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A b st r a ct. — W h e n p r o visi o ni n g c hi c ks, p a r e nts t r a d e- off t h ei r ti m e, e n e r g y, a n d ot h e r r es o u r c es t o m a xi mi z e 
r e p r o d u cti v e s u c c ess. As p a r e nts a dj ust i n v est m e nt t o m a xi mi z e t h ei r fit n ess, i m p a cts o n offs p ri n g g r o wt h c a n o c c u r. 
W e i n v esti g at e d p r o visi o ni n g a n d c hi c k g r o wt h of A d éli e P e n g ui ns ( Py g oscelis a deli ae ) at o n e of t h e l a r g est c ol o ni es 
( ~ 1 7 5, 0 0 0 p ai rs ), d u ri n g o n e y e a r of n o r m al c hi c k g r o wt h a n d s u r vi v al a n d i n a y e a r w hi c h, b y c h a n c e, w as c h a r a c -
t e ri z e d b y l o w c hi c k g r o wt h a n d s u r vi v al ( “ dif fi c ult ” y e a r ). W e m e as u r e d d ail y a v e r a g e a m o u nt a n d q u alit y of f o o d 
d eli v e r e d, as w ell as f o r a gi n g-t ri p d u r ati o n, a n d c o m p a r e d t h e m t o c hi c k m ass a n d s k el et al g r o wt h d u ri n g t w o y e a rs 
of c o nt r asti n g c o n diti o ns. W e us e d mi x e d- eff e cts m o d els t o t est t h e p r e di cti o n t h at i n c r e as e d p a r e nt al i n v est m e nt 
w o ul d l e a d t o i n c r e as e d g r o wt h r at es, w hil e a c c o u nti n g f o r c o nf o u n di n g eff e cts. T h e r e w as n o e vi d e n c e of a n eff e ct 
of p a r e nt a g e. All p r o visi o ni n g m e as u r es p r e di ct e d g r o wt h of at l e ast o n e m o r p h ol o gi c al c h a r a ct e r b ut, es p e ci all y 
d u ri n g t h e y e a r of n o r m al r e p r o d u cti v e s u c c ess, n o p r o visi o ni n g m e as u r e st r o n gl y p r e di ct e d g r o wt h a c r oss m ost 
m o r p h ol o gi c al c h a r a ct e rs. H o w e v e r, d u ri n g t h e dif fi c ult y e a r p a r e nt al i n v est m e nt p ositi v el y aff e ct e d g r o wt h r at es, 
es p e ci all y f o r m al es t h at w e r e f e d r el ati v el y m o r e fis h. T h e o bs e r v e d v a ri ati o n i n g r o wt h r at es b et w e e n m al es a n d 
f e m al es, a n d b et w e e n y e a rs of c o nt r asti n g a p p a r e nt r es o u r c e a v ail a bilit y, w as l a r g e e n o u g h t o l e a d t o si z e diff e r-
e n c es t h at m a y s u bs e q u e ntl y aff e ct p ost- fl e d gi n g s u r vi v al a n d ulti m at el y p o p ul ati o n p r o c ess es. Recei ve d 2 9 J a n u ar y 
2 0 2 0, acce pte d 3 Se pte m ber 2 0 2 0.

K e y w o r d s. — A d éli e P e n g ui n, c hi c k g r o wt h, c hi c k p r o visi o ni n g, di et, st a bl e is ot o p es, p a r e nt al i n v est m e nt
W at e r bi r ds 4 4 ( 1 ): 5 5- 6 7, 2 0 2 1

G r o wt h  d u ri n g  t h e  j u v e nil e  st a g e  c a n  
h a v e i m p o rt a nt i m pli c ati o ns f o r s u bs e q u e nt 
s u r vi v al  a n d  fit n ess,  es p e ci all y  a m o n g  v e r-
t e b r at es  ( A r e n dt  1 9 9 7 ).  V a ri a bilit y  i n  f o o d  
a v ail a bilit y  a n d  q u alit y,  p r e d ati o n  p r ess u r e,  
w e at h e r a n d ot h e r f a ct o rs c a n aff e ct p a r e nts’ 
a bilit y  t o  d eli v e r  c al o ri es  t o  offs p ri n g,  p r o -
vi di n g  a  m e c h a nis m  f o r  t r a d e- offs  b et w e e n  
p a r e nts  m ai nt ai ni n g  t h ei r  o w n  c o n diti o n  
a n d  t h at  of  t h ei r  offs p ri n g  ( St e a r ns  1 9 8 9 ).  
If v a ri ati o n i n p a r e nt al i n v est m e nt c a n aff e ct 
t h e s u bs e q u e nt si z e o r p e rf o r m a n c e of off-
s p ri n g o n c e t h e y b e c o m e a d ults, a n d if t h e 
r e p r o d u cti v e s u c c ess of o n e s e x is m o r e s e n -
siti v e t o v a ri ati o n i n i n di vi d u al si z e ( m al es i n 
m a n y  v e rt e b r at es  b ut  s o m eti m es  f e m al es ),  
t h e n  p a r e nts  m a y  bi as  t h ei r  i n v est m e nt  t o-
w a r d offs p ri n g of o n e s e x o r t h e ot h e r b as e d 
o n  p a r e nt  c o n diti o n  ( Tri v e rs  a n d  Will a r d  
1 9 7 3 ).  T h e  Tri v e rs- Will a r d  h y p ot h esis  c a n  

b e e xt e n d e d t o i n cl u d e v a ri ati o n i n e n vi r o n -
m e nt al  c o n diti o ns  ( n ot  j ust  p a r e nt  c o n di -
ti o n )  t o  p r e di ct  t h at  w h e r e  m al e  offs p ri n g  
e x hi bit  f ast e r  g r o wt h  r at es  a n d  t h us  h a v e  
g r e at e r  n ut riti o n al  r e q ui r e m e nts,  p a r e nts  
m a y  u n d e ri n v est  i n  o r  e v e n  a b a n d o n  m al e  
offs p ri n g  u n d e r  c h all e n gi n g  c o n diti o ns  
( Cl utt o n- B r o c k et al. 1 9 8 5 ).

C ol o ni al  s e a bi r ds  a r e  s uit a bl e  f o r  st u d y -
i n g  t h e  i m p a cts  of  p a r e nt al  i n v est m e nt  o n  
r e p r o d u cti v e s u c c ess o wi n g t o ef fi ci e nt c ol -
l e cti o n  of  b e h a vi o r  a n d  p r o d u cti vit y  d at a  
f r o m  a  l a r g e  n u m b e r  of  i n di vi d u als  f a ci n g  
t h e  s a m e  e n vi r o n m e nt al  c o n diti o ns  ( As h-
m ol e  1 9 7 1;  Y d e n b e r g  a n d  B e rt r a m  1 9 8 9 ).  
T h e a m o u nt of f o o d s e a bi r d p a r e nts d eli v e r 
t o  t h ei r  c hi c ks  p e r  u nit  ti m e  g e n e r all y  d e-
c r e as es  as  f o r a gi n g  t ri p  d u r ati o n  i n c r e as es,  
b e c a us e p a r e nts utili z e m o r e of t h e r es o u r c -
es a c q ui r e d f o r t h ei r o w n m ai nt e n a n c e d u r -
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i n g  l o n g e r  t ri ps  ( W ei m e rs ki r c h et  al.  1 9 9 4;  
Ai nl e y et  al.  1 9 9 8;  G r a n a d ei r o  et  al.  1 9 9 8 ).  
S e a bi r d c hi c ks g r o w f ast e r a n d att ai n l a r g e r 
si z e w h e n t h e y r e c ei v e l a r g e r a n d m o r e f r e -
q u e nt a n d / o r hi g h e r q u alit y m e als ( S ali h o g -
l u et al. 2 0 0 1; C h a p m a n et al. 2 0 1 1 ), alt h o u g h 
m ass  a n d  s k el et al  g r o wt h  m a y  r es p o n d  dif -
f e r e ntl y t o v a ri ati o n i n di et ( L y o ns a n d R o b y 
2 0 1 1 ). D es pit e t h es e g e n e r al p att e r ns a c r oss 
s e a bi r ds, t h e r e is s u bst a nti al v a ri a bilit y i n t h e 
d e g r e e t o w hi c h p a r e nt c o n diti o n, offs p ri n g 
c o n diti o n,  a n d  e n vi r o n m e nt al  c o n diti o ns  
m a y i nt e r a ct t o i n fl u e n c e p a r e nt al c a r e a n d 
offs p ri n g g r o wt h, b ot h wit hi n a n d b et w e e n 
s p e ci es ( e. g. W ei m e rs ki r c h et al. 1 9 9 5; T v e r a a 
et al. 1 9 9 8; W e n d el n a n d B e c k e r 1 9 9 9 ).

W e  i n v esti g at e d  t h e  r el ati o ns hi ps  b e -
t w e e n  p r o visi o ni n g  a n d  c hi c k  g r o wt h  r at es  
of A d éli e P e n g ui ns ( Py g oscelis a deli ae ) i n o n e 
of t h e l a r g est c ol o ni es k n o w n f o r t h e s p e ci es 
( ~ 1 7 5, 0 0 0 b r e e di n g p ai rs at t h e ti m e of t h e 
st u d y ),  d u ri n g  t w o  y e a rs  w hi c h,  b y  c h a n c e,  
w e r e c h a r a ct e ri z e d b y c o nt r asti n g r e p r o d u c -
ti v e s u c c ess at t h e c ol o n y s c al e. W e s el e ct e d 
t h r e e as p e cts of c hi c k p r o visi o ni n g t h at r e p-
r es e nt t r a d e offs b et w e e n p a r e nt al i n v est m e nt 
a n d b e n e fits t o c hi c ks: ( 1 ) t h e p r o p o rti o n of 
hi g h- e n e r g y  fis h  i n  t h e  di et  p r o visi o n e d  t o  
c hi c ks; ( 2 ) t h e a v e r a g e a m o u nt of f o o d d e -
li v e r e d t o c hi c ks p e r d a y (i n c r e as e d f o o d d e-
li v e r y  r e p r es e nts  i n c r e as e d  p a r e nt al  i n v est-
m e nt ); a n d ( 3 ) t h e l e n gt h of f o r a gi n g t ri ps 
(s h o rt e r  f o r a gi n g  t ri ps,  l ess  ti m e  b et w e e n  
f e e di n gs, a n d t h e r ef o r e g r e at e r c hi c k f e e d-
i n g  f r e q u e n c y,  r e p r es e nts  g r e at e r  p a r e nt al  
i n v est m e nt ).  I n c r e as e d  f o o d  d eli v e r y  a n d  
s h o rt e r  f o r a gi n g  t ri p  d u r ati o n  w e r e  b ot h  
p r e vi o usl y  s h o w n  i n  t his  s p e ci es  t o  l e a d  t o  
l a r g e r c hi c ks ( C h a p m a n et al. 2 0 1 0 ), b ut als o 
t o  r e p r es e nt  i n c r e as e d  p a r e nt al  i n v est m e nt  
i n r e p r o d u cti o n, i n w hi c h p a r e nts p r o visi o n-
i n g  c hi c ks  wit h  l a r g e r  a n d  m o r e  f r e q u e nt  
m e als  l ost  m o r e  of  t h ei r  o w n  b o d y  m ass  
t h r o u g h t h e s e as o n t h a n p a r e nts w h o p r o vi-
si o n e d s m all e r, l ess f r e q u e nt m e als ( B all a r d 
et al. 2 0 1 0 ). T h e di et of a d ults a n d c hi c ks at 
t his  c ol o n y  d u ri n g  t h e  c hi c k- p r o visi o ni n g  
p e ri o d  h as  t w o  m ai n  c o m p o n e nts:  c r yst al  
k rill ( E u p h a usi a cr yst all or o p hi as ) a n d A nt a r c -
ti c sil v e r fis h (Ple ur a gr a m m a a nt arctic u m) . Dif-
f e r e n c es  b et w e e n  k rill  a n d  fis h  i n  r el ati v e  

a b u n d a n c e, p r e d at o r- a v oi d a n c e c a p a biliti es, 
a n d d e nsit y of a g g r e g ati o ns ( O’ B ri e n 1 9 8 7; 
F ui m a n et al. 2 0 0 2 ) m a y all c o nt ri b ut e t o t h e 
r el ati v e ef fi ci e n c y at w hi c h p a r e nt p e n g ui ns 
c a n  a c q ui r e  p r e y.  Sil v e r fis h  h a v e  a  hi g h e r  
li pi d  c o nt e nt  o r  e n e r g y  d e nsit y  t h a n  k rill  
( Ai nl e y et al. 2 0 0 3; C h a p m a n et al. 2 0 1 1 ), a n d 
A d éli e  P e n g ui ns  m a y  p r ef e r e nti all y  c h o os e  
hi g h e r li pi d f o o ds, w hi c h c a n b e i m p o rt a nt 
f o r c hi c k g r o wt h ( C h a p m a n et al. 2 0 1 0; Ai n-
l e y et  al. 2 0 1 8 ).  H o w e v e r,  k rill  a v ail a bilit y  
h as n e v e rt h el ess b e e n li n k e d t o A d éli e P e n -
g ui n p o p ul ati o n d y n a mi cs (i n t his c as e t h e 
l a r g e r  A nt a r cti c  k rill  (E u p h a usi a  s u per b a ), 
Tri v el pi e c e et al. 2 0 1 1; K o h ut et al. 2 0 1 4; b ut 
s e e  S aill e y  et  al.  2 0 1 3 ),  a n d  it  a p p e a rs  t h at  
n o A d éli e p o p ul ati o n f o r a g es e x cl usi v el y o n 
sil v e r fis h d u ri n g t h e b r e e di n g s e as o n (s u m -
m a r y  of  di ets  b y  l o c ati o n  i n  Ai nl e y  2 0 0 2 ).  
T h us, alt h o u g h k rill is cl e a rl y a n i m p o rt a nt 
c o m p o n e nt of A d éli e di et d u ri n g b r e e di n g, 
p e n g ui n  b r e e di n g  p r o d u cti vit y  a n d  c hi c k  
fl e d gi n g m ass c a n b e i n c r e as e d b y r e pl a ci n g 
k rill wit h fis h i n t h e di et ( Ai nl e y et al. 2 0 1 8 ) 
b ut p r o visi o ni n g e x cl usi v el y wit h fis h m a y b e 
m o r e c ostl y t o p a r e nts o wi n g t o i n c r e as e d ef -
f o rt, i. e., di vi n g d e e p e r ( Ai nl e y et al. 2 0 1 5 ). 
I n  t his  c o nt e xt  it  is  r e as o n a bl e  t o  p r o p os e  
t h at m o r e fis h i n t h e di et r e p r es e nts hi g h e r 
p a r e nt al i n v est m e nt i n r e p r o d u cti o n a m o n g 
A d éli e P e n g ui ns, b ut it is als o r e as o n a bl e t o 
p ost ul at e t h at a hi g h e r p r o p o rti o n of fis h i n 
t h e di et i n di c at es l o w e r k rill a v ail a bilit y.

W e p r e di ct e d t h at a hi g h e r p a r e nt al i n -
v est m e nt  w o ul d  b e  c o r r el at e d  wit h  m o r e  
r a pi d c hi c k g r o wt h. W e e v al u at e d t h e r el a -
ti v e  a bilit y  of  t h e  t h r e e  as p e cts  of  p r o vi-
si o ni n g (si z e, f r e q u e n c y, a n d c o m p ositi o n 
of p r o visi o n e d m e als ), as i n di c es of p a r e n -
t al  i n v est m e nt,  t o  e x pl ai n  o bs e r v e d  v a ri a-
ti o n  i n  g r o wt h  r at es  of  m al e  a n d  f e m al e  
c hi c ks i n t w o y e a rs of c o nt r asti n g p r o d u c -
ti vit y  at  t h e  c ol o n y  s c al e.  O u r  a n al ysis  i n-
cl u d e d p a r e nt a g e t o a c c o u nt f o r p ossi bl e 
a g e- r el at e d diff e r e n c es i n f o r a gi n g p e rf o r -
m a n c e a n d p a r e nti n g c a p a bilit y ( C a m a n d 
M o n n at 2 0 0 0; D a u nt et al. 2 0 0 7 ), a n d als o 
a c c o u nt e d f o r diff e r e n c es i n g r o wt h r at es 
r el at e d  t o  b r o o d  si z e  a n d  h at c hi n g  o r d e r 
( Ai nl e y  a n d  S c hl att e r  1 9 7 2;  B e c k e r  a n d  
Wi n k 2 0 0 3 ).
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M e t h o D S

St u d y S p e ci es a n d S yst e m

W e  st u di e d  A d éli e  P e n g ui n  p r o visi o ni n g  a n d  
c hi c k g r o wt h d u ri n g t h e a ust r al s u m m e rs of 2 0 1 2- 1 3 
a n d 2 0 1 3- 1 4 ( h e r e aft e r “ 2 0 1 2 ” a n d “ 2 0 1 3 ”, r es p e cti v e -
l y ) at C a p e C r o zi e r, R oss Isl a n d, A nt a r cti c a ( 7 7 ° 2 7  ́
1 5. 0 0 ʺ S, 1 6 9 ° 1 3 ʹ 4 5. 0 0ʺ E ). T his is o n e of t h e l a r g est 
c ol o ni es  of  t his  s p e ci es  wit h  a p p r o xi m at el y  1 7 5, 0 0 0  
b r e e di n g  p ai rs  at  t h e  ti m e  of  t his  st u d y  ( D u g g e r  et 
al.  2 0 1 0;  L y n c h  a n d  L a R u e  2 0 1 4 ).  A d éli e  P e n g ui ns  
r e g ul a rl y r ais e t w o c hi c ks at l e ast t o c r è c hi n g, t h at o c -
c u rs  mi d- w a y  i n  a  5 5  d a y  p ost- h at c h  p e ri o d  ( Ai nl e y  
2 0 0 2 ). O n R oss Isl a n d, t h e p r o p o rti o n of fis h i n t h e 
A d éli e P e n g ui n di et i n c r e as es as t h e c hi c k p r o visi o n -
i n g p e ri o d p r o g r ess es, li k el y d u e t o d e pl eti o n of k rill 
b ut p ossi bl y als o r el at e d t o c hi c k n e e ds ( Ai nl e y et al. 
2 0 1 8 ). At t h e c ol o n y s c al e, c hi c k g r o wt h, o r at l e ast 
fl e d gi n g m ass, is p ositi v el y r el at e d t o t h e a m o u nt of 
fis h i n t h e di et ( W hit e h e a d et al. 2 0 1 5; J e n ni n gs et al. 
2 0 1 6 ).

O u r fi rst y e a r of st u d y, 2 0 1 2, w as n o r m al i n t e r ms 
of  c hi c k  g r o wt h  a n d  r e p r o d u cti v e  s u c c ess.  B y  c h a n c e,  
2 0 1 3 a p p e a r e d t o b e at y pi c al b e c a us e p a r e nts w e r e li m -
it e d i n t h ei r a bilit y t o p r o visi o n t h ei r y o u n g, t h o u g h w e 
d o  n ot  k n o w  t h e  c a us e  of  t his.  N ot  o nl y  w e r e  o v e r all  
c hi c k g r o wt h r at es l o w e r, b ut t h e r e w e r e f e w e r t w o- c hi c k 
b r o o ds ( % b r o o ds wit h t w o c hi c ks i n n ests t h at w e m o n -
it o r e d: 8 3 % i n 2 0 1 2, 4 4 % i n 2 0 1 3 ). C al c ul at e d at t h e 
c ol o n y s c al e, 2 0 1 3 w as als o c h a r a ct e ri z e d b y l o w e r-t h a n-
a v e r a g e b r e e di n g p r o d u cti vit y ( c hi c ks p e r n est: 2 0 1 2 = 
0. 9 4, 2 0 1 3 = 0. 8 5; 2 0 0 6- 2 0 1 2 m e a n = 1. 0 5; G. B all a r d, D. 
G. Ai nl e y a n d K. M. D u g g e r, u n p u bl. d at a ).

T his  r es e a r c h  i n v ol v e d  n ests  f r o m  t w o  diff e r e nt  
g r o u ps  of  a d ult  A d éli e  P e n g ui n  t h at  h a v e  b e e n  i n di -
vi d u all y- m a r k e d as p a rt of l o n g-t e r m r es e a r c h. T h e fi rst 
g r o u p, k n o w n- a g e p a r e nts ( h e r e aft e r “ K A ”; s e e D u g g e r 
et  al. 2 0 0 6  f o r  d es c ri pti o n  of  l o n g-t e r m  b a n di n g  p r o -
g r a m ), w e r e b a n d e d j ust p ri o r t o fl e d gi n g; t h us a g e d u r -
i n g s u bs e q u e nt r et u r ns t o t h e c ol o n y w as k n o w n. T h e 
s e c o n d g r o u p, w ei g h b ri d g e p a r e nts ( h e r e aft e r “ W B ” ), 
n est i n o n e s u b- c ol o n y t h at is f e n c e d wit h t h e o nl y a c c ess 
o v e r a w ei g h b ri d g e ( a n el e ct r o ni c s c al e c o u pl e d wit h a 
di r e cti o n  s e ns o r  a n d  R a di o  F r e q u e n c y  I d e nti fi c ati o n  
a nt e n n a ). T h es e bi r ds w e r e i m pl a nt e d wit h a p assi v el y-
i nt e r r o g at e d  t r a ns p o n d e r  ( PI T  t a g ).  T h e  w ei g h b ri d g e  
r e c o r ds t h e i d e ntit y, di r e cti o n of t r a v el, m ass, d at e, a n d 
ti m e of W B p a r e nts as t h e y g o b a c k a n d f o rt h p r o visi o n-
i n g c hi c ks (f o r f ull W B d esi g n a n d us a g e s e e B all a r d et 
al.  2 0 1 0 ). T h e W B w as o p e r at e d f r o m e a rl y e g g-l a yi n g 
( N o v e m b e r ) t h r o u g h m ost of t h e c hi c k- r e a ri n g p e ri o d 
(l at e J a n u a r y ).

W B  n ests  w e r e  st u di e d  d u ri n g  b ot h  y e a rs.  D u ri n g  
2 0 1 3,  w e  i n cl u d e d  K A  n ests  t o  a d d r ess  t h e  p ossi bl e  
c o nt ri b uti o n  of  p a r e nt  a g e  t o  c hi c k  p r o visi o ni n g  a n d  
s u bs e q u e nt  g r o wt h  r at es.  N ests  f r o m  b ot h  g r o u ps  of  
p a r e nts  w e r e  s el e ct e d  s yst e m ati c all y  d u ri n g  e a rl y-  t o  
mi d-i n c u b ati o n t o r e p r es e nt a r a n g e of c h a r a ct e risti cs 
of b ot h t h e p a r e nts a n d t h e n est sit e (i nt e ri o r vs. e d g e 
of  s u b c ol o ni es ).  W e  s el e ct e d  W B  n ests  h a vi n g  at  l e ast  

o n e  PI T-t a g g e d  p a r e nt  (i d e nti fi e d  d u ri n g  i n c u b ati o n  
usi n g  a  h a n d h el d  r e a d e r ).  W e  m o nit o r e d  n ests  e v e r y  
1- 3  d a y  d u ri n g  i n c u b ati o n  t o  d et e r mi n e  h at c hi n g  d a y  
f o r all e g gs.

M o r p h ol o gi c al M e as u r e m e nts

At 1 0 d a ys p ost- h at c hi n g f o r t h e fi rst- h at c h e d c hi c k 
of e a c h b r o o d w e b e g a n t o c oll e ct m o r p h ol o gi c al m e a -
s u r e m e nts  a n d  i n di vi d u all y  m a r k e d  e a c h  c hi c k  wit h  
a  T- b a r  fis h  t a g  ( Fl o y  Ta gs  I n c.,  U S A ).  If  p r es e nt,  t h e  
s e c o n d- h at c h e d c hi c k w as als o m e as u r e d a n d t a g g e d o n 
t h e s a m e d a y t o a v oi d dist u r bi n g t h e n est a g ai n 1- 2 d a ys 
l at e r w h e n it r e a c h e d 1 0 d a ys ol d. T h e r e aft e r, w e r e p e at-
e d m o r p h ol o gi c al m e as u r e m e nts at 5- d a y i nt e r v als f o r 
t h e  r e m ai n d e r  of  t h e  5 0- 5 5  d a y  c hi c k  r e a ri n g  p e ri o d.  
B e c a us e  m ass,  a n d  s k el et al  a n d  bill  g r o wt h  r at es  m a y  
r es p o n d diff e r e ntl y t o r est ri ct e d c al o ri c i nt a k e ( L y o ns 
a n d R o b y 2 0 1 1 ), w e c oll e ct e d fi v e m o r p h ol o gi c al m e a -
s u r e m e nts  t o  r e p r es e nt  g r o wt h:  m ass  ( g )  a n d  l e n gt hs  
( m m )  of  ti bi ot a rs us,  f o ot,  fli p p e r  a n d  bill  ( m e as u r e -
m e nt m et h o ds d es c ri b e d i n J e n ni n gs et al. 2 0 1 6 ). Fis h 
t a gs w e r e r e m o v e d at t h e e n d of t h e m o nit o ri n g p e ri o d 
( > 5 0 d a y ).

W ei g h b ri d g e D at a

W e  us e d  W B  d at a  t o  d et e r mi n e  t w o  v a ri a bl es:  t h e  
a v e r a g e d ail y p r o visi o ni n g r at e t o e a c h c hi c k ( F O O D ), 
a n d  a v e r a g e d  f o r a gi n g  t ri p  d u r ati o n  ( F T D ).  If  b ot h  
a d ults f r o m a n est h a d a PI T t a g ( 2 4 of 4 5 n ests ), w e 
l u m p e d t h ei r p r o visi o ni n g d at a t o o bt ai n a si n gl e, a v e r-
a g e F O O D a n d F T D f o r t h e n est. W e c al c ul at e d F O O D 
as t h e m ass of t ot al f o o d ( g ) d eli v e r e d t o t h e n est di -
vi d e d b y t h e d u r ati o n of t h e f o r a gi n g t ri p a n d t h e n u m -
b e r of c hi c ks p r es e nt i n t h e n est at t h e ti m e of p a r e nt al 
a r ri v al. W e ass u m e d n o p a r e nt al di g esti o n of st o m a c h 
c o nt e nts d u ri n g t h ei r r el ati v el y s h o rt visits ( Cl a r k e e t al. 
2 0 0 2 ) t o t h e n est ( ~ 5 0 % of n est visits d u ri n g t his st u d y 
w e r e < 1 d a y; ~ 6 6 % w e r e < 2 d a ys ); t h us, t h e a m o u nt of 
f o o d d eli v e r e d t o t h e n est w as c al c ul at e d as t h e diff e r-
e n c e i n p a r e nt m ass ( g ) b et w e e n a n i n c o mi n g t ri p a n d 
t h e s u bs e q u e nt o ut g oi n g t ri p ( B all a r d et al. 2 0 0 1 ). B e-
c a us e w e l a c k e d a m et h o d t o esti m at e all o c ati o n of f o o d 
b et w e e n si bli n gs, w e ass u m e d it w as e v e nl y dist ri b ut e d. 
T his ass u m pti o n w as c o nsist e nt wit h p r e vi o us o bs e r v a -
ti o ns  of  e q u al  di visi o n  of  f o o d  l o a ds  a m o n gst  si bli n gs  
i n A d éli e P e n g ui ns e x c e pt i n ci r c u mst a n c es of r es o u r c e 
li mit ati o n  ( S p u r r  1 9 7 5;  Lis h m a n  1 9 8 5 ).  W e  a v e r a g e d  
F T D (t o t h e n e a r est 0. 1 d ) a c r oss t h e e nti r e c hi c k r e a r -
i n g  p e ri o d  f o r  e a c h  n est.  W e  i n cl u d e d  f o r a gi n g  t ri p  
d u r ati o n as a c o m p o n e nt of F O O D, a n d F T D al o n e, t o 
diff e r e nti at e t h e eff e cts of l a r g e r, l ess f r e q u e nt f e e di n gs 
f r o m r e g ul a r s m all m e als.

Di et C o m p ositi o n

St a bl e is ot o p e v al u es f r o m f e at h e rs c a n p r o vi d e i n -
f o r m ati o n o n di et wit hi n ~ 2 w e e ks p ri o r t o, a n d d u ri n g, 
f e at h e r  g r o wt h  ( B e a r h o p  et  al.  2 0 1 0 ).  A d éli e  P e n g ui n  
c hi c ks g r o w t w o pl u m a g es d u ri n g c hi c k r e a ri n g, at 1 2-
1 7 d a y a n d 2 5- 3 5 d a y p ost h at c h, b ot h of w hi c h a r e dis -
ti n g uis h a bl e f r o m e a c h ot h e r a n d f r o m n at al f e at h e rs 
( Ta yl o r 1 9 6 2; Ai nl e y 2 0 0 2 ). W e e v al u at e d is ot o p e v al u es 
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i n t h e f e at h e rs t h at w e r e g r o w n p ost- h at c hi n g, t o r e p r e-
s e nt di et of c hi c ks d u ri n g t h e p r o visi o ni n g p e ri o d. W e 
c o m bi n e d m at e ri al f r o m 3- 5 f e at h e rs c oll e ct e d f r o m t h e 
a b d o m e n  f o r  e a c h  g e n e r ati o n,  a n d  a v e r a g e d  is ot o p e  
v al u es  a c r oss  pl u m a g es  f o r  c hi c ks  f r o m  w hi c h  w e  c ol -
l e ct e d t w o s a m pl es. W e f o c us e d o n δ 1 5 N (t h e r ati o of t h e 
h e a v y a n d li g ht nit r o g e n is ot o p es, 1 5 N a n d 1 4 N; a n al ysis 
c o n d u ct e d b y t h e St a bl e Is ot o p e F a cilit y, U ni v e rsit y of 
C alif o r ni a D a vis ), r at h e r t h a n ot h e r is ot o pi c el e m e nts, 
b e c a us e  p r e vi o us  w o r k  h as  s h o w n  t h at  a  p ositi v e  r el a -
ti o ns hi p b et w e e n δ 1 5 N a n d t h e p r o p o rti o n of fis h i n t h e 
di et e xists at t h e c ol o n y s c al e o n R oss Isl a n d ( Ai nl e y et 
al.  2 0 0 3 ). D N A w as als o e xt r a ct e d f r o m t h e f e at h e rs t o 
d et e r mi n e s e x of e a c h c hi c k b y m ol e c ul a r m e a ns ( G rif -
f et hs et al. 1 9 9 8 ).

D at a A n al ysis

W e us e d t h e t w o-s a m pl e t-t est t o c o m p a r e t h e a v-
e r a g e  v al u es  of  t h e  p ri m a r y  e x pl a n at o r y  v a ri a bl es  of  
i nt e r est (δ 1 5 N, F O O D a n d F T D ) b et w e e n t h e t w o y e a rs 
of t h e st u d y t o p r o vi d e a d diti o n al c o nt e xt f o r t h e r e -
s ults of t h e m o d elli n g d es c ri b e d b el o w. W e c o n d u ct e d 
s e p a r at e  a n al ysis  f o r  e a c h  m o r p h ol o gi c al  c h a r a ct e r  
a n d st a rt e d b y esti m ati n g t h e d ail y g r o wt h r at e of e a c h 
c hi c k d u ri n g t h e li n e a r p h as e of g r o wt h. G r o wt h f o r all 
m o r p h ol o gi c al c h a r a ct e rs a p p e a r e d t o b e i n t h e li n e a r 
p h as e at t h e o ns et of m e as u r e m e nts ( 1 0 d a ys ol d ), as 
r e p o rt e d els e w h e r e f o r m ass g r o wt h ( Ai nl e y a n d S c hl at -
t e r 1 9 7 2; C uli k 1 9 9 4; C h a p m a n et al. 2 0 1 0 ). T o i d e ntif y 
t h e a g e at w hi c h li n e a r g r o wt h c e as e d f o r e a c h m e as u r e-
m e nt, w e fit a s e ri es of li n e a r m o d els ( m o r p h ol o gi c al 
m e as u r e m e nt ~ a g e ) t o t h e d at a of e a c h c hi c k, b e gi n -
ni n g wit h t h e e nti r e d at as et, t h e n usi n g r e d u c e d d at a 
s ets  t h at  i n c r e m e nt all y  e x cl u d e d  m e as u r e m e nts  f r o m  
t h e e n d of t h e s a m pl e p e ri o d ( e. g., f ull m e as u r e m e nt 
p e ri o d:  1 0- 5 5  d a ys;  m e as u r e m e nts  t h r o u g h  d a y  5 0  
o nl y: 1 0- 5 0 d a ys; m e as u r e m e nts t h r o u g h d a y 4 5 o nl y: 
1 0- 4 5  d a ys,  et c. ).  F o r  e a c h  m o r p h ol o gi c al  c h a r a ct e r,  
w e s el e ct e d t h e ti m e i nt e r v al f o r w hi c h R 2  v al u es w e r e 
m a xi mi z e d a c r oss t h e m aj o rit y of c hi c ks a n d v e ri fi e d 

t his s el e cti o n b y vis u all y e x a mi ni n g t h e fitt e d li n es pl ot-
t e d a g ai nst t h e r a w d at a. T h e li n e a r p h as e of g r o wt h w as 
t h us d et e r mi n e d t o b e 1 0- 4 0 d a y f o r m ass a n d fli p p e r, 
1 0- 3 5 d a y f o r ti bi ot a rs us a n d f o ot, a n d 1 0- 5 5 d a ys ( e n d 
of m e as u r e m e nts ) f o r bill. T h e sl o p e c o ef fi ci e nts f r o m 
t h es e  m o d els  w e r e  t a k e n  as  a n  esti m at e  of  t h e  d ail y  
g r o wt h r at e, d u ri n g t h e li n e a r p h as e, f o r e a c h m e as u r e -
m e nt f o r e a c h c hi c k.

W e t h e n e x pl o r e d t h e r el ati o ns hi ps b et w e e n d ail y 
g r o wt h  r at e  a n d  t h e  e x pl a n at o r y  v a ri a bl es  of  i nt e r est  
( Ta bl e 1 ). F o r n ests f r o m W B p a r e nts, w e h a d d at a o n 
F O O D, F T D, a n d δ 1 5 N; w hil e f o r n ests f r o m K A p a r e nts, 
w e  h a d  d at a  o n  p a r e nt  a g e  a n d  δ 1 5 N.  T h us,  w e  c o ul d  
n ot c o m p a r e t h e r el ati v e i m p o rt a n c e of all v a ri a bl es i n 
t h e s a m e c a n di d at e m o d el s et, a n d a n al ysis p r o c e e d e d 
i n t h r e e it e r ati o ns. Fi rst, w e us e d t h e e nti r e d at as et t o 
e v al u at e  t h e  r el ati o ns hi ps  b et w e e n  g r o wt h  r at es  a n d  
δ 1 5 N, utili zi n g t h e l a r g est p ossi bl e s a m pl e si z e. N e xt, w e 
us e d t h e W B s u bs et of d at a t o e v al u at e t h e r el ati v e i m -
p o rt a n c e of δ 1 5 N, F O O D a n d F T D i n p r e di cti n g g r o wt h 
r at es. Fi n all y, w e us e d t h e K A d at a s u bs et t o a c c o u nt f o r 
t h e r el ati v e eff e ct of p a r e nt a g e v e rs us δ 1 5 N i n p r e di ct -
i n g  g r o wt h.  B e c a us e  a g e- r el at e d  c h a n g es  i n  p a r e nt al  
q u alit y m a y n ot b e si m pl y li n e a r, w e als o i n cl u d e d c a n di -
d at e m o d els h a vi n g t h e q u a d r ati c eff e cts of p a r e nt a g e. 
T h e c o r r el ati o ns b et w e e n p r e di ct o r v a ri a bl es w e r e s m all 
e n o u g h t h at w e d et e r mi n e d all c o ul d b e c o nsi d e r e d t o -
g et h e r i n t h e s a m e m o d el.

W e  d e v el o p e d  c a n di d at e  m o d el  s ets  wit h  all  a d di -
ti v e c o m bi n ati o ns of t h es e p ri m a r y v a ri a bl es of i nt e r est 
pl us c hi c k s e x, y e a r, a n d h at c h o r d e r ( A, B o r S [si n -
gl et o n ] ). B as e d o n fi el d o bs e r v ati o ns a n d e vi d e n c e of 
f ast e r g r o wt h i n m al e c hi c ks (J e n ni n gs et al. 2 0 1 6 ), w e 
als o i n cl u d e d s o m e 2- a n d 3- w a y i nt e r a cti o ns i n v ol vi n g 
y e a r,  s e x  a n d  δ 1 5 N.  H o w e v e r,  3- w a y  i nt e r a cti o ns  w e r e  
n ot i n cl u d e d i n c a n di d at e m o d el s ets f o r t h e W B a n d 
K A s u bs ets d u e t o s a m pl e si z e c o nsi d e r ati o ns. All c o n -
ti n u o us c o v a ri at es w e r e d e e m e d a p p r o p ri at e t o i n cl u d e 
t o g et h e r as fi x e d eff e cts i n c a n di d at e m o d els ( a bs ol ut e 
v al u e of c o r r el ati o n b et w e e n all p ai rs ≤  0. 5 ). C a n di d at e 

T a bl e 1. N a m e s a n d b ri e f d e s c ri pti o n o f c o v a ri at e s u s e d t o m o d el A d éli e P e n g ui n ( P y g osc elis a d eli a e ) c hi c k g r o wt h 
at C a p e C r o zi e r, R o s s I sl a n d, A nt a r cti c a d u ri n g 2 0 1 2 a n d 2 0 1 3. Va ri a bl e s w e r e c o nti n u o u s u nl e s s ot h e r wi s e n ot e d. 
F o r t w o l e v el c at e g o ri c al v a ri a bl e s t h e l e v el c o d e d a s 0 w a s t h e r e f e r e n c e l e v el. W B st a n d s f o r w ei g h b ri d g e a n d K A 
st a n d s f o r K n o w n- a g e; b ot h a b b r e vi ati o n s r e f e r t o s u b s et s o f t h e d at a.

 M o d el V a ri a bl e n a m e D es c ri pti o n

Fi x e d eff e cts δ  1 5 N D elt a 1 5 Nit r o g e n;  t h e r ati o of 1 5 N t o 1 4 N, m e as u r e d i n ‰. A l a r g e r v al u e 
i n di c at es a g r e at e r p r o p o rti o n of di et c o m p os e d of fis h vs. k rill.

F O O D A v e r a g e a m o u nt of f o o d d eli v e r e d p e r c hi c k d a y - 1 ( g ); W B d at a s u bs et

F T D A v e r a g e f o r a gi n g t ri p d u r ati o n ( h ); W B d at a s u bs et; s a m e d at e r a n g es as 
F O O D

P a r e nt a g e P a r e nt a g e i n y e a rs; K A d at a s u bs et

S e x S e x of c hi c k; c at e g o ri c al; f e m al e c o d e d as r ef e n c e l e v el

Y e a r A ust r al s u m m e r; c at e g o ri c al; 2 0 1 2 c o d e d as r ef e r e n c e l e v el

H at c h o r d e r C at e g o ri c al;  c o d e d  as  t w o  d u m m y  v a ri a bl es  r e p r es e nti n g  w h et h e r  c hi c k  
w as h at c h e d 2 n d  ( B ) o r w as f r o m a si n gl e c hi c k n est ( S ), wit h 1 st h at c h e d 
c o d e d as t h e r ef e r e n c e l e v el

R a n d o m eff e cts N E S T N est i d e nti fi c ati o n c o d e; c at e g o ri c al; c hi c ks f r o m t h e s a m e n est r e c ei v e d 
t h e s a m e c o d e
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m o d els als o i n cl u d e d N est I D as a r a n d o m eff e ct t o a c -
c o u nt  f o r  l a c k  of  i n d e p e n d e n c e  b et w e e n  c hi c ks  f r o m  
t h e s a m e n est.

M o d el  s el e cti o n  b e g a n  b y  fitti n g  a  li n e a r  mi x e d-
eff e ct m o d el wit h t h e m ost s at u r at e d fi x e d- eff e cts st r u c -
t u r e (i. e., t h e m ost c o m pli c at e d i nt e r a cti o ns c o nsi d e r e d 
pl us all r e m ai ni n g a d diti v e v a ri a bl es ) a n d t h e N est I D 
r a n d o m  eff e ct.  T his  m o d el  w as  fitt e d  wit h  R est ri ct e d  
M a xi m u m Li k eli h o o d esti m ati o n t o d et e r mi n e i m p o r -
t a n c e of t h e r a n d o m eff e ct ( Z u u r et al. 2 0 0 9 ). N est I D 
w as  d e e m e d  u ni m p o rt a nt  i n  e x pl ai ni n g  g r o wt h  r at es  
if t h e esti m at e d r a n d o m- eff e ct v a ri a n c e w as > 2 o r d e rs 
of m a g nit u d e s m all e r t h a n t h e r esi d u al v a ri a n c e. If t h e 
r a n d o m eff e ct w as s u p p o rt e d as i m p o rt a nt i n t h e m ost 
s at u r at e d m o d el, w e fit t h e e nti r e c a n di d at e m o d el s et 
wit h M a xi m u m Li k eli h o o d Esti m ati o n t o d et e r mi n e t h e 
b est fi x e d- eff e ct st r u ct u r e a n d e v al u at e t h e r el ati v e i m -
p o rt a n c e of t h e fi x e d eff e cts. If t h e r a n d o m eff e ct w as 
d e e m e d u ni m p o rt a nt, t h e c a n di d at e m o d el s et w as r e -
g e n e r at e d as r e g ul a r li n e a r m o d els.

T o s el e ct t h e b est fi x e d- eff e ct m o d el st r u ct u r e, w e 
us e d  a n  i nf o r m ati o n  t h e o r eti c  a p p r o a c h  a n d  m ulti-
m o d el  i nf e r e n c e  ( B u r n h a m  a n d  A n d e rs o n  2 0 0 2 ).  W e  
s el e ct e d t h e m o d el h a vi n g t h e l o w est AI C

c
 v al u e ( AI C 

v al u e c o r r e ct e d f o r s m all s a m pl e si z e ) as t h e m o d el b est-
s u p p o rt e d  b y  t h e  d at a.  W e  e v al u at e d  t h e  e x pl a n at o r y  
p o w e r of t h e b est-s u p p o rt e d m o d els wit h c o n diti o n al R 2  
( N a k a g a w a a n d S c hi el z et h 2 0 1 3 ) o r a dj ust e d R 2  v al u es 
f o r m o d els wit h a n d wit h o ut t h e r a n d o m eff e ct f o r N est 
I D, r es p e cti v el y. W e e v al u at e d t h e st r e n gt h of r el ati o n -
s hi ps  b et w e e n  g r o wt h  r at es  a n d  v a ri a bl es  i n  t h e  b est  
m o d el b as e d o n t h e d e g r e e t o w hi c h 9 5 % c o n fi d e n c e 
i nt e r v als  ( CI;  b o otst r a p p e d  f o r  mi x e d  eff e cts  m o d els )  
f o r  t h e  c o ef fi ci e nts  of  t h es e  v a ri a bl es  di d  o r  di d  n ot  
o v e rl a p z e r o. All a n al ys es w e r e c o n d u ct e d i n R v e rsi o n 
3. 6. 0 ( R C o r e T e a m 2 0 1 9 ) a n d t h e l m e 4 p a c k a g e ( B at es 
et  al.  2 0 1 4 ).  Y e a r,  s e x,  h at c h  o r d e r  a n d  n est  I D  w e r e  
t r e at e d as c at e g o ri c al ( c o di n g i n Ta bl e 1 ), a n d all ot h e r 
v a ri a bl es  w e r e  t r e at e d  as  li n e a r  c o nti n u o us  v a ri a bl es.  
U nl ess ot h e r wis e n ot e d, m e a ns a r e e x p r ess e d wit h st a n -
d a r d e r r o r.

r e S u l t S

D at a s u m m a r y

W e m e as u r e d g r o wt h of 3 8 c hi c ks i n 2 0 1 2 
a n d 5 3 c hi c ks i n 2 0 1 3, i n cl u di n g 4 9 c hi c ks of 
W B p a r e nts a c r oss b ot h y e a rs, a n d 4 2 of K A 
p a r e nts i n 2 0 1 3 ( Ta bl e 2 ). T h e r e w as n o dif -
f e r e n c e i n 1 5 N v al u es b et w e e n t h e t w o y e a rs 
( 2 0 1 2: 1 0. 8 ± 0. 0 7, 2 0 1 3: 1 0. 9 ± 0. 0 9 ‰; t w o-
si d e d P - v al u e = 0. 0 8 ). A v e r a g e F T D w as l o n-
g e r ( 3 1. 0 ± 0. 0 7 vs.  4 7. 8 ± 0. 0 9 h; t w o-si d e d P -
v al u e < 0. 0 0 1 ) a n d F O O D w as g r e at e r ( 1 6 0. 5 
± 1 7. 4 1 vs.  2 5 7. 3 ± 3 6. 7 4 g d - 1; t w o-si d e d P -
v al u e = 0. 0 1 1 ) i n 2 0 1 3. H o w e v e r, t h e p att e r n 
i n F O O D w as d ri v e n b y m ostl y s m all v al u es 

i n 2 0 1 2 a n d a si n gl e l a r g e b ut still bi ol o gi c al-
l y- r e as o n a bl e v al u e ( 5 8 5 g d a y- 1) f o r F O O D 
i n  2 0 1 3;  all  ot h e r  2 0 1 3  v al u es  w e r e  wit hi n  
t h e  r a n g e  of  v al u es  o bs e r v e d  d u ri n g  2 0 1 2.  
T h e r e w as n o e vi d e n c e t h at t h e a m o u nt of 
f o o d  d eli v e r e d  p e r  d a y  d e c r e as e d  wit h  i n-
c r e asi n g F T D i n eit h e r y e a r (f o r t h e li n e a r 
m o d el F O O D ~ F T D * y e a r, F T D: = - 1. 1 2 9, 9 5 % 
CI = - 5. 0 0 0 t o 2. 7 4 2; y e a r: = 1 3 2. 7 3 6, 9 5 % CI 
=  - 1 1 5. 9 9 5  t o  3 8 1. 4 6 8;  F T D * y e a r:  =  - 0. 3 5 6,  
= - 6. 1 2 9 t o 5. 4 1 7 ). R at h e r, as p a r e nts m a d e 
l o n g e r t ri ps, t h e y b r o u g ht b a c k l a r g e r f o o d 
l o a ds t o m ai nt ai n r o u g hl y t h e s a m e a v e r a g e 
f o o d d eli v e r e d p e r d a y.

E v al u ati n g  t h e  eff e ct  of  1 5 N,  d at a  f r o m  
all  c hi c ks  t o g et h e r  w e r e  us e d  t o  e v al u at e  
t h e  r el ati o ns hi p  b et w e e n  g r o wt h  r at es  a n d  
1 5 N v al u e ( hi g h e r v al u e i n di c ati n g di et wit h 
m o r e fis h ), w hil e a c c o u nti n g f o r t h e eff e cts 
of s e x, y e a r, h at c h o r d e r, a n d n est I D. T h e ef -
f e ct of 1 5 N w as i n cl u d e d i n t h e b est s u p p o rt -
e d m o d els f o r m ass, fli p p e r a n d ti bi ot a rs us 
g r o wt h, a n d t h e c o n diti o n al R 2  ( e x pl a n at o r y 
p o w e r of fi x e d a n d r a n d o m v a ri a bl es ) o r R 2  
f o r t h es e r a n g e d f r o m 0. 6 6 t o 0. 1 5 ( Ta bl e 3 ). 
1 5 N w as l ess i m p o rt a nt i n e x pl ai ni n g bill a n d 
f o ot g r o wt h (i. e., n ot i n t h e b est-s u p p o rt e d 
m o d el, b ut i n m o d els wit h 0 < AI C c ≤  2; o n-
li n e A p p e n di x Ta bl e A 1 ).

A c r oss  t h e  t h r e e  m o r p h ol o gi c al  c h a r a c -
t e rs wit h 1 5 N i n t h e b est m o d el, t h e r e w e r e 
s o m e  si mil a riti es  i n  t h e  r el ati o ns hi ps  b e -
t w e e n 1 5 N  a n d  g r o wt h  r at es  ( Fi g.  1 ).  Fi rst,  
t h e st r o n g est eff e ct ( as j u d g e d b y m a g nit u d e 
of c o ef fi ci e nt a n d sl o p e of li n e f o r esti m at es 
i n Fi g. 1 ) w as a p ositi v e r el ati o ns hi p b et w e e n 
1 5 N  a n d  b ot h  m ass  a n d  ti bi ot a rs us  g r o wt h  
i n m al es d u ri n g 2 0 1 3, t h e y e a r w e o bs e r v e d 
sl o w e r  c hi c k  g r o wt h  a n d  l o w e r  b r e e di n g  

T a bl e 2. N u m b e r o f A d éli e P e n g ui n ( P y g osc elis a d eli a e ) 
c hi c k s  m e a s u r e d  f o r  e a c h  d at a  s u b s et  d e fi n e d  b y  s e x  
a n d st u d y y e a r at C a p e C r o zi e r, R o s s I sl a n d, A nt a r cti c a 
d u ri n g 2 0 1 2 a n d 2 0 1 3. W B st a n d s f o r w ei g h b ri d g e a n d 
K A st a n d s f o r K n o w n- a g e; b ot h a b b r e vi ati o n s r e f e r t o 
s u b s et s o f t h e d at a.

D at a s u bs et W B K A

Y e a r 2 0 1 2 2 0 1 3 2 0 1 2 2 0 1 3

M al e 1 9 8  n a 2 1

F e m al e 1 9 3  n a 2 1

T ot al 3 8 1 1 4 2
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s u c c ess  at  t h e  c ol o n y-s c al e.  F o r  b ot h  m ass  
a n d ti bi ot a rs us, t h e c o ef fi ci e nt f o r t h e 3- w a y 
s e x: y e a r:1 5 N i nt e r a cti o n w as p ositi v e, a n d t h e 
9 5 %  CI  e x cl u d e d  ( m ass )  o r  j ust  b a r el y  i n -
cl u d e d (ti bi ot a rs us ) z e r o ( o nli n e A p p e n di x 
Ta bl e  A 2 ).  R e c all  t h at  t h e  r ef e r e n c e  l e v els  
s e x a n d y e a r w e r e f e m al e a n d 2 0 1 2, s o t his 
c o ef fi ci e nt r e p r es e nts t h e st r o n g p ositi v e r e -
l ati o ns hi p b et w e e n 1 5 N a n d g r o wt h f o r m al es 
i n 2 0 1 3.

A  s e c o n d  si mil a rit y  a m o n g  t h es e  t h r e e  
m o r p h ol o gi c al  c h a r a ct e rs  w as  t h e  n e g ati v e  
r el ati o ns hi p  b et w e e n  1 5 N  a n d  g r o wt h  r at es  
f o r f e m al es i n o n e ( 2 0 1 3 o nl y f o r m ass ) o r 
b ot h y e a rs ( Fi g. 1 ). F o r m ass a n d ti bi ot a rs us 
t h e 9 5 % CI’s ass o ci at e d wit h t h e c o ef fi ci e nts 
f o r  f e m al es  i n cl u d e d  z e r o  ( o nli n e  A p p e n-
di x Ta bl e A 2 ), a n d t h e pl ott e d sl o p es w e r e 
r el ati v el y fl at ( Fi g. 1 ), i n di c ati n g l ess s u p p o rt 
a n d  w e a k e r  eff e cts  f o r  t h es e  n e g ati v e  r el a -
ti o ns hi ps t h a n f o r t h e p ositi v e r el ati o ns hi ps 
o bs e r v e d  f o r  m ass  a n d  ti bi ot a rs us  g r o wt h  
f o r m al es i n 2 0 1 3. Si mil a rl y, t h e r e w as o nl y 
w e a k  s u p p o rt  f o r  t h e  r el ati o ns hi p  b et w e e n  

1 5 N a n d g r o wt h f o r m al es i n 2 0 1 2. H o w e v e r, 
t h e r e w as st r o n g e r e vi d e n c e f o r t h e n e g ati v e 
r el ati o ns hi p b et w e e n 1 5 N a n d f e m al e fli p p e r 
g r o wt h i n 2 0 1 3 ( 9 5 % CI n ot i n cl u di n g z e r o ).

C o m p a ri n g t h e eff e ct of 1 5 N t o f o o d d eli v e r y

T h e  W B  d at a  s u bs et  i n cl u d e d  d at a  fr o m  
b ot h y e ars a n d w as us e d t o e v al u at e t h e i m -
p ort a n c e of F O O D a n d F T D, r el ati v e t o 1 5 N, 
i n pr e di cti n g c hi c k gr o wt h r at es. W B v ari a bl es 
w er e i n cl u d e d i n t h e b est m o d el f or m ass, ti b -
i ot ars us a n d f o ot gr o wt h ( Ta bl e 3 ). H o w e v er, 
e x pl a n at or y  p o w er  f or  t h e  b est  ti bi ot ars us  
a n d  f o ot  gr o wt h  m o d els  w as  l o w  ( Ta bl e  3 ),  
a n d s e v er al m o d els (i n cl u di n g t h e i nt er c e pt-
o nl y m o d el ) w er e hi g hl y c o m p etiti v e, i n di c at -
i n g  c o v ari at e  eff e cts  i n  t h e  b est  m o d els  f or  
t h es e d e p e n d e nt v ari a bl es w er e n ot str o n gl y 
s u p p ort e d ( o nli n e A p p e n di x Ta bl e A 1 ).

I n c o ntr ast t o ot h er m or p h ol o gi c al c h ar a c-
t ers, t h e b est-s u p p ort e d m o d el f or m ass gr o wt h 
h a d 3 ti m es m or e s u p p ort t h a n t h e 2 n d  a n d 3r d 
r a n k e d  m o d els  ( o nli n e  A p p e n di x  Ta bl e  A 1 )  
a n d a c o n diti o n al R 2  v al u e of 0. 4 5. I n t his m o d-

T a bl e 3. M o d el s el e cti o n r e s ult s f o r t h e r el ati o n s hi p s b et w e e n p r o vi si o ni n g a n d g r o wt h r at e s o f A d éli e P e n g ui n 
( P y g o s c eli s a d eli a e ) c hi c k s at C a p e C r o zi e r, R o s s I sl a n d, A nt a r cti c a d u ri n g 2 0 1 2 a n d 2 0 1 3. Fi x e d e ff e ct st r u ct u r e o f 
t h e b e st s u p p o rt e d m o d el f o r e a c h m o r p h ol o gi c al f e at u r e f o r e a c h d at a s u b s et. M o d el s wit h * al s o h a d N e st I D a s 
a r a n d o m e ff e ct. w

i 
i s t h e AI C c m o d el w ei g ht. R2  o r c o n diti o n al R2  ( f o r mi x e d e ff e ct s m o d el s) i s s h o w n w h e r e t h e 

v a ri a bl e s f o r i n f e r e n c e (i n b ol d) w e r e i n cl u d e d i n t h e b e st m o d el. W B st a n d s f o r w ei g h b ri d g e a n d K A st a n d s f o r 
K n o w n- a g e; b ot h a b b r e vi ati o n s r e f e r t o s u b s et s o f t h e d at a. δ 1 5 N r e f e r s t o t h e r ati o o f 1 5 N t o 1 4 N, F T D = F o r a gi n g 
Tri p D u r ati o n, F O O D r e f e r s t o m a s s o f f o o d d eli v e r e d p e r c hi c k p e r d a y.

W B a n d K A c o m bi n e d M o r p h o m et ri c f e at u r e M o d el st r u ct u r e * w
i

R 2

M ass * S e x * δ 1 5 N * Y e a r + H at c h o r d e r 0. 4 8 3 0. 6 6

Fli p p e r * S e x * δ 1 5 N  + Y e a r 0. 1 2 4 0. 2 7

Ti bi ot a rs us S e x * δ 1 5 N  * Y e a r 0. 3 8 3 0. 1 5

Bill S e x * Y e a r 0. 3 0 1  —

F o ot S e x 0. 1 3 3  —

W B g r o u p M o r p h o m et ri c f e at u r e M o d el st r u ct u r e * w
i

R 2

M ass * S e x + Y e a r + F O O D        0. 2 8 0 0. 4 5

Fli p p e r * S e x + Y e a r * δ 1 5 N          0. 0 8 —

Ti bi ot a rs us Y e a r * δ 1 5 N + F O O D        0. 0 9 3 0. 1 2

Bill S e x + Y e a r        0. 2 1 4  —

F o ot S e x + F T D        0. 1 1 0. 0 7

K A g r o u p M o r p h o m et ri c f e at u r e M o d el st r u ct u r e w
i

R 2

M ass H at c h o r d e r 0. 2 6 3  —

Fli p p e r δ 1 5 N + H at c h o r d e r 0. 1 7 4  —

Ti bi ot a rs us S e x * δ 1 5 N 0. 4 3 9  —

Bill P a r e nt a g e 0. 1 9 5 0. 1

F o ot S e x * δ 1 5 N + P a r e nt a g e  + P a r e nt a g e 2 0. 2 3 2 0. 2 8

* M o d el als o i n cl u d e d N est I D as a r a n d o m eff e ct.
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el, t h e c o ef fi ci e nt f or t h e eff e ct of F O O D w as 
p ositi v e a n d h a d 9 5 % CI t h at di d n ot i n cl u d e 
z er o, i n di c ati n g str o n g s u p p ort f or a r el ati o n -
s hi p b et w e e n m ass gr o wt h a n d F O O D. I n t his 
c as e, e a c h a d diti o n al gr a m of f o o d d eli v er e d 
p er  c hi c k  p er  d a y  w as  ass o ci at e d  wit h  a n  i n -
cr e as e i n m ass gr o wt h r at e of 0. 0 8 g d a y - 1 ( o n-
li n e A p p e n di x Ta bl e A 2 ) a n d t his r el ati o ns hi p 
w as t h e s a m e f or b ot h s e x es i n b ot h y e ars ( Fi g. 
2 ).  It  s h o ul d  b e  n ot e d  t h at  t h er e  w er e  o nl y  
t hr e e f e m al es i n t h e W B s a m pl e d uri n g 2 0 1 3, 
s o  t h er e  w as  li mit e d  i nf or m ati o n  t o  d et e ct  a  
s e x- b y- y e ar i nt er a cti o n if it e xist e d.

C o m p a ri n g t h e eff e ct of 1 5 N t o p a r e nt a g e

T h e  K A  d at a  s u bs et  w as  us e d  t o  e v al u at e  
t h e i m p ort a n c e of p ar e nt a g e, r el ati v e t o 1 5 N, 
i n pr e di cti n g c hi c k gr o wt h r at es d uri n g 2 0 1 3 
( d at a o nl y a v ail a bl e f or t his y e ar ). P ar e nt a g e 
w as s u p p ort e d as a n i m p ort a nt v ari a bl e i n pr e -
di cti n g f o ot a n d bill gr o wt h r at es b ut w as n ot 

i n cl u d e d i n t o p m o d els f or gr o wt h of a n y of 
t h e ot h er m or p h ol o gi c al c h ar a ct ers ( Ta bl e 3; 
o nli n e A p p e n di x Ta bl e A 1 ). F or b ot h of t h es e 
m or p h ol o gi c al  c h ar a ct ers  t h e  r el ati o ns hi p  
b et w e e n gr o wt h a n d p ar e nt a g e w as c o ntr ar y 
t o w h at w e pr e di ct e d; f o ot gr o wt h i niti all y d e-
cr e as e d wit h i n cr e asi n g p ar e nt a g e b ef or e i n -
cr e asi n g sli g htl y i n t h e ol d est p ar e nts, a n d bill 
gr o wt h w as sl o w er i n c hi c ks wit h ol d er p ar e nts 
( Fi g. 3 ). Alt h o u g h p ar e nt a g e w as i n cl u d e d i n 
c o m p etiti v e  m o d els  f or  ti bi ot ars us  a n d  fli p -
p er gr o wt h ( o nli n e A p p e n di x Ta bl e A 1 ), t h e 
m o d el  r a n ki n g  n o n et h el ess  i n di c at e d  m or e  
s u p p ort f or 1 5 N t h a n p ar e nt a g e i n pr e di cti n g 
gr o wt h of t h es e 3 m or p h ol o gi c al c h ar a ct ers.

D iS c u S S i o n

W e  m e as u r e d  t h r e e  as p e cts  of  p a r e nt al  
i n v est m e nt  d u ri n g  c hi c k  r e a ri n g:  1 )  a v e r-
a g e f o o d d eli v e r e d c hi c k - 1 d- 1 ( F O O D; m o r e 

Fi g u r e 1. R el ati o n s hi p s b et w e e n g r o wt h r at e s ( m a s s, fli p p e r a n d ti bi ot a r s u s) a n d δ 1 5 N ( r ati o o f 1 5 N t o 1 4 N; hi g h e r 
v al u e i n di c at e s hi g h e r p r o p o rti o n o f fi s h i n t h e di et) f o r all A d éli e P e n g ui n ( P y g osc elis a d eli a e ) c hi c k s m e a s u r e d at 
C a p e C r o zi e r, R o s s I sl a n d, A nt a r cti c a, d u ri n g 2 0 1 2 a n d 2 0 1 3. E sti m at e s ( s oli d li n e) a n d 9 5 % CI ( d a s h e d li n e s) a r e 
f r o m t h e b e st m o d el, a c r o s s t h e r a n g e o f δ 1 5 N v al u e s o b s e r v e d f o r e a c h s e x- y e a r g r o u p. H a s h m a r k s al o n g t h e x a xi s 
r e p r e s e nt r a w d at a. N ot e di ff e r e nt u nit s a n d s c al e s f o r y- a x e s.
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=  hi g h e r  i n v est m e nt );  2 )  a v e r a g e  f o r a gi n g  
t ri p  d u r ati o n  ( F T D;  s h o rt e r  =  hi g h e r  i n-
v est m e nt );  a n d  3 )  r el ati v e  c al o ri c  v al u e  of  
f o o d  p r o vi d e d  t o  c hi c ks  ( as  esti m at e d  b y  
1 5 N; hi g h e r = g r e at e r fis h: k rill r ati o = hi g h e r 
i n v est m e nt ).  W e  p r e di ct e d  t h at  g r e at e r  p a-
r e nt al i n v est m e nt w o ul d b e ass o ci at e d wit h 
f ast e r g r o wt h r at es, a n d t his p r e di cti o n w as 
p a rti all y s u p p o rt e d b y o u r d at a. F O O D w as 
p ositi v el y ass o ci at e d wit h m ass g r o wt h r at es 
f o r c hi c ks of b ot h s e x es d u ri n g b ot h y e a rs. 
F T D  w as  n e g ati v el y  r el at e d  t o  f o ot  g r o wt h  
r at es.  A n d  a  di et  c o nt ai ni n g  m o r e  fis h  
( hi g h e r c al o ri c v al u e ) w as p ositi v el y r el at e d 
t o m al e c hi c k m ass a n d fli p p e r g r o wt h d u r-
i n g t h e y e a r of r e d u c e d r e p r o d u cti v e s u c c ess 
( 2 0 1 3 ).  W e  als o  p r e di ct e d  f ast e r  g r o wt h  of  
c hi c ks r ais e d b y ol d e r p a r e nts, b ut o u r d at a 
i n di c at e d t h at c hi c ks f r o m y o u n g e r p a r e nts 
g r e w f ast e r t h a n c hi c ks f r o m ol d e r p a r e nts. 
T his is p e r h a ps s u g g esti v e of s e n es c e n c e i n 
ol d e r p a r e nts ( b ut s e e f o ot g r o wt h of c hi c ks 

f r o m v e r y ol d p a r e nts, Fi g. 3 a ) o r a l oss of 
p h e n ot y p es t h at o v e r-i n v est i n r e p r o d u cti o n 
as t h e p o p ul ati o n a g es ( L es c r o ël et al. 2 0 1 0; 
K a p p es et al. 2 0 2 1 ).

M al e A d éli e P e n g ui n c hi c ks i n t his st u d y 
g r e w f ast e r t h a n f e m al es, a n d i n a s e p a r at e 
a n al ysis of si n gl e s e x b r o o ds o nl y a p p e a r e d 
t o  h a v e  b e e n  p r o visi o n e d  wit h  m o r e  fis h  
t h a n  f e m al es  (J e n ni n gs  et  al.  2 0 1 6 ).  A v e r-
a g e F T D w as l o n g e r i n 2 0 1 3, a n d it m a y b e 
t h at a di et h a vi n g m o r e fis h w as r e q ui r e d t o 
m ai nt ai n t h e f ast e r m al e g r o wt h r at es w h e n 
t h e r e w as a g r e at e r ti m e b et w e e n i n di vi d u al 
f e e di n gs,  p e r h a ps  d u e  t o  l o w e r  a v ail a bil-
it y  of  k rill.  T h es e  c o n cl usi o ns  at  l e ast  p a r-
ti all y a g r e e wit h t h e e n e r g eti c m o d elli n g of 
C h a p m a n et al. ( 2 0 1 1 ), w h o f o u n d t h at t h e 
a d diti o n of hi g h e r li pi d sil v e r fis h c a n c o m -
p e ns at e  f o r  r e d u c e d  o v e r all  p r o visi o ni n g  
r at e. F e m al e c hi c ks, wit h t h ei r o v e r all sl o w e r 
g r o wt h  r at es,  m a y  h a v e  b e e n  l ess  s e nsiti v e  
t o  i n c r e as e d  ti m e  b et w e e n  f e e di n gs,  a n d  

Fi g u r e 2. R el ati o n s hi p s b et w e e n m a s s g r o wt h r at e a n d f o o d d eli v e r y r at e f o r A d éli e P e n g ui n ( P y g osc elis a d eli a e ) 
c hi c k s i n t h e W ei g h b ri d g e d at a s u b s et at C a p e C r o zi e r, R o s s I sl a n d, A nt a r cti c a, d u ri n g 2 0 1 2 a n d 2 0 1 3. E sti m at e s 
( s oli d li n e) a n d 9 5 % CI ( d a s h e d li n e s) a r e f r o m t h e b e st- s u p p o rt e d m o d el. H a s h m a r k s al o n g t h e x a xi s r e p r e s e nt 
r a w d at a.
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l ess  n e e d y  of  a  hi g h e r  li pi d  di et,  alt h o u g h  
t h e  o v e r all  n e g ati v e  eff e ct  of  a  hi g h e r  p r o-
p o rti o n of fis h i n t h ei r di et o n t h ei r g r o wt h 
r at es,  es p e ci all y  fli p p e r  g r o wt h,  s u g g ests  a  
p ot e nti al  t r a d e  off  i n  p a r e nt al  i n v est m e nt  
( p r ef e r e nti all y  f e e di n g  m al e,  o r  p e r h a ps  
l a r g e r c hi c ks t h at h a p p e n e d t o b e m al es ). It 
a p p e a rs  t h at  fli p p e r  g r o wt h  c o nti n u es  w ell  
aft e r fl e d gi n g f r o m t h e c ol o n y (J e n ni n gs et 
al.  2 0 1 6 ), s o it is u n cl e a r w h at eff e ct t his r e-
d u c e d fli p p e r g r o wt h m a y h a v e h a d o n f o r a g -
i n g o r s u r vi v al of r e c e ntl y fl e d g e d f e m al es i n 
2 0 1 3. O u r r es ults i n di c at e t h at s o m e p a r e nts 
m a y h a v e u n d e ri n v est e d i n offs p ri n g of t h e 
m o r e e x p e nsi v e s e x d u ri n g t h e c h all e n gi n g 
y e a r ( m al e c hi c ks f e d l ess fis h h a d t h e sl o w -
est m ass a n d ti bi ot a rs us g r o wt h r at es of a n y 
c hi c ks i n t h e st u d y ), w hi c h at l e ast p a rti all y 
a g r e es  wit h  t h e  Tri v e rs- Will a r d  h y p ot h esis.  
A d ult m al e A d éli e P e n g ui ns a r e r es p o nsi bl e 

f o r  e a rl y-s e as o n  t e r rit o r y  i niti ati o n  a n d  d e-
f e ns e, a n d l a r g e r i n di vi d u als a p p e a r t o h a v e 
a n  a d v a nt a g e  i n  t e r rit o ri al  c o nt ests  ( Ai nl e y  
2 0 0 2 ). It a p p e a rs t h at a d ult m al es als o h a v e 
a  di et  hi g h e r  i n  fis h  ( M ass a r o  et  al.  2 0 2 0 ),  
s o  t h es e  s e x  r el at e d  diff e r e n c es  i n  di et a r y  
r e q ui r e m e nts m a y p e rsist t h r o u g h lif e. P a r -
e nts w h o c a n n ot i n c r e as e i n v est m e nt i n m al e 
c hi c ks  d u ri n g  c h all e n gi n g  c o n diti o ns  m a y  
“ c ut  t h ei r  l oss es ”  b e c a us e  m al es  m a y  n e v e r  
a c hi e v e  a d e q u at e  r e p r o d u cti v e  s u c c ess  t o  
w a r r a nt e v e n n o r m al eff o rt. H o w e v e r, o u r r e -
s ults a n d i nt e r p r et ati o ns o n s e x- b as e d diff e r-
e n c es r el at e d t o F O O D a n d F T D d u ri n g t h e 
c h all e n gi n g y e a r s h o ul d b e t a k e n as p r eli mi -
n a r y, o wi n g t o t h e s m all e r s a m pl e si z e of W B 
n ests t h at y e a r (i n cl u di n g o nl y t h r e e f e m al e 
c hi c ks ). It s h o ul d als o b e n ot e d t h at o u r as -
s u m pti o n of e q u al f o o d dist ri b uti o n a m o n g 
si bli n gs  m a y  n ot  h a v e  h el d  if  p a r e nts  w e r e  

Fi g u r e 3. R el ati o n s hi p b et w e e n e sti m at e d g r o wt h r at e s ( f o ot a n d bill) a n d p a r e nt a g e f o r A d éli e P e n g ui n ( P y g osc elis 
a d eli a e ) c hi c k s i n t h e k n o w n- a g e d at a s u b s et at C a p e C r o zi e r, R o s s I sl a n d, A nt a r cti c a, d u ri n g 2 0 1 2 a n d 2 0 1 3. E sti -
m at e s ( s oli d li n e) a n d 9 5 % CI ( d a s h e d li n e s) a r e f r o m t h e b e st m o d el s, a c r o s s t h e r a n g e o f o b s e r v e d p a r e nt a g e 
v al u e s a n d f o r b ot h y e a r s c o m bi n e d. H a s h m a r k s al o n g t h e x- a xi s r e p r e s e nt r a w d at a. F o r f o ot, e sti m at e s a r e s h o w n 
at 2 v al u e s f o r 1 5 N t h at r e p r e s e nt e d t h e o b s e r v e d r a n g e f o r t hi s v a ri a bl e, a n d t h e h a s h m a r k s f o r e a c h s u b- pl ot s h o w 
all t h e d at a.
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li mit e d i n t h ei r a bilit y t o p r o visi o n t w o- c hi c k 
b r o o ds.  I n  W a n d e ri n g  Al b at r oss  ( Di o me de a 
e x ul a ns)  m al e  c hi c ks  als o  g r o w  f ast e r  b ut  
t h e y a r e als o f e d m o r e ( W ei m e rs ki r c h et al. 
2 0 0 0 ). H o w e v e r, w e b eli e v e t h at, if p r es e nt, 
t his p h e n o m e n o n w o ul d l ess e n t h e st r e n gt h 
of t h e r el ati o ns hi ps w e f o u n d.

T h e r el ati o ns hi ps w e o bs e r v e d b et w e e n 
p r o visi o ni n g a n d g r o wt h r at es a r e li k el y t o 
b e r el e v a nt n ot j ust t o e v e nt u al r e p r o d u c -
ti v e s u c c ess, b ut als o t o c hi c ks’ p ost- fl e d g-
i n g  s u r vi v al  a n d  fit n ess.  I n  t h e  w est e r n  
A nt a r cti c P e ni ns ul a, a diff e r e n c e i n m e a n 
fl e d gi n g m ass of o nl y 1 1 7 g ( ~ 5 % of fl e d g -
i n g m ass ) s e p a r at e d c hi c ks t h at r et u r n e d t o 
r e c r uit  i nt o  t h e  b r e e di n g  p o p ul ati o n  a n d 
t h os e t h at di d n ot ( C h a p m a n et al. 2 0 1 0 ). 
I n t h e R oss Isl a n d A d éli e P e n g ui n p o p ul a -
ti o n,  t h e  a v e r a g e  diff e r e n c e  b et w e e n  t h e  
t w o  g r o u ps  d u ri n g  2 0 0 1- 2 0 1 2  w as  2 2 0  g  
( ~ 6. 5 % )  a n d  c hi c ks  fl e d gi n g  at  a  h e a vi e r  
m ass di d h a v e a hi g h e r p r o b a bilit y of s u r -
vi vi n g ( Ai nl e y et al. 2 0 1 8 ). T h e diff e r e n c es 
o bs e r v e d  h e r e  i n  esti m at e d  d ail y  g r o wt h  
r at es  of  c hi c ks  t h at  w e r e  p r o visi o n e d  dif -
f e r e ntl y  ( m o r e  oft e n,  wit h  m o r e  f o o d,  o r  
wit h a p r o p o rti o n all y g r e at e r c o nt ri b uti o n 
of fis h ) w e r e g r e at e n o u g h t o a c hi e v e s u c h 
diff e r e n c es i n fl e d gi n g m ass ( W hit e h e a d et 
al . 2 0 1 5 ).

O u r  r es ults  als o  h a v e  i m p o rt a nt  i m pli -
c ati o ns  f o r  u n d e rst a n di n g  h o w  p a r e nts  
m o d ul at e  t h ei r  o w n  c o n diti o n  d u ri n g  
b r e e di n g. T h e v a ri ati o n i n F T D a n d F O O D 
w e  o bs e r v e d  a r e  of  a  m a g nit u d e  t h at  h as  
b e e n  li n k e d  t o  m e a ni n gf ul  v a ri ati o n  i n  
p a r e nt  c o n diti o n  t h r o u g h o ut  t h e  b r e e d -
i n g  s e as o n.  T h e  u p p e r  v al u es  f o r  b ot h  
v a ri a bl es a r e ass o ci at e d wit h l oss of p a r e nt 
m ass t h r o u g h o ut t h e p r o visi o ni n g p e ri o d, 
w hil e  l o w e r  v al u es  w e r e  ass o ci at e d  wit h  
m ass g ai n ( B all a r d et al. 2 0 1 0 ), a n d a 1 ‰ 
i n c r e as e  i n  δ 1 5 N  c o r r es p o n d e d  t o  a n  a p -
p r o xi m at e 1 0 % i n c r e as e i n t h e p r o p o rti o n 
of c hi c ks’ di et c o nt ri b ut e d b y fis h ( Ai nl e y 
et al. 2 0 0 3 ). W hil e n o d at a e xist t o di r e ctl y 
c o m p a r e  t h e  r el ati v e  c osts  t o  p a r e nts  of  
p r o visi o ni n g  wit h  k rill  vs.  fis h,  t his  diff e r -
e n c e i n p r o p o rti o n of fis h m a y b e c ostl y t o 
p a r e nts, as s e c u ri n g fis h m a y i n v ol v e d e e p -
e r di vi n g ( Ai nl e y et al. 2 0 1 5 ). T h us, t h es e 

r es ults  i d e ntif y  a  p ossi bl e  m e c h a nis m  f o r  
v a ri ati o n i n p a r e nt fit n ess b as e d o n p a r e n -
t al  f o r a gi n g  a bilit y  ( L es c r o ël  et  al.  2 0 1 0 ).  
W hil e F T D w as l o n g e r i n 2 0 1 3 t h a n 2 0 1 2, 
p e r h a ps  r el at e d  t o  f o o d  li mit ati o n,  it  w as 
n ot  l o n g e r  t h a n  is  g e n e r all y  t h o u g ht  t o  
b e  s uf fi ci e nt  t o  m ai nt ai n  c hi c k  g r o wt h  i n 
t his s p e ci es ( ~ 1- 2 d a ys; Cl a r k e et al. 2 0 0 2; 
B all a r d et al. 2 0 1 0 ). T h us, c o n diti o ns d u r-
i n g  2 0 1 3  w e r e  e vi d e ntl y  still  wit hi n  t h e  
r a n g e  of  v a ri a bilit y  t o  w hi c h  t his  s p e ci es  
is a d a pt e d, t h o u g h a p p a r e ntl y n ot all p a r-
e nts  c o ul d  c o p e  e q u all y  w ell  ( L es c r o ël  et 
al.  2 0 1 9  a n d  cit ati o ns  t h e r ei n  f o r  f u rt h e r 
t r e at m e nt  of  diff e r e n c es  i n  i n di vi d u al  
b r e e di n g  c a p a cit y ) b ut  q u alit y  i n  t h e  c o n -
t e xt of e n vi r o n m e nt al v a ri a bilit y h as r a r el y 
b e e n e v al u at e d. W e i n v esti g at e d t h e d e m o -
g r a p hi c r es p o ns es of a l o n g-li v e d s e a bi r d, 
t h e  A d éli e  p e n g ui n  ( P y g os c elis  a d eli a e.  
It a p p e a rs t h at t h e p a r e nts i n o u r s a m pl e 
w h o w e r e a bl e t o b r e e d d u ri n g 2 0 1 3 c o m -
p e ns at e d f o r a p p a r e nt r e d u c e d f o o d- a v ail -
a bilit y  b y  m a ki n g  sli g htl y  l o n g e r- d u r ati o n  
f o r a gi n g t ri ps w hil e m ai nt ai ni n g s uf fi ci e nt 
f o o d  d eli v e r e d  p e r  d a y,  a n d  t h ei r  c hi c ks  
g r e w f ast e r if f e d m o r e fis h.

W e s h o w e d t h at i n c r e asi n g p a r e nt al c a r e 
( wit h li k el y i m p a ct o n p a r e nt c o n diti o n ) i n a 
l o n g-li v e d s e a bi r d s p e ci es a p p e a r e d t o h a v e a 
st r o n g e r i n fl u e n c e o n c hi c k g r o wt h i n ti m es 
of a p p a r e nt r es o u r c e li mit ati o n, a n d t h at off -
s p ri n g  s e x  m a y  pl a y  a  r ol e  i n  t h e  t r a d e- off  
b et w e e n  t h es e  o pti mi z ati o ns.  T his  g r e at e r  
u n d e rst a n di n g of t h e c o ns e q u e n c es f o r off -
s p ri n g g r o wt h of t h e i nt e r a cti o n b et w e e n p a -
r e nt al  eff o rt  a n d  e n vi r o n m e nt al  v a ri a bilit y  
c a n  b e  p a rti c ul a rl y  i m p o rt a nt  f o r  t h e  m a n -
a g e m e nt a n d c o ns e r v ati o n of s p e ci es li vi n g 
i n hi g h l atit u d es o r ot h e r a r e as wit h i n c r e as-
i n gl y  u n p r e di ct a bl e  f o o d  a v ail a bilit y.  P e r-
h a ps wit h a hi g h e r q u alit y di et ( m o r e fis h ), 
A d éli e P e n g ui ns a r e b ett e r a bl e t o c o p e wit h 
y e a rs  of  g e n e r all y  l o w e r e d  p r e y  a v ail a bilit y,  
a n d miti g ati n g t h es e ‘t r o u g hs’ c o ul d b e o n e 
of t h e f a ct o rs b e hi n d t h ei r r a pi dl y i n c r e asi n g 
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m et a p o p ul ati o n of A d eli e P e n g ui ns. C o n d o r 1 0 5: 
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of A d eli e p e n g ui ns i n r el ati o n t o p a c k-i c e c o n di -
ti o ns i n t h e s o ut h e r n R oss S e a. P ol a r Bi ol o g y 2 0: 
3 1 1- 3 1 9.
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B u r n h a m,  K.  P.  a n d  D.  R.  A n d e rs o n.  2 0 0 2.  M o d el  
S el e cti o n a n d M ulti m o d el I nf e r e n c e: A P r a cti c al 
I nf o r m ati o n-t h e o r eti c A p p r o a c h, 2 n d e d. S p ri n g -
e r- V e rl a g, N e w Y o r k, U S A.

C a m, E. a n d J. Y. M o n n at. 2 0 0 0. St r ati fi c ati o n b as e d 
o n r e p r o d u cti v e st at e r e v e als c o nt r asti n g p att e r ns 
of  a g e- r el at e d  v a ri ati o n  i n  d e m o g r a p hi c  p a r a m -
et e rs i n t h e Kitti w a k e. Oi k os 9 0: 5 6 0- 5 7 4.

C h a p m a n,  E.,  E.  H of m a n n,  D.  P att e rs o n,  C.  Ri bi c  
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aff e cti n g  A d éli e  P e n g ui n  P y g oscelis  a deli ae  c hi c k  
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P e ni ns ul a.  M a ri n e  E c ol o g y  P r o g r ess  S e ri es  4 3 6:  
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c al St u di es i n O c e a n o g r a p h y 5 7: 5 4 3- 5 5 8.

Ci mi n o,  M.,  W.  F r as e r,  D.  P att e rs o n- F r as e r,  V.  S a b a  
a n d  M.  Oli v e r.  2 0 1 4.  L a r g e-s c al e  cli m at e  a n d  l o -
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t o n. 2 0 0 6. Eff e cts of fli p p e r b a n ds o n f o r a gi n g b e-
h a vi o r a n d s u r vi v al of A d eli e P e n g ui ns ( P y g oscelis 
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si mil a r o ut c o m es r e g a r dl ess of i n di vi d u al lif e- hist o r y 
st r at e g y. J o u r n al of A ni m al E c ol o g y 9 0: 9 3 1- 9 4 2.
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E c ol o g y 7 8: 7 9 8- 8 0 6.

Lis h m a n, G. S. 1 9 8 5. T h e f o o d a n d f e e di n g e c ol o g y of 
A d eli e P e n g ui ns ( P y g oscelis a deli ae ) a n d C hi nst r a p 
p e n g ui ns  ( P.  a nt arctic a )  at  Si g n e y  Isl a n d,  S o ut h  
O r k n e y  Isl a n ds.  Z o ol o gi c al  S o ci et y  of  L o n d o n  
2 0 5: 2 4 5- 2 6 3.

L y n c h, H. J. a n d M. A. L a R u e. 2 0 1 4. Fi rst gl o b al c e n -
s us of t h e A d éli e P e n g ui n. A u k 1 3 1: 4 5 7- 4 6 6.

L y o ns, D. E. a n d D. D. R o b y. 2 0 1 1. V ali d ati n g g r o wt h 
a n d d e v el o p m e nt of a s e a bi r d as a n i n di c at o r of 
f o o d  a v ail a bilit y:  c a pti v e- r e a r e d  C as pi a n  T e r n  
c hi c ks f e d a d li bit u m a n d r est ri ct e d di ets. J o u r n al 
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L y v e r,  P.  O.,  M.  B a r r o n,  K.  J.  B a rt o n,  D.  G.  Ai nl e y,  
A. P oll a r d, S. G o r d o n, S. M c N eill, G. B all a r d a n d 
P. R. Wils o n. 2 0 1 4. Tr e n ds i n t h e B r e e di n g P o p u -
l ati o n  of  A d éli e  P e n g ui ns  i n  t h e  R oss  S e a,  1 9 8 1-
2 0 1 2:  A  C oi n ci d e n c e  of  Cli m at e  a n d  R es o u r c e  
E xt r a cti o n Eff e cts. P L O S O n e 9: e 9 1 1 8 8.

M ass a r o, M., D. G. Ai nl e y, J. A. S a nt o r a, P. Q uillf el dt, 
A. L es c r o ël, A. W hit e h e a d, A. V a rs a ni, G. B all a r d 
a n d P. O. L y v e r. 2 0 2 0. Di et s e g r e g ati o n i n A d éli e 
p e n g ui ns: s o m e i n di vi d u als att e m pt t o o v e r c o m e 
c ol o n y-i n d u c e d  a n d  a n n u al  f o r a gi n g  c h all e n g es.  
M a ri n e E c ol o g y P r o g r ess S e ri es 5 4 6: 2 0 5- 2 1 8.

N a k a g a w a, S. a n d H. S c hi el z et h. 2 0 1 3. A g e n e r al a n d 
si m pl e m et h o d f o r o bt ai ni n g R 2  f r o m g e n e r ali z e d 
li n e a r mi x e d- eff e cts m o d els. M et h o ds i n E c ol o g y 
a n d E v ol uti o n 4: 1 3 3- 1 4 2.

O’ B ri e n, D. P. 1 9 8 7. D es c ri pti o n of es c a p e r es p o ns es 
of k rill ( C r ust a c e a: E u p a usi a c e a ), wit h p a rti c ul a r 
r ef e r e n c e t o s w a r mi n g b e h a vi o r a n d t h e si z e a n d 
p r o xi mit y of t h e p r e d at o r. J o u r n al of C r ust a c e a n 
Bi ol o g y 7: 4 4 9- 4 5 7.

R C o r e T e a m. 2 0 1 9. R: A l a n g u a g e a n d e n vi r o n m e nt 
f o r st atisti c al c o m p uti n g v. 2. 6. 0. R F o u n d ati o n f o r 
St atisti c al  C o m p uti n g,  Vi e n n a,  A ust ri a.  htt p: / /
w w w. R- p r oj e ct. o r g /, a c c ess e d 1 M a y 2 0 2 0.

S aill e y, S., H. D u c kl o w, H. M o ell e r, W. F r as e r, O. S c h o -
fi el d, D. St ei n b e r g, L. G a r zi o a n d S. D o n e y. 2 0 1 3. 
C a r b o n  fl u x es  a n d  p el a gi c  e c os yst e m  d y n a mi cs  
n e a r t w o w est e r n A nt a r cti c P e ni ns ul a A d éli e p e n -
g ui n c ol o ni es: a n i n v e rs e m o d el a p p r o a c h. M a ri n e 
E c ol o g y P r o g r ess S e ri es 4 9 2: 2 5 3- 2 7 2.

S ali h o gl u, B., W. F r as e r a n d E. H of m a n n. 2 0 0 1. F a c -
t o rs  aff e cti n g  fl e d gi n g  w ei g ht  of  A d éli e  p e n g ui n 
( P y g oscelis a deli ae ) c hi c ks: a m o d eli n g st u d y. P ol a r 
Bi ol o g y 2 4: 3 2 8- 3 3 7.

S c h o fi el d, O., H. W. D u c kl o w, D. G. M a rti ns o n, M. P. 
M e r e dit h,  M.  A.  M oli n e  a n d  W.  R.  F r as e r.  2 0 1 0.  
H o w d o p ol a r m a ri n e e c os yst e ms r es p o n d t o r a pi d 
cli m at e c h a n g e ? S ci e n c e 3 2 8: 1 5 2 0- 1 5 2 3.

S p u r r,  E.  B.  1 9 7 5.  B e h a vi o r  of  t h e  A d eli e  P e n g ui n  
c hi c k. C o n d o r 7 7: 2 7 2- 2 8 0.
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