = 1-79, df=  1, P =  0.18 an d  r  = 0.61, df=  1, P=  0.43, respec­
tively).

E m bryonic  d e v e lo p m e n ta l  t im es  a n d  h a tch in g  
m e a s u r e m e n ts

T h e  androgen  treatm ent did not affect the em bryonic 
developm ental tim e to p ipping (from the start o f incubation  to 
the first crack in the egg shell), the p ipping duration  (from the first 
crack in the egg shell to the fully em erged chick) or the total 
em bryonic developm ental tim e (sum o f the two previous times; 
table 2). T hese three  developm ental times were not significantly 
different betw een the two nest categories or the two sexes (table 2).

T h e  androgen  treatm ent did no t significantly influence chicks’ 
mass, head  length or flipper length at hatching (table 2). T here  
were no significant nest category and  sex differences, bu t egg mass 
had  a  significant positive effect on  all three  o f these hatchling 
m easurem ents.

Chick g ro w th
T h e  androgen  trea tm en t significantly influenced chick growth 

in interaction with the presence o f a  sibling chick in the nest 
(table 3). Chicks from  androgen-treated  eggs h ad  significantly 
faster mass an d  flipper grow th rates th an  chicks from  control eggs 
w hen they had  a  sibling (fig. 1). T his difference was also almost 
significant for head  grow th rate. In  o ther words, chicks from 
control eggs had  a  m uch  slower grow th rates w hen they did have a 
sibling than  w hen they did no t (mass growth: y2 = 42.03, df=  1, 
TCO.OOl; head growth: y2 = 34.68, df=  1, PCO.OOl; flipper 
growth: y2 = 28.76, df=  1, .PCO.OOl) while this difference accord­
ing to the presence o f a  sibling was not consistently significant for 
chicks from  androgen-treated  eggs (mass growth: y2 = 1.73, df=  1, 
P=  0.19; head  growth: y2 = 4.17, df=  1, P=  0.04; flipper growth: 
y2 = 0.79, df=  1, P=  0.37). In  addition, head  grow th and  flipper 
grow th were significantly faster for males th an  for females (head 
growth: 1 .39±0 .05  m m /d a y , n = 57 for males and
1.18±0.05  m m /d a y , n = 53 for females; flipper growth:

T a b le  2 . Test o f th e  variation In em bryon ic  d e v e lo p m en ta l tim es and  hatch ing  m easu rem en ts .

D e p e n d e n t v a r ia b le Factors

D evelopm ental tim e to  pipping T reatm ent (androgen) 

Nest ca tego ry  (BB)

Egg mass 0.125 0.204 0.651

Nest ca tego ry  (BB) 2.416 0.402 0.526

Egg mass 0.013 0.010 0.922

Nest ca tego ry  (BB) 11.299 1.742 0.187

Egg mass 0.152 0.696

Nest ca tego ry  (BB) 1.400 0.565 0.452

Egg mass 0 .7 3 7 1 0 2 .4 1 2 < 0.001

Nest ca tego ry  (BB) 0.128 0.186 0.666

Egg mass 0 .0 6 8 4 1 .8 4 5 < 0.001

Nest ca tego ry  (BB) 0.228 0.408 0.523

Total deve lopm en ta l tim e T reatm en t (androgen) 3.593 0.993 0.319

Sex (male) 0.005 0.001 0.977

Hatching flipper leng th T reatm en t (androgen) 0.098 0.346 0.557

Sex (male) 0.203 1.960 0.161

Hatching head  leng th T reatm en t (androgen) 0.064 0.189 0.664

Hatching m ass T reatm en t (androgen) 1.000 1.052 0.305

Sex (male) 0.196 0.037 0.847

Sex (male) 6.900 2.948 0.086

Sex (male) 0.331 0.565

Pipping duration T reatm en t (androgen) 0.632 0.110 0.740

Sex (male) 5.785 2.477

Egg mass 0.071 3 1 .6 2 7 < 0.001

Results o f  th e  G eneralized Estim ating Equation (GEE) m odel p rocedures on  em bryonic deve lopm en ta l tim e to  p ipping  (hours from  th e  s ta rt o f  incubation  to  th e  first 
crack in th e  eg g  shell), p ipping  dura tion  (hours from  th e  first crack in th e  eg g  shell to  th e  fully em erg ed  chick), to ta l em bryonic deve lopm en ta l tim e  (sum o f  th e  tw o 
previous times), hatch ing  m ass (g), hatch ing  head leng th  (mm) and  hatch ing  flipper leng th  (mm) according to  eg g  tre a tm e n t (control o r an d ro g en -trea ted  egg), nest 
ca tego ry  (AA- o r  BB-nest), sex (m ale o r fem ale) and  eg g  m ass (in g). All non-significant in teractions w ere  rem oved from  th e  m ode l during  th e  backw ard p rocedure , ó f  is 
always equa l to  1. Significant P-values a re  m arked in bold. 
doi:10.1371 /journal.pone.0042174.t002
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T a b le  3 . Test of th e  variation in m ass and  size g row ths.

D e p e n d e n t
v a r ia b le F a c to r s B / P

Mass grow th T reatm ent (androgen) -3 .6 4 4 1.778 0.182

Nest ca tego ry  (BB) 3.686 3.184 0.074

Sex (male) 4.025 3.055 0.081

Sibling p resen ce  (1) 2 0 .8 6 7 4 1 .9 8 0 < 0 .0 0 1

T rea tm en t xSibling 
presence

14 .2 0 8 6.001 0 .0 1 4

Head grow th T reatm en t (androgen) -0 .081 1.338 0.247

Nest ca tego ry  (BB) 0.023 0.182 0.670

Sex (male) 0 .1 6 3 6 .5 4 7 0.011

Sibling p resen ce  (1) 0 .6 0 8 3 4 .2 9 2 < 0 .0 0 1

T reatm en t xSibling 
presence

0 .3 4 6 4 .3 6 9 0 .0 3 7

Flipper grow th T reatm ent (androgen) - 0 .2 6 4 3 .9 4 5 0 .0 4 7

Nest ca tego ry  (BB) 0.216 3.745 0.053

Sex (male) 0 .3 0 3 6 .8 4 4 0 .0 0 9

Sibling p resen ce  (1) 0 .9 1 4 2 8 .6 5 9 < 0 .0 0 1

T reatm ent xSibling 
presence

0 .7 3 0 8 .2 1 8 0 .0 0 4

Results o f  th e  G eneralized Estim ating Equation (GEE) m odel p rocedures on 
m ass g row th  (g/day), head  g row th  (m m /day) and  flipper g row th  (mm /day) 
according to  eg g  tre a tm e n t (control o r and ro g en -trea ted  egg), n es t ca tegory  
(AA- o r BB-nest), sex (m ale o r fem ale) and  th e  p resence  o f  a sibling chick in th e  
n es t during  early g row th  (0 o r 1). All non-significant in teractions w ere  rem oved 
from  th e  m odel during  th e  backw ard p rocedure , df is always equa l to  1. 
Significant P-values a re  m arked in bold. 
doi:10.1371 /journal.pone.0042174.t003

2 .6 2 ± 0 .0 9  m m /d a y , n -  57 for m ales an d  2 .3 0 ± 0 .1 0  m m /d a y , 
n — 53 for females; table 3).

Early survival
T h e  presence o f a  sibling significantly reduced the survival 

probability  o f  a  chick (table 4). H ow ever, there  was also some 
evidence suggesting that early survival depended on  androgen 
treatm ent in the presence o f a  sibling, bu t no t w hen a chick was 
alone. T he interaction betw een treatm ent an d  sibling presence was 
the last to be  rem oved from  the m odel (mortality hazard  
ratio = 0.23, £ = —1.61, i3 = 0.11). W e nevertheless investigated 
this further by conducting  separate tests (as perform ed on chick 
growth, and  including all m ain  effects) on  chicks with an d  w ithout 
a  sibling. In  the absence o f a  sibling, treatm ent did not significantly 
influence early survival (mortality haza rd  ratio = 1 .5 3 , £ = 0.57, 
T = 0 .5 7 ; fig. 2). How ever, in the presence of a  sibling the 
androgen  treatm ent significantly increased early survival (mortality 
hazard  ratio  = 0.35, £ = —2.19, P=  0.03; fig. 2). A m ong the 21 
treatm ent-contro l pairs o f chicks in w hich bo th  hatched  success­
fully, there  were 11 in w hich only the androgen-treated  chick 
survived to 13 days and  4 in w hich only the control chick did so 
(there were 2 nests in w hich bo th  survived, an d  4 nests w here bo th  
chicks died). Nest category an d  sex did not significantly influence 
chick early survival (table 4).

Discussion

By increasing the am oun t o f yolk androgens in freshly-laid eggs 
o f  southern rockhopper penguins, a  species w ith reversed hatching 
asynchrony, we investigated w hether yolk androgens contribute to
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Figure 1. Growth rates o f penguin  chicks during the first 13 
days after hatching. Differences in mass growth (in g/day), head 
growth (in mm/day) and flipper growth (in mm/day) are represented 
according to the presence of a sibling chick in the nest (left bars: chicks 
without a sibling; right bars: chicks with a sibling) and treatm ent (white 
bars: chicks from control eggs; grey bars: chicks from androgen-treated 
eggs). Bars show means ±  Standard Errors. The significance of the 
difference between treatm ents obtained from Generalized Estimating 
Equation (GEE) procedures with treatm ent (control or androgen-treated 
egg), nest category (AA- or BB-nest) and sex (male or female) as factors 
and foster nest identity as a repeated measure are presented above 
respective bars within each sibling presence category. The sample size 
is given at the base of each bar. 
doi:10.1371/journal.pone.0042174.g001

the superiority o f the B-chick, through changes in  developm ental 
tim e or growth. W hile the androgen  trea tm en t did not influence 
em bryonic developm ental tim e and  chick m easurem ents at 
hatching, it indeed affected chick grow th in a  context-dependent 
m anner and  im proved chick early survival in two-chick broods.
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T a b le  4 . Hazard ratios for early  chick m ortality  acco rd ing  to  
e g g  tre a tm e n t (control o r  a n d ro g en -trea ted  egg), nest 
ca teg o ry  (AA- or BB-nest), sex (m ale o r fem ale) and  th e  
p resen ce  o f a sibling chick In th e  n est during  early g ro w th  (0 
o r  1).

Factors
H a zard
ra tio z P [95%  conf. In terval]

T reatm ent
(androgen)

0.501 -1 .6 3 0.103 0.218 1.151

N est
ca tego ry  (BB)

0.620 -1 .2 4 0.214 0.291 1.318

Sex (male) 1.045 0.14 0.885 0.571 1.913

Sibling 8 .5 0 9 4.81 < 0 .0 0 1 3 .5 5 4 2 0 .3 7 0
p resen ce  (1)

Cox p roportional hazards m odels w ere  used . All non-significant in teractions 
w ere  rem oved from  th e  m odel during  th e  backw ard p rocedure , d f  is always 
equa l to  1. Significant P-values a re  m arked in bold. 
doi:10.1371 /journal.pone.0042174.t004

E m bryonic  d e v e lo p m e n t
In  o rder to explain the shorter em bryonic developm ental times 

for B-eggs com pared to A-eggs, we proposed that high yolk 
androgen  levels, as observed in B-eggs, m ay play a  significant role 
in reversing the hatching pa tte rn  in southern rockhopper penguins 
[30], How ever, we did no t find evidence for shorter em bryonic 
developm ental times for androgen-treated  eggs com pared  to 
control eggs. T his was the case for the three  different develop­
m ental tim e m easures we looked at. W e are, therefore, unable to 
validate our previous hypothesis. H ow ever, while the effects o f 
androgen  treatm ent on em bryonic developm ental times appear to 
be consistent w ithin species (for exam ple in b lack-headed gulls 
[13,43] and  zebra  finches [14,44]), they have been  observed to be 
inconsistent across species. Previous studies have reported  either 
shortened times to hatching [13,33,43,45], postponem ent o f 
hatching [14,44,46] o r no influence on em bryonic developm ental 
times (see for exam ple [47-49]). T h e  reasons for these differences

betw een species are still elusive, and  it thus rem ains unclear why 
yolk androgens could no t be  shown to affect em bryonic 
developm ent in our study species. How ever, p a rt o f the 
between-species variation could be due to differences in  the type 
o f horm ones injected: some studies m anipulating  several an d ro ­
gens, while others m anipulated  only a  single androgen (e.g. only 
testosterone for yellow-legged guii Lams michahellis [47,49] bu t 
testosterone and  androstenedione for b lack-headed guii [13,43]).

Interestingly, we did not find differences in developm ental times 
betw een A- and  B-eggs, as have been  reported  previously under 
na tu ra l conditions (see for exam ples [27,28]). T h e  eggs here were 
incubated  w ith a  sibling egg o f similar mass. This, in com bination 
with a  previous study showing no differences in developm ental 
tim e in single incubated  eggs [27] strongly suggests that the egg 
size asym m etry betw een A- and  B-eggs drives the reversal o f the 
hatching pattern . T h e  larger B-egg m ay get a  bette r incubation 
position an d  closer contact w ith the b rood  patch  (see [50] for a 
discussion on this subject) facilitating em bryonic developm ent.

W hen  in terpreting  the results, it has to be taken into account 
that the hatching failure was ra th e r high (70%, bu t see 
[13,14,51,52] for similar negative effects on  hatching successes 
with 61-69%  hatching failure). This m ay relate to a  high natural 
ra te  o f hatching failure that we previously observed for the entirely 
un trea ted  eggs o f this population  (34%, [27]). Yet, the hatching 
success also differed betw een treatm ents. T h e  mechanism(s) and  
cause(s) beh ind  this bias rem ain  unclear, bu t testosterone has been 
shown to cause developm ental arrest in em bryos o f o ther anim al 
species (see [53]). T h e  androgen  levels reached  after injection (an 
average increase o f 2.61 standard  deviations) could also have 
contributed  to the hatching failures, as the elevation is som ewhat 
higher th an  the 2 standard  deviations typically injected [36-38], 
T h e  observed negative effects on  hatchability  m ay, independently  
o f the mechanism(s) involved, form  a cost o f m aternal androgen 
deposition that has to be considered w hen discussing the costs and  
benefits o f yolk androgens. It m ay give rise to a  biased sample in 
the androgen-treated  group com pared to the control group, 
although the treatm ent groups did not differ in the mass, size and  
sex of chicks a t hatching, w hich argues against the idea that the 
treatm ent did select for the high quality offspring.
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Figure 2. Early survival o f th e  injected southern rockhopper penguin  chicks during th e  first 13 days after hatching. Differences are 
shown according to egg treatm ent (black lines: control eggs; grey lines: androgen-treated eggs) and the presence of a sibling chick in the nest 
(dashed lines: single chick without a sibling; solid lines: chick with a sibling). The sample size is given between brackets for each of these four groups. 
doi:10.1371/journal.pone.0042174.g002
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Chick g ro w th  a n d  survival
T h e  effect o f trea tm en t on  chick grow th and  survival differed 

according to the presence or absence of a  sibling, poin ting  towards 
nutritional lim itations in the context o f sibling com petition. T he 
androgen  trea tm en t benefitted chick grow th in interaction w ith the 
num ber o f  siblings in a  brood. In  the presence o f a  sibling, chicks 
from  androgen-treated  eggs h ad  faster grow th rates th an  chicks 
from  control eggs. U nder these circum stances they also had  a 
h igher survival probability. In  o ther words, chicks from  control 
eggs suffered m ore from  sibling com petition, in term s o f reduced 
grow th an d  survival, while chicks from  androgen-treated  eggs 
suffered m uch less from  sibling com petition. A lthough males grew 
m ore quickly than  females, as previously reported  in this species 
[39], we did no t find a  sex difference in the response to the 
androgen  trea tm en t (see [44,54,55], b u t see [49]).

As suggested by Eising et al. [13], the effect o f yolk androgens 
on  chick grow th and  survival could be a t least pardy  m ediated  by 
their effect on  sibling com petition. Similarly to plasm a androgens 
(see [56,57] for reviews), yolk androgens could increase aggressive 
behavioural traits [43] and  begging for paren tal food [33], 
providing a  com petitive advantage for B-chicks (see reviews in 
[8,10,11]). Yolk androgens m ay also directly accelerate growth 
and  developm ent [11], w hich in tu rn  allows bette r access to food 
resources (from feeding females) if  sibling com petition is size 
dependent. Alternatively, paren tal favouritism  in food allocation 
could have been  indirectly affected by the androgen treatm ent 
th rough  an  effect on p lum age or beak colouration for exam ple (but 
see [12]). T hese three  processes m ay have p rom oted  the early 
survival pa tte rn  observed in this study (see also [44,58]). Future 
studies including behavioural observations w ould be necessary to 
disentangle the effects o f  each o f these potential m echanism s.

In  conclusion, we did no t find any evidence th a t yolk androgens 
contribute to the reversed hatching p a tte rn  in southern rockhop­
per penguins. After hatching, however, we show th a t elevated yolk
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androgen  levels benefit the chicks in  term s o f their early growth 
and  to some extent survival in the context o f sibling com petition. 
This is in line with the idea th a t m aternal yolk androgens adjust 
offspring phenotype to specific environm ental conditions, implying 
th a t the costs an d  benefits o f yolk androgens depend on  the 
environm ental circumstances. T hese benefits m ay indeed have to 
be traded-off against the negative effects o f  elevated yolk 
androgens such as on hatchability. H igher yolk androgen  levels 
in B-eggs could be an  adaptive strategy for females to further 
enhance the superiority o f the (mostíy older an d  larger) B-chick, 
enabling a quicker elim ination o f A-chicks under unfavourable 
conditions. This m ay also explain why late clutches had  
proportionally  h igher androgen  levels in the B-egg th an  early 
clutches [30].
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