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Modeling female haul-out in southern elephant seals ( M i r o u n g a  
l e o n i n a )  

A b s t r a c t  I n t r o d u c t i o n  

I t  i s  d i f f i c u l t  t o  a c h i e v e  g o o d  e s t i m a t e s  o f  p o p u -  
l a t i o n  s i z e  f o r  p i n n i p e d s  b y  d i r e c t  c o u n t s ,  b e c a u s e  
a  p a r t  o f  t h e  p o p u l a t i o n  i s  a t  s e a  a t  a n y  t i m e .  I n  
s o u t h e r n  e l e p h a n t  s e a l s  ( h Z i m u z g u  k m i n u ) ,  t h e  
e s t i m a t i o n  o f  p o p u l a t i o n  s i z e  i s  c a r r i e d - o u t  b y  
a p p l y i n g  a  c o r r e c t i o n  f a c t o r ,  c a l c u l a t e d  f r o m  l i f e  
t a b l e s ,  t o  t h e  n u m b e r  o f  f e m a l e s  h a u l e d - o u t  d u r i n g  
t h e  b r e e d i n g  s e a s o n .  D i f f e r e n t  m o d e l s  h a v e  b e e n  
p r o p o s e d  i n  t h e  l i t e r a t u r e  t o  e s t i m a t e  t h e  t o t a l  
n u m b e r  o f  f e m a l e s .  I n  t h i s  p a p e r ,  w e  c o n s i d e r  t h e  
m o d e l  p r o p o s e d  b y  R o t h e r y  &  M c C a n n  ( 1 9 8 7 )  f o r  
t h e  S o u t h  G e o r g i a  p o p u l a t i o n .  W e  a p p l i e d  t h e i r  
m o d e l  t o  a  f i v e  y e a r  d a t a  s e t  f o r  S e a  L i o n  I s l a n d  
( F a l k l a n d  I s l a n d s )  s o u t h e r n  e l e p h a n t  s e a l s .  W e  
t e s t e d  t h e  a s s u m p t i o n s  o f  t h e  m o d e l ,  a n d  f o u n d  
t h e m  t o  b e  r e a s o n a b l e .  W e  f i t t e d  t h e  m o d e l  t o  t h i s  
d a t a  s e t ,  a n d  o b t a i n e d  a n  e x c e l l e n t  f i t  i n  a l l  c a s e s ,  
b e t t e r  t h a n  o r  e q u a l  t o  o t h e r  m o d e l s  p r o p o s e d  i n  
t h e  l i t e r a t u r e .  T h e  p r e c i s i o n  o f  t h e  e s t i m a t i o n  
d e p e n d e d  m o s t l y  o n  t h e  d u r a t i o n  o f  f e m a l e s  p r e s -  
e n c e  o n  l a n d ,  w h i c h  i s  a  c o n s t a n t  o f  t h e  m o d e l .  A  
o n e  d a y  v a r i a t i o n  i n  s t a y - l e n g t h  p r o d u c e d  a  4 %  
v a r i a t i o n  i n  t h e  e s t i m a t e  o f  t h e  t o t a l  n u m b e r  o f  
f e m a l e s .  W h e n  a  g o o d  m o d e l  o f  t h e  h a u l o u t  p r o c e s s  
i s  a l r e a d y  a v a i l a b l e  f o r  t h e  p o p u l a t i o n ,  e v e n  a  
s i n g l e  c o u n t  c l o s e  t o  t h e  p e a k  o f  t h e  s e a s o n  i s  
e n o u g h  t o  e s t i m a t e  t h e  t o t a l  n u m b e r  o f  f e m a l e s  
( *  2 % ) .  W h e n  s u c h  a  m o d e l  i s  t o  b e  e s t i m a t e d  
d i r e c t l y  f r o m  d a t a ,  a t  l e a s t  8  c o u n t s  d i s t r i b u t e d  
a l o n g  t h e  s e a s o n  a r e  n e e d e d  t o  h a v e  g o o d  r e s u l t s .  
T h e  m o d e l  w a s  n o t  o n l y  a  g o o d  d e s c r i p t i o n  o f  t h e  
h a u l o u t  p r o c e s s  a t  t h e  p o p u l a t i o n  l e v e l ,  b u t  i t s  
a p p l i c a t i o n  t o  a  s e t  o f  d a i l y  c o u n t s  o f  s i n g l e  
h a r e m s  d e m o n s t r a t e d  t h a t  i t  w a s  a l s o  u s e f u l  a t  
s u b - p o p u l a t i o n  l e v e l .  

K e y  w o r d s :  H a u l - o u t ,  p o p u l a t i o n  s i z e ,  m o d e l s ,  
h a r e m  s i z e ,  s o u t h e r n  e l e p h a n t  s e a l ,  M ~ I Y I U I T ~ U  
l e o n i n u .  

J ”  X K ) l  E A A M  

T h e  e s t i m a t i o n  o f  p o p u l a t i o n  s i z e  i n  p i n n i p e d s  i s  
c o m p l i c a t e d  b y  t h e  f a c t  t h a t ,  a t  a n y  t i m e ,  o n l y  p a r t  
o f  t h e  p o p u l a t i o n  i s  h a u l e d - o u t ,  w h i l e  t h e  r e s t  i s  a t  
s e a ;  h e n c e ,  c o m p l e t e  c o u n t s  o f  a l l  i n d i v i d u a l s ,  o f  a l l  
s e x  a n d  a g e  c l a s s e s ,  a r e  a l m o s t  i m p o s s i b l e  t o  
a c h i e v e  ( E b e r h a r d t  e t  c d . ,  1 9 7 9 ;  E r i c k s o n  e t  u l . ,  
1 9 9 3 ) .  T h e  e s t i m a t i o n  o f  p o p u l a t i o n  s i z e  i s  u s u a l l y  
c a r r i e d - o u t  b y  c o u n t i n g  s p e c i f i c  a g e  a n d  s e x  c l a s s e s  
o f  t h e  p o p u l a t i o n  a t  a  s p e c i f i c  t i m e  o f  t h e  y e a r l y  
c y c l e .  T h e n ,  a  c o r r e c t i o n  f a c t o r  c a l c u l a t e d  f r o m  t h e  
s e x  a n d  a g e  s t r u c t u r e  o f  t h e  p o p u l a t i o n  i s  a p p l i e d  t o  
t h e s e  c o u n t s  t o  e s t i m a t e  t h e  w h o l e  p o p u l a t i o n  s i z e .  

E s t i m a t i o n  o f  t h e  t o t a l  p o p u l a t i o n  s i z e  i n  s o u t h -  
e r n  e l e p h a n t  s e a l s  ( M i r m q u  l w n i n u )  i s  u s u a l l y  
c a r r i e d - o u t  s t a r t i n g  f r o m  c o u n t s  o f  f e m a l e s  h a u l e d -  
o u t  d u r i n g  t h e  b r e e d i n g  s e a s o n  ( M c C a n n ,  1 9 8 5 ) .  
E l e p h a n t  s e a l s  s h o w  a  v e r y  r e g u l a r  p a t t e r n  o f  
b r e e d i n g  e v e n t s ,  b o t h  a t  t h e  p o p u l a t i o n  a n d  t h e  
i n d i v i d u a l  l e v e l  ( L e  B o e u f  &  L a w s ,  1 9 9 4 ) .  D a i l y  
v a r i a t i o n  i n  t h e  n u m b e r  o f  f e m a l e s  h a u l e d - o u t  t o  
b r e e d  f o l l o w s  a  b e l l - s h a p e d  c u r v e  w i t h  a  m a x i m u m  
l o c a t e d  i n  t h e  s a m e ,  o r  a l m o s t  t h e  s a m e ,  d a y  i n  
d i f f e r e n t  s e a s o n s  ( B a r r a t  &  M o u g i n ,  1 9 7 8 ) .  E a c h  
f e m a l e  s h o w s  a  r e g u l a r  s e q u e n c e  o f  h a u l - o u t ,  p a r -  
t u r i t i o n ,  n u r s i n g  o f  t h e  p u p ,  c o p u l a t i o n  a n d  r e t u r n  
t o  s e a .  T h i s  s e q u e n c e  i s  n o t  o n l y  v e r y  s i m i l a r  a m o n g  
f e m a l e s  d u r i n g  t h e  s a m e  b r e e d i n g  s e a s o n ,  b u t  i t  i s  
a l s o  v e r y  s i m i l a r  f r o m  y e a r  t o  y e a r  f o r  t h e  s a m e  
f e m a l e  ( G a h m b e r t i ,  u n p u b l i s h e d  d a t a ) .  T h e  t i m e  
i n t e r v a l s  b e t w e e n  b r e e d i n g  e v e n t s  a r e ,  h e n c e ,  q u i t e  
h o m o g e n e o u s  b o t h  w i t h i n  a n d  b e t w e e n  p o p u -  
l a t i o n s ,  a l t h o u g h  t h e r e  i s  s o m e  v a r i a t i o n  r e l a t e d  t o  
d i f f e r e n c e s  i n  p h e n o t y p e  a n d  b r e e d i n g  e f f o r t  
( A r n b o m  e t  u l . ,  1 9 9 7 ;  G a l i m b e r t i ,  u n p u b l i s h e d  
d a t a ) .  T h e  r e g u l a r i t y  o f  t h e  b r e e d i n g  p a t t e r n  s h o w n  
b y  c o u n t s  o f  h a u l e d - o u t  f e m a l e s  i s  t h e  p o p u l a t i o n -  
l e v e l  r e s u l t  o f  t h e  r e p e a t a b i l i t y  i n  t h e  t i m i n g  
c o m p o n e n t s  o f  i n d i v i d u a l  b r e e d i n g  s t r a t e g i e s .  
T h i s  r e g u l a r i t y  p e r m i t s  s i m p l e  m o d e l l i n g  o f  t h e  



a p p a r e n t l y  c o m p l e x  p a t t e r n  o f  f e m a l e s  a r r i v i n g  t o  
l a n d  a n d  d e p a r t u r i n g  t o  s e a ,  T h i s ,  i n  t u r n ,  p e r m i t s  
t h e  e s t i m a t i o n  o f  t h e  t o t a l  n u m b e r  o f  f e m a l e s  u s i n g  
o n l y  a  f e w  c o u n t s ,  o r  e v e n  a  s i n g l e  c o u n t ,  o f  t h e  
n u m b e r  o f  f e m a l e s  h a u l e d - o u t  d u r i n g  s p e c i f i c  d a y s  
o f  t h e  s e a s o n ,  T h e  a p p r o x i m a t e  s i z e  o f  t h e  w h o l e  
p o p u l a t i o n  c a n  b e  e s t i m a t e d  f r o m  t h e  t o t a l  
n u m b e r  o f  f e m a l e s  b y  a p p l y i n g  a  c o r r e c t i o n  f ’ a c t o r  
c a l c u l a t e d  f r o m  l i f e  t a b l e s  ( M c C a n n ,  1 9 8 5 ) .  

D i f f e r e n t  m o d e l s  h a v e  b e e n  p r o p o s e d  t o  f i t  t h e  
b e l l - s h a p e d  c u r v e  o f  t h e  n u m b e r  o f  f e m a l e s  h a u l e d -  
o u t  ( V a n  A a r d e ,  1 9 8 0 ;  P a s c a l ,  1 9 7 9 ,  1 9 8 5 ) .  A l l  t h e s e  
m o d e l s  a r c  b a s i c a l l y  e m p i r i c a l  m o d e l s ,  i n  t h a t  t h e y  
s i m p l y  f i t  t o  d a t a  a  s i m p l e  m o d e l  t h a t  p e r m i t s  a  
c o m p a c t  a n d  e f f i c i e n t  d e s c r i p t i o n  o f  t h e  d a t a .  
R o t h c r y  &  M c C a n n  ( 1 9 8 7 )  p r o p o s e d  a  m o d e l  ( R M  
m o d e l  h e r e a f t e r )  t h a t  i s  d i r e c t l y  r o o t e d  i n  t h e  b r e e d -  
i n g  b i o l o g y  o f  t h e  s p e c i e s .  I n  t h e i r  m o d e l ,  t h e  
p r o p o r t i o n  o f  f e m a l e s  h a u l e d - o u t  d u r i n g  e a c h  d a y  
o f  t h e  b r e e d i n g  s e a s o n  w a s  t h e  d i f r e r e n c e  b e t w e e n  
t h e  e x p e c t e d  p r o p o r t i o n  o f  t w o  c u m u l a t i v e  n o r m a l  
c u r v e s ,  d e f i n e d  b y  t h e  m e a n  a n d  t h e  s t a n d a r d  
d e v i a t i o n  o f  t h e , d i s t r i b u t i o n  o f  a r r i v a l s ,  a n d  s h i f t e d  
b y  t h e  m e a n  l e n g t h  o f  t h e  f e m a l e  p r e s e n c e  o n  l a n d .  
H e n c e ,  t h e  p r o p o r t i o n  o f  f e m a l e s  h a u l e d - o u t  d u r i n g  
e a c h  d a y  o f  t h e  s e a s o n  d e p e n d s  d i r e c t l y  o n  t h e  
l e n g t h  o f  t h e  p r e s e n c e  o n  l a n d ,  w h i c h  i s  i n  t u r n  a  
p o p u l a t i o n  a v e r a g e d  m e a s u r e  o f  t h e  i n d i v i d u a l  
b r e e d i n g  e f f o r t .  R o t h e r y  &  M c C a n n  ( 1 9 8 7 )  t e s t e d  
t h i s  m o d e l  o n  a  s i n g l e  d a t a  s e t  o f  d a i l y  c o u n t s  f r o m  
a  s i n g l e  a r e a  o f  t h e  S o u t h  G e o r g i a  p o p u l a t i o n ,  a n d  
t h e n  a p p l i e d  i t  t o  o t h e r  a r e a s  t h a t  h a d  b e e n  c o u n t e d  
o n c e  o r  a  f e w  t i m e s  d u r i n g  a  b r e e d i n g  s e a s o n  ( s e e  
a l s o  B o y d  et d., 1 9 9 6 ) .  I n  t h i s  p a p e r ,  w e  t e s t  t h e  
a s s u m p t i o n s  o f  t h e  R o t h e r y  &  M c C a n n  m o d e l  
u s i n g  f i v e  y e a r  o f  d a t a  f r o m  t h e  e l e p h a n t  s e a l s  
p o p u l a t i o n  a t  S e a  L i o n  I s l a n d  ( F a l k l a n d  I s l a n d s ) .  
W e  a p p l i e d  t h e  m o d e l  t o  e s t i m a t e  t h e  t o t a l  n u m b e r  
o f  f e m a l e s  h a u l e d - o u t  d u r i n g  t h e  w h o l e  b r e e d i n g  
s e a s o n ,  a n d  w e  c o m p a r e d  i t  t o  o t h e r  m o d e l s  o f  t h e  
h a u l - o u t  p r o c e s s .  W e  c h e c k e d  t h e  p r e c i s i o n  o f  t h e s e  
e s t i m a t e s  w i t h  a n  i n d c p c n d c n t  e s t i m a t e  c a l c u l a t e d  
f r o m  i n d i v i d u a l  r e c o r d s  o f  m a r k e d  f e m a l e s .  L a s t l y ,  
w e  e v a l u a t e d  i f  t h e  m o d e l  w a s  e l e c t i v e  a t  t h e  
s u b - p o p u l a t i o n  l e v e l ,  b y  u s i n g  d a i l y  c o u n t s  o f  a  
l a r g e  s a m p l e  o f  h a r e m s .  

M a t e r i a l s  a n d  M e t h o d s  

T h e  p a r a m e t e r s  o f  t h e  R M  m o d e l  ( E q u a t i o n  I )  a r e :  
( I )  t h e  t o t a l  n u m b e r  o f  f e m a l e s  h a u l e d - o u t  d u r i n g  
t h e  s e a s o n  ( N , , ) ;  ( 2 )  t h e  m e a n  o f  t h e  d i s t r i b u t i o n  o f  
a r r i v a l s  ( p ) ;  ( 3 )  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  d i s t r i -  
b u t i o n  o f  a r r i v a l s  ( 0 ) ;  a n d  ( 4 )  t h e  m e a n  l e n g t h  o f  
t h e  p r e s e n c e  o n  l a n d  o f  f e m a l e s  ( S ) :  

T h e  m o d e l  w a s  a p p l i e d  b y  a s s u m i n g  s o m e  c o n s t a n t  
v a l u e  o f  t h e  p r e s e n c e  o n  l a n d  ( e . g . ,  3 0  d a y s  i n  
R o t h e r y  &  M c C a n n ,  1 9 8 7  a n d  2 7  d a y s  i n  B o y d  
et cd., l 9 9 6 ) ,  a n d  t h e n  e s t i m a t i n g  t h e  r e m a i n i n g  
t h r e e  p a r a m e t e r s  b y  l e a s t - s q u a r e s  f i t t i n g  t o  t h e  
o b s e r v e d  c o u n t s .  

F i e l d  w o r k  w a s  c a r r i e d - o u t  a t  S e a  L i o n  I s l a n d ,  
t h e  m a i n  b r e e d i n g  s i t e  o f  e l e p h a n t  s e a l s  i n  t h e  
F a l k l a n d  I s l a n d s  ( G a l i m b e r t i  et ul., 2 0 0 1 )  f r o m  
I 9 9 5  t o  1 9 9 9 .  T h e  n u m b e r  o f  f e m a l e s  o n  l a n d  
d u r i n g  e a c h  d a y  o f  t h e  1 2  w e e k s  o f  t h e  b r e e d i n g  
s e a s o n  w a s  c a l c u l a t e d  f r o m  c o u n t s  c a r r i e d - o u t  d a i l y  
b y  w a l k i n g  a l o n g  t h e  w h o l e  p e r i m e t e r  o f  t h e  a r e a  
u s e d  b y  s e a l s .  E a c h  b r e e d i n g  g r o u p  w i t h i n  t h e  s t u d y  
a r e a  w a s  c o u n t e d  r e p e a t e d l y ,  u s i n g  t a l l y  c o u n t e r s ,  
u n t i l  c o n v e r g e n c e  o f  t w o  c o n s e c u t i v e  c o u n t s  w a s  
a c h i e v e d .  B r e e d i n g  g r o u p s  i n  t h e  s t u d y  a r e a  w e r e  
r a t h e r  s m a l l  ( m e d i a n  a t  p e a k  h a u l - o u t = 3 1  f e m a l e s )  
a n d  s c a t t e r e d ,  a n d ,  h e n c e ,  t h e y  w e r e  e a s y  t o  c o u n t .  
A r o u n d  p e a k  h a u l - o u t ,  w h e n  g r o u p s  w e r e  b i g g e r ,  
c o u n t s  w e r e  c r o s s - v a l i d a t e d  b y  i n d e p e n d e n t  c o u n t -  
i n g  b y  t w o  o r  m o r e  p e o p l e .  T h e  c o u n t s  w e r e  c o n -  
d u c t e d  f r o m  t h e  t i m e  o f  t h e  a r r i v a l  o f  t h e  f i r s t  
f e m a l e  u n t i l  t h e  d e p a r t u r e  o f  t h e  l a s t  o n e .  T h e  d a t e  
o f  e a c h  c o u n t  w a s  e x p r e s s e d  a s  n u m b e r  o f  d a y s  
f r o m  I S e p t e m b e r  i n c l u s i v e .  T h e  p a t t e r n  o f  h a u l - o u t  
o f  t h e  p o p u l a t i o n  i n  d i f f e r e n t  y e a r s  w a s  a l m o s t  
p e r f e c t l y  s y n c h r o n i z e d  ( o b s e r v e d  p e a k  h a u l - o u t  o n  
I 9  O c t o b e r  i n  I 9 9 5  a n d  1 9 9 6 ,  o n  2 0  O c t o b e r  i n  1 9 9 7  
t o  1 9 9 9 ) .  

A l l  f e m a l e s  i n  t h e  p o p u l a t i o n  w e r e  m a r k e d  w i t h  
o n e  o r  m o r e  c a t t l e  t a g s  ( u s u a l l y  t w o  J u m b o  R o t o -  
t a g s ,  D a l t o n  S u p p l i e s  L t d . )  i n  t h e  r e a r  f l i p p e r s ;  m o s t  
( 7 0 - 8 5 % )  a l s o  w e r e  m a r k e d  w i t h  h a i r  d y e  ( u p  t o  
f o u r  m a r k s  p e r  f e m a l e )  s o o n  a f t e r  t h e i r  a r r i v a l  o n  
l a n d ,  t o  i m p r o v e  r e c o g n i t i o n  d u r i n g  c o u n t s  a n d  
b e h a v i o u r a l  o b s e r v a t i o n s .  I n f o r m a t i o n  o n  t h e  
r e p r o d u c t i v e  s t a t u s  o f  f e m a l e s  w a s  c o l l e c t e d  f o r  
m o s t  i n d i v i d u a l s ,  a n d  b r e e d i n g  e v e n t s  w e r e  
r e c o r d e d  d u r i n g  r e g u l a r  b e h a v i o u r d l  o b s e r v a t i o n s  
( 9 6 2 - 1 2 9 4  h o u r s  p e r  y e a r )  a n d  ul /ibitum. 

A d d i t i o n a l  i n f o r m a t i o n  o n  b r e e d i n g  e v e n t s  w a s  
c o l l e c t e d  b y  m a r k i n g  e v e r y  p u p  i n  t h e  p o p u l a t i o n ,  a  
f i r s t  t i m e  w i t h i n  2 4 - h  f r o m  b i r t h  a n d  a g a i n  a s  s o o n  
a s  t h e  p u p  w a s  p u s h e d - o u t  f r o m  t h e  h a r e m  a f t e r  
w e a n i n g .  

T o t a l  n u m b e r  o f  f e m a l e s  b r e e d i n g  d u r i n g  e a c h  
s e a s o n  w a s  c a l c u l a t e d  f r o m  i n d i v i d u a l  r e c o r d s  o f  
m a r k e d  f e m a l e s .  T h e  i n t e n s i v e  m a r k i n g  o f  b o t h  
f e m a l e s  a n d  p u p s ,  t h e  s m a l l  s i z e  o f  t h e  p o p u l a t i o n ,  
a n d  t h e  o b s e r v a t i o n a l  p r o t o c o l  m a d e  t h i s  e s t i m a t e  
a c c u r a t e  a n d  p r e c i s e  f o r  e a c h  y e a r  o f  s t u d y .  T h e  
l e n g t h  o f  t h e  p r e s e n c e  o n  l a n d  w a s  c a l c u l a t e d  f r o m  
d a i l y  s e r i a l  r e c o r d s  o f  m a r k e d  f e m a l e s ,  i n c l u d i n g  
o n l y  t h e  f e m a l e s  f o r  w h i c h  c o m p l e t e  r e c o r d s  ( i . e . ,  
d a i l y  o b s e r v a t i o n  f r o m  a r r i v a l  t o  d e p a r t u r e  i n c l u -  
s i v e )  w e r e  a v a i l a b l e .  A d d i t i o n a l  d e t a i l s  o n  t h e  
c o u n t i n g  a n d  m a r k i n g  p r o t o c o l s  w e r e  r e p o r t e d  i n  
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Galimberti and Boitani (1999) together with details 
of estimation of time intervals between breeding 
events 

We fitted mod& by least-squares using an itera- 
tive procedure (sequential quadratic programming 
or Levenberg-Marquardt algorithm). Models were 
easily fitted in most cases, achieving convergence in 
less than 20 iterations. We estimated standard 
errors of parameters using both asymptotic 
approximation and bootstrap (with 500 re- 
samplings). Asymptotic and bootstrap standard 
errors were very similar in all cases, with boot- 
strapped errors being only slightly larger. After 
model fitting, we checked plots of residuals for 
normality and homogeneity of variances, We tested 
normality of variables and residuals using the 
ShapiroWilk test, 

Model fitting and statistical analysis, including 
simulations, were carried-out using SPSS 6.1 (SPSS 
Inc.) and Stata 5.0 (STATA Corporation). 

Results 

The RM model estimates the proportion of females 
hauled-out daily during the breeding season by 
assuming that the distribution of arrivals on land 
occurs according to a normal distribution. We 
verified this assumption by visual examination of 
normal plots and by standard tests. The distribu- 
tion of arrival-day showed a slight positive skew 
(i.e.. the density of arrivals was more concentrated 
in the right tail of the distribution than expected 
from the normal distribution), with a skewness 
index ranging from 0.10 to 0.56 (mean=O.29). The 
distributions were also leptokurtic (i.e., the distri- 
bution of arrivals had a higher peak than expected), 
with a kurtosis index ranging from 3.21 to 3.80 
(mean=3.49). Shapiro-Wilk test demonstrated a 
large deviation from normality for two years (1995: 
W=O.9818, z=3.196, P=O.O007, and 1998: W= 
0.9806, z=4,i50. P<O.OOOl), a slight deviation for 
one year (1999: W=O.9921, z=l.874, P=O.O305) 
and no deviation in the remaining two years 
(1996: W=O.9960, z=O.620, P=O.27, and 1997: 
W=O.9960, z=O.465, P=O.32). It should be kept in 
mind that we tested large samples of arrival days (N 
ranging from 302 to 481). and that ShapirooWilk 
test is very sensitive to deviations from normality 
with large samples. Visual inspection of distribu- 
tions showed that the main difference from a nor- 
mal distribution were long tails, with most of the 
deviation from normality occurring due to outliers 
at the extremes of the spread of the distribution. 

In the RM model, the same distribution was used 
to model both the arrival and the departure process, 
i.e., the distribution of departures is assumed to 
have the same shape and spread as the distribution 

of arrivals. The two distributions are assumed to 
differ just in the location, with departures distribu- 
tion shifted by the length of presence on land. To 
test this assumption, we compared the observed 
distribution of arrivals and departures for each year 
(excluding I995 in which estimates of departures 
were less reliable). We subtracted the year-specific 
mean length of presence on land from the departure 
day, to allow for the shift in location of the two 
distributions. We tested the difference between 
distributions using the Kolmogorov-Smirnov test. 
Distribution of arrivals and departures were 
not significantly different in 1996 (D=O.O535, 
P=O.495), I997 (D=O.O529, P=O.502) and 1999 
(D=O.O598, P=O.413), but they were in 1998 
(D=O.l205, P=O.O02). In 1998, the right tail of the 
departures distribution was shorter than the corre- 
sponding tail of the arrivals distribution, with late 
breeding females spending less time on land. This 
effect was evident also during the other three years, 
but much more pronounced in 1998. 

The estimation of the RM model requires the 
specification of the length of presence on land as a 
model constant. Interannual comparisons should 
utilize a constant value for the different seasons. 
This is reasonable if the standard error of the mean 
on-land time is small, and if this mean value is 
almost constant across seasons. For the five years 
of this study, we calculated a pooled mean of 27.2 
days (SD=3.36, N = 1553). Length of presence was 
not homogeneous among years (ANOVA: 
F d,,sdE=10.826, P<O.OOOl) and its mean value 
ranged from 26.5 to 28.1. This last value was from 
1995 data, and was based on a smaller sample 
(N=l48 in 1995 versus N=330-387 in the remain- 
ing years). Standard error of the mean was small 
from 1996 to I999 (SE ranging from 0.164 to 
0.191); it was slightly larger in 1995 (SE=O.284), 
again due to the smaller sample size. We found 
various pairwise differences among years. Using 
Games and Howell pust-hoc pairwise tests (to 
account for heteroscedasity), 5 of the IO compari- 
sons among years were signihcant at 0.05 level 
(1995 vs 1996, 1995 vs 1997, I996 vs 1999, 1997 vs 
1998 and 1999). 

Fitting qf the RA4 modd to population datu 
We fitted the RM model to daily counts for each 
breeding season, from I995 to 1999, using ycar- 
specific estimates of the length of presence on land. 
Fitting was excellent in ah cases, with adjusted 
coefficients of determination above 0.998, and small 
standard errors for all parameters (Table I). We 
repeated the fitting procedure using a common 
estimate of length (S=27.17 days, mean for five 
years), and obtained similar tits (R’ above 0.998 in 
all cases). Pammeters and standard errors obtained 
with the constant S were very similar to the ones 



Table 1. Estimated parameters and standard errors for the Rothery & McCann (I 987) model. 

Year 

=. 
2 

1995 28.10 0.998 1 32.6879 0.0588 0.0775 8.3579 0.0886 0.1106 504.58 1 I 2.1430 2.5324 > 

1996 26.8 1 0.9990 33.1971 0.043 I 0.0574 8.8836 0.0614 0.0863 541.3108 I.6800 I.9852 

1997 26.51 0.9982 35.5091 0.0583 0.0703 9.1647 0.081 I 0.1015 569.0143 2.3615 2.8802 
; 

I998 27.27 0.9992 36.0065 0.0401 0.0458 9.2754 0.0563 0.0533 559.1288 I .5635 I.6838 - : 

I999 27.80 0.9994 36.6496 0.0329 0.0426 9.2390 0.0469 0.0588 542.6S73 1.2384 I.5912 5’ 

S: mean length ofpresencc on land; R*: adjusted coeficient of determination; u: mean day of the arrivals distribution, with standard error (SE) and bootstrapped standard 
errors (SE,,); o: standard deviation in days of the arrivals distribution; and Nr,: number of females hauled-out during the whole season, 
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Figure I. Fit of the Rothery & McCann (1987) model to Sea Lion Island count of southcrn clcphant 
seals. Each panel. a breeding season frorm I995 to 1998, shows the counts and the fitted nlodel in the 
hottoni gj-aph. and the residuals ol’the fit in the top graph. Date ofthe season nleasured in days front 
I scptcrlltxl-. 

obt:tined with year-specilic S. For tnod& with 
year-specific S. tncan value of residuals ranged from 
- O.S7 to +0.37, with a minimutn from ~ 18.90 to 
~ 9.58 and a maximunl from + Il.25 to +23.00. 
Residuals were normaHy distributed in four of five 
years (Shapiro-Wilk test: P ranging from 0.07 to 
0.76). white for 1997 a slight deviation from 
normality was detected (WzO.9682. z= 1.799, 

P=O.O36). Visual examination of scatterplots 
showed no clear deviation from randomness of 
residuals, at least in the central part of the scatter 
(Fig. 1). 

We fitted our data to some other mod& of the 
ha&out process, that were proposed in the titera- 
ture. Firstly, we fitted a simple quadratic model 
using least-squares (a parabola curve, Van Aarde 
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N , , S L :  n u m b e r  o f  f e m a l e s  h a u l e d - o u t  a s  a h m a t e d  b y  t h e  R M  m o d e l  ( R o t h e r y  &  M c C a n n ,  1 9 8 7 )  w i t h  c o n s t a n t  l e n g t h  o f  
p r e s e n c e  o n  l a n d ;  N , + :  n u m b e r  o f  f e m a l e s  h a u l e d - o u t  a s  c s t l m a t c d  b y  t h e  R M  m o d e l  w i t h  y e a r - s p e c i f i c  l e n g t h  o f p r c s c n c c  
o n  l a n d :  a n d  N , I c ) , , , :  n u m b e r  o f  f c m a l c s  h a u l e d - o u t  a s  c a l c u l a t e d  f r o m  i n d i v i d u a l  records of m:lrked females. 

1980). The fit was poor for all years, with much 
smaller coefficient of determination than for the 
RM model (R’ from 0.67 to 0.71). The model 
severely underestimated the maximum number of 
females ha&d-out (  ~  36.8% to ~ 42.8%). Then. 
we fitted polynomial models (Pascal, 1979) with 
orders from 3 to IO. For our counts, cubic models 
provided poor tits (R’ ranging from 0.765 to 0.853). 
Models up to order 5 underestimated the maximum 
number of females hauled-out, and models up to 
order 7 produced negative fitted values in the time 
range of the breeding season. A polynomial of 
order 8 was needed to produce a fit without un- 
reasonable values. The effectiveness of polynomials 
of high order was checked by applying an auto- 
matic procedure to counts, that fits a large number 
of mod& producing an ordering of them based on 
fitting quality statistics. The best models were poly- 
nomials of order 2 7, that, produced an accurate fit 
for the whole duration of the breeding season. 
Lastly, we tittcd the Gaussian model proposed by 
Hindcll & Burton (l988), which was previously 
applied to a smaller set of counts of the Sea Lion 
Island population (Galimberti & Boitani, 1999). 
This model includes as parameters the maximum 
number of females hauled-out during the peak day 
of the season. the mean of the distribution of 
haul-out. and the standard deviation of this distri- 
bution. The distribution of haul-outs is then mod- 
elled according to a normal distribution. The fitting 
of the model was excellent in all cases (R’ from 
0.9962 to 0.9982), standard errors wcrc small, and 
residuals were normal and homogeneous in the time 
span of the season. 

l!3;/17~1/;01? o/' to/u1 nutfllx~~ 0 f ' f i w 1 & 5  lluLlldollt 

The final goal of the RM model was to obtain a 
(Toed estimate of the total number of fcmalcs 
hauled-out during the whole season. Hence, we 
compared the estimates of N,, obtained with the 
RM model (both with constant and year-specific 
length of the presence on land) with the observed 

N,, obtained from individual records of marked 
females. The mean error of the first estimate was 
+ 10 females, while for the second estimate was +2 
females (Table 2). The deviation of the estimated 
value from the observed value had a mean of 1.86% 
for the single S estimate and a mean of 1.87% for 
the year-specific S estimate. From the parameters 
estimated by the RM model, we calculated the 
year-specific maximum proportion of females 
hauled-out in a single day (the day of the peak 
haul-out), which is 2@(S/2~) ~ I (Rothery & 
McCann, 1987). We then compared these estimates 
to the observed maximum proportions calculated 
from daily counts. The estimated proportions had a 
mean of 0.870, while the mean of observed propor- 
tions was 0,886. The RM model slightly underesti- 
mated the proportion of females hauled-out at peak 
in four of five years, with a percent difference 
(observed estimated) from - 0.87”% to 3.11% 
(mean = I .75%). 

In most practical situations, the total number of 
females can only be estimated using a single or few 
counts. The variation of model residuals showed 
variation of the quality of the fit through the 
season. Hence, we checked the effect of day of the 
count on the estimation of total number of females. 
For each year, using the parameters estimated from 
the model, we calculated the expected proportion of 
females on land. From these proportions, and from 
the corresponding daily counts, we calculated for 
every day of the season an estimate of the total 
number of females (N,,). We then analyzed the 
precision of N,, estimates in different time windows 
around the peak haul-out. The difference between 
the estimated number and the actual number (from 
records of marked females) was large toward the 
extremes of the season, but was always in the 
5 10% range for its central part (Fig. 2). 

We used a change-point test (Siegel & Castellan, 
1988) to determine if the variation in the trend of 
differences along the season was significant. For 
each year, we ran two change-point tests on percent 
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D a y s  f r o m  p e a k  h a u l - o u t  

F i g u r e  2. Pcrccnt ditfcrcnccs bctwccn the ot~crvcd and the estimated (from RM model) number of 
southern e l e p h a n t  s e a l  females during a 41 -day period centered on day of maximum haul-out (peak 

b s o l u t c  d i f f e r e n c e s  a m o n g  o b s e r v e d  a n d  e s t i m a t e d  
N , , .  T h e  f i r s t  o n e  w a s  r u n  o n  t h e  w h o l e  s e r i e s  o f  
d a i l y  d i l f e r e n c e s ,  t o  d e t e r m i n e  t h e  d a y  o f  t h e  s e a s o n  
o n  w h i c h  t h e  t r e n d  o f  d i f f e r e n c e s  d e c r e a s e d  f r o m  t h e  
h i g h  v a l u e s  o f  t h e  b e g i n n i n g  p h a s e  t o  t h e  l o w  v a l u e s  
o f  t h e  c e n t r a l  p h a s e .  T h e  s e c o n d  o n e  w a s  r u n  o n  t h e  
d a y s  f r o m  t h e  f i r s t  c h a n g e - p o i n t  +  I  t o  e n d  o f  t h e  
s e a s o n ,  t o  d e t e r m i n e  t h e  d a y  o n  w h i c h  t h e  t r e n d  i n  
d i f f e r e n c e s  i n c r e a s e s  a g a i n  f r o m  t h e  l o w  v a l u e  o f  t h e  
c e n t r a l  p h a s e  t o  t h e  h i g h  v a l u e s  o f  t h e  f i n a l  p h a s e .  
W e  f o u n d  f o r  e a c h  y e a r  t w o  h i g h l y  s i g n i f i c a n t  
c h a n g e - p o i n t s .  t h a t  r e p r e s e n t e d  t h e  l i m i t s  o f  t h e  
c e n t r a l  p h a s e  o f  t h e  s e a s o n  i n  w h i c h  t h e  e s t i m a t i o n  
c f f i c i c n c y  o f  t h e  R M  m o d e l  w a s  h i g h .  T h i s  i n t e r v a l  
w a s  q u i t e  v a r i a b l e  a m o n g  y e a r s ,  h a d  a  m e a n  l e n g t h  
o f  3 8  d a y s  ( f r o m  3 0  t o  4 5 )  a  m e a n  b e g i n n i n g  i n  d a y  
2 7  ( f r o m  2 1  t o  3 2 )  a n d  a  m e a n  e n d  i n  d a y  6 3  ( f r o m  
5 9  t o  7 0 ) .  

t h e  p o o l e d  d a t a  o f  t h e  f i v e  y e a r s ,  t h e  m e a n  v a l u e  
o f  t h e  a b s o l u t e  p e r c e n t  d i f f e r e n c e s  w a s  1 . 6 3 %  
( m a x = 5 . 6 1 )  f o r  t h e  7  d a y s  p e r i o d ,  1.99% 
( m a x = 5 . 6 4 )  f o r  t h e  1 5  d a y s  p e r i o d ,  a n d  2 . 0 2 %  
( m a x = 6 . 4 5 % )  f o r  t h e  2 1  d a y s  p e r i o d .  W e  p o o l e d  
a b s o l u t e  p e r c e n t a g e  d i f f e r e n c e s  f o r  t h e  f i v e  
y e a r s ,  a n d  c a l c u l a t e d  s t a t i s t i c s  f o r  t w e l v e ,  7 - d a y s  
i n t e r v a l s ,  s t a r t i n g  o n  S e p t e m b e r  1 ,  t o  g i v e  a  g u i d e -  
l i n e  f o r  t h e  c h o i c e  o f  t h e  p e r i o d  i n  w h i c h  t o  c a r r y  
o u t  c o u n t s .  

E x p e c t e d  p e a k  h a u l - o u t  o n  S e a  L i o n  I s l a n d  w a s  
O c t o b e r  1 9 ,  t h e  e n d  o f  t h e  7 t h  i n t e r v a l .  T h e  
m a x i m u m  e f f i c i e n c y  i n  e s t i m a t i o n  o f  N , ,  w a s  
a c h i e v e d  o n  t h e  7 t h  i n t e r v a l  ( T a b l e  4 ) .  F r o m  t w o  
w e e k s  b e f o r e  t h e  p e a k  d a y  t o  o n e  w e e k  a f t e r ,  t h e  
m a x i m u m  e r r o r  i n  t h e  p o o l e d  f i v e  y e a r s  d a t a  s e t  w a s  
w i t h i n  6 % .  

W C  c a l c u l a t e d  s t a t i s t i c s  o f  a b s o l u t e  p e r c e n t  d i f -  E@ct of lmgth of~pwsenct~ on lurid 
f e r e n c e s  f o r  t h r e e  i n t e r v a l s  o f  7 ,  1 5 ,  a n d  2 1  d a y s ,  W e  f i t  t h e  R M  m o d e l  w i t h  v a r i a b l e  S ,  s t a r t i n g  f r o m  
c e n t r e d  o n  t h e  d a y  o f  p e a k  h a u l - o u t  ( T a b l e  3 ) .  F o r  t h e  b a s e l i n e  o f  2 7  d a y s  ( s e e  a l s o  B o y d  et ~1. l 9 9 6 ) ,  t o  
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Table 3. Percent error in estimation of total number of southern elephant seal females hauled-out during the whole season, 

DLlYS 199s 1996 I997 I998 1999 

1 2.s97 * I.610 2.494 zt I.207 0.939 + 0.844 0.479 z!z 0,452 I.635 zt 0.665 
5.609 4.175 2,131 I.41 I 2.627 

IS 2.876 * I.618 2.XO8 zt I.220 0.947 zt 0.796 I.587 * I.600 I .726 zt 0.666 
S.609 4.934 2.664 5.644 3.002 

21 2,468 * I.574 3.163 * I.574 I. I67 zt 0.868 l.604* I.386 I.706 * 0.864 
S.609 6.452 2.664 5.644 3.565 

Statistics (calculated from absolute values) are presented for three time mtervals centered on day of peak haul-out (7, 15, 
21 days). l-‘irst l~nc of each ccl1 is mean * standard deviation; second line is maximum. 

Table 4. Statistics of perccntagc absolute difl’crcnccs bctwcen observed and expected N” in 7.days intervals. 

Interval Dates 

x 
9 
IO 
II 
I2 

0l/09~07/09 
08/09 l4/09 
l5/09 2 I /09 
22/09~28/09 
XV09 05/io 
06/lO l2/lO 
l3/lO l9/lO 
2O/lO~26/ IO 
27/l OLO2/ I I 
OYI I owl I 
IO/l I l6/l I 
l7/l I Z/l I 

Mean SD Min Max 

392.937 781.935 18,975 3825,996 
76.383 48,223 3.375 236.750 
24.954 22.616 0.375 70.018 

7.282 5.162 0.000 16.696 
2.929 2,219 0.000 7.993 
I .820 1.38s 0,000 S.629 
I.691 I.234 0.000 5.644 
2,423 I.555 0.176 5.609 
3. IO5 2.285 0.353 9,414 
5.698 5.867 0.000 25.532 

l5.lX7 I I.841 0.353 44,405 
26. I I8 18.318 I.741 78.508 

ew~l~~~tle the clTec1 of the variation in the cstimatc of 

the length of presence or land. S was increased 

scqueiitially by 0.5 clay steps in the * 3 days range. 

Tllc tot:tl number of females varied in a quadratic 
fashion. with curves from dXcrcnt years being 
ahiiobt parallel 10 one other, apart from small 
dilrcrcnces due to romiding errors (Fig. 3). WC then 

calculated the percentage dilTerences from N,, esti- 
mated using the basclinc length. The percentages 
for the pooled live years were fit perfectly by a 

quadratic model (b(S)= - 12.384, b(S”2)=0,158), 
but also a linear model provided an excellent fit 
(R’=O,99S: b= ~ 3.867, SE(b)=O.O34). Therefore, 
we concluded that a l-day decrease from the basc- 
line S produced approximately a 4’% increase in the 
estimate of N,,. and that a l-day decrease in S 
produced an cquivalcnt increase, 

To cvaluatc the ctl’cct of the use of a standard 
value of S, we lit the RM model with S=27 to daily 
co~mts from Punta Dclgada, a high density area of 
the Vald& Peninsula (counts were carried-out in 
I993 and I994 using the protocol employed on Sea 
Lion Island). We compared the fitting with stan- 
dard S with the fitting obtained using a value 

(S=28.2) presented in Campagna Al u[. (1993). The 
quality of the fitting as measured by the coellicient 
of determination was similar for the two models 
(R’=O.993 for 1993 and 0.999 for 1994). However. 
the model with S=27 underestimated the pro- 
portion of females hauled-out at the peak of the 
season compared to the model with S=28.2 (0.78 vs 
0.81 in I993 and 0.77 vs 0.80 in 1994). These values 
were diKerent from the 96’% reported in Campagna 
P/ u/. (1993). Therefore, the model overestimated 
the total number of females hauled-out during the 
whole season (by 4.56% in I993 and 4.54% in 1994). 
An independent estimate of the total number of 
females was not available for 1993, but from indi- 
vidual records of marked females of 1994 we ob- 
tained a value of 718, which is in the middle of the 
two estimates from the RM model (N,,=737 with 
S=27, N,,=705 with S=28.2). Data on total pres- 
cncc on land for the 1994 sample were not available, 
but the information we collcctcd on parturition to 
departure intervals (unpublished data) suggested 
that the Campagna ct ~1. (1993) estimate (which is 
based on a small sample of females, N = 38) could 
slightly overestimate the true duration. 
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T h e  R M  m o d e l ,  b e i n g  a  t h r e e  p a r a m e t e r s  m o d e l ,  
r e q u i r e s  a t  l e a s t  t h r e e  c o u n t s  t o  b e  f i t t e d .  W e  r a n  a  
s i m p l e  s i m u l a t i o n  t o  e v d w t c  t h e  e f f e c t  o f  t h e  
n u m b e r  o l ’ c o u n t s  WI t h e  p r e c i s i o n  o f  t h e  f i t t i n g .  W e  
a p p l i e d  t h e  R M  m o d e l  t o  4  t o  3 0  c o u n t s  ( 3  w e r e  
unable t o  g e t  c o n v e r g e n c e  i n  t h e  f i t t i n g  f o r  m a n y  
s a m p l e s )  s e l e c t e d  a t  r a n d o m  ( w i t h o u t  r e p l a c e m e n t )  
f r o m  t h e  c o m e t  s e r i e s  o f  e a c h  o f  t h e  f i v e  y e a r s  o f  
s t u d y  ( e x c l u d i n g  c o u n t s  f r o m  t h e  f i r s t  w e e k ) .  W e  
r e p e a t e d  5 0 0  t i m e s  t h e  s a m p l i n g  f o r  e a c h  n u m b e r  o f  
c o u n t s ,  W e  e s t i m a t e d  N , ,  f o r  e a c h  s a t n p l e ,  a n d  
c a l c u l a t e d  s t a t i s t i c s  f r o m  t h e s e  d i s t r i b u t i o n s  o f  N , ,  
V~ILICS. F o r  e a c h  o f  t h e  f i v e  y e a r s ,  t h e  m e a n  N , ,  w a s  
a l m o s t  i n d c p c n d e n t  f r o m  t h e  n u m b e r  o f  c o u n t s ,  
w i t h  a  v a r i a t i o n  o f 4  t o  I O  f e m a l e s  i n  d i f f e r e n t  y e a r s .  
T h e  s t a n d a r d  d e v i a t i o n  o f  N , ,  s h o w e d  a  v e r y  l a r g e  
v a r i a t i o n  ( F i g .  4 )  f o l l o w i n g  c l o s e l y  a n  e x p o n e n t i a l  
d e c r e a s e  w i t h  i n c r e a s e  i n  t h e  n u m b e r  o f  c o u n t s  

( S D N , ,  
=  1  c J 4 7  e ,  5  5  w i v c ;  R ’ = O . 8 6 3 5 ) .  I t  d e c r e a s e d  

s t e e p l y  f r o m  4  t o  I  c o u n t s ,  a n d  t h e n  m o r e  s l o w l y  
u p  t o  I 5  c o u n t s .  T h e  i n c r e a s e  o f  t h e  n u m b e r  o f  
c o u n t s  a b o v e  I 5  h a d  a  s m a l l  e f f e c t  o n  t h e  s t a n d a r d  
d e v i a t i o n  o f  N , ,  e s t i m a t e s .  

F i t t i n g  q f  t h e  R M  m o d e l  t o  h u ~ ~ w  d a t u  
T o  e v a l u a t e  t h e  e f f e c t i v e n e s s  o f  t h e  R M  m o d e l  a t  
t h e  s u b - p o p u l a t i o n  l e v e l ,  w e  f i t  d a i l y  c o u n t s  o f  a  
l a r g e  s e t  o f  h a r e m s  ( N = 8 l ) ,  w i t h  a  m e d i a n  s i z e  
( m a x i m u m  n u m b e r  o f  f e m a l e s  i n  t h e  h a r e m )  o f  3 8  
f e m a l e s  ( f r o m  6  t o  1 1 9 ) .  W e  e x c l u d e d  h a r e m s  
o r i g i n a t e d  b y  f i s s i o n  o f  e x i s t i n g  h a r e m s ,  w h i c h  h a d  
d a i l y  v a r i a t i o n s  i n  t h e  n u m b e r  o f  f e m a l e s  w i t h o u t  a  
r e g u l a r  i n c r e a s e  p h a s e .  T h e  m e a n  a d j u s t e d  c o e f -  
f i c i e n t  o f  d e t e r m i n a t i o n  o f  t h e  f i t t e d  m o d e l s  w a s  
0 . 9 3 1  ( S D = O , l l 4 )  a n d  t h e  m e d i a n  w a s  0 . 9 7 1  
( M A D = O . O 0 2 l ) .  F i t  w a s  n o t  a l w a y s  g o o d  ( R ’  
r a n g e d  f r o m  0 . 4 2 9  t o  0 . 9 9 5 )  b u t  i t  w a s  v e r y  g o o d  
( R 2  2 0 . 9 5 )  i n  6 4 . 2 %  o f  c a s e s .  a n d  r e a s o n a b l e  ( 0 . 9 0  
< R ’  ~ 0 . 9 5 )  i n  1 7 . 9 % .  T h e  q u a l i t y  o f  t h e  f i t  a s  
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Figure 4. Standard deviation of estimated number of southern elephant seal females, calculated on 
r~~ndom samples (N=5OO) with vari;lblc number of counts, extracted from actual counts series 
(IWS IWW). Points arc splittcd by year, while the line is a LOWESS smoother (Trexler & Tr:lvis, 
1993) calculxtcd on the pooled years (tension=O.M). 

measurd by R’ was linearly related to harem size 
for harems below the median size (R’ of the linear 
regression=O.237), but not for harems above the 
median. that always had an R’ 20.90. The stan- 
dard errors of the three parameters of the model 
were linearly r&ted to harem size for harems 
belo%, the mcan size (SE(M): R’=O,249, SE(S): 
R’=O.270. SE(N,,): R’=O.221), but not for harems 
above it. 

Discussion 

The regularity or hau-out of southern elephant 
seals permits modeling of arrivals and departures 
by fairly simply models. Modeling of haul-out 
behavior has ditYcrcnt potential uses. A model can 
be used to describe, in a compact and eficient 
mamxr, the hau-out process itself. The estimated 
parameters may be used as input for further 

analysis of the breeding biology of the species, or 
to compare different populations. Any model that 
accurately fits the data, and with biologically mean- 
ingful parameters. is suitable, Some models of the 
daily variation of the number of elephant seal 
females hauled-out are purely empirical, with no 
formal link to the breeding biology of the species. 
Their goal was simply to provide a good description 
of the haul-out process. Pascal (1979) proposed a 
polynomial model for the Kcrguelen population 
and Van Aarde (1980) a quadratic model for the 
same population. Although these models may fit 
the data well, they also produce unreasonable re- 
sults, in the form of negative estimates of the 
number of females, because they are not bounded 
to values 20. The quadratic model is also a poor 
description of the number of females hauled-out in 
the first and last part of the breeding season, when 
the increase or decrease rate is much smaller than 
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in the central part of the season. Pascal (1985) 
proposed a Gaussian model tit to the percentage of 
females hauled-out. Although this model provides a 
better Iit than the previous ones, it has an obvious 
drawback. bccausc. to calculate percentages, the 
total number of females needs to be known in 
advance. 

Hindcll &i Burton (1988) proposed a Gaussian 
model based on the distribution of haul-outs, and, 
hence, linked to the actual breeding biology of the 
species. This model was very effective in modelling 
the haul-out process. It produces a direct estimate 
of the day of peak haul-out, that could be useful to 
compare the timing of breeding in different popu- 
lations (Galimberti & Boitani, 1999). This model 
could be applied to other sex and age classes besides 
breeding females, although it is not as functional 
for other groups (Hindell & Burton, 1987). It also 
produces an estimate of the spread of the breeding 
season. that could be used to compare the level of 
synchrony in breeding among diKerent areas and 
populations (Hindell & Burton, l988), a variable 
which is valuable in the analysis of life histories and 
breeding strategies. A second use of the models of 
the haul-out process is the estimation of the total 
number or females, and this is the area where the 
Rotary & McCann (1987) model is superior. This 
model permits a direct estimation of the number of 
female5 hauled-out during the whole breeding sea- 
son. These estimates could be used to improve the 
analysis of long-term population trends (Hindell & 
Burton. lY87; Boyd et d., 1996) or to estimate the 
whole population size, by building on knowledge of 
population structure and lif’e tables (McCann, 
1985). 

From a practical point-of-view, the main prob- 
lem in the application of the RM model is its 
sensitivity to variation in the estimate of length of 
presence on land (see also Boyd et cd., 1996). A 
l-day variation of the estimate of S used in the 
model produced approximately a 4% variation in 
the estimate of the total number of females. In the 
Sea Lion Island population, an on-shore duration 
of 27 days, as proposed by Boyd ct al. (1996) for the 
South Georgia population, provided a good estim:l- 
tion of N,,, because it was very close to the mean 
length calculated from five breeding seasons 
(27.17). Estimates of S from other populations are 
longer (Marion Island: 28.6 days, Candy, 1979; 
Kerguelen: 2% 30, Van Aarde, 1980; Valdks 
Peninsula: 28.2, Campagna et u/., 1993). 

The interval from parturition to departure seems 
to be almost constant in most populations (Marion 
Island: 22.5> Candy, 1979; Kerguelen: 22.4, Van 
Aardc, 1980; Crozet and Kerguelen: 21.8, Guinet, 
I991 ; South Georgia: 22.7, Arnbom et d, 1997; 
Vald&s Peninsula: 22.4, Campagna et al., 1992; 
King George Island: 22.1, Carlini et cd., 1997). 
However, the estimates of the interval between 
arrival and parturition are more variable, even 
within the same population (Marion Island: 6.1, 
Candy, 1979; South Georgia: 6.4, McCann, 1980, 
and 4.5, Boyd et ul., 1996; Valdks Peninsula: 5.7 
Campagna et cd,, l993), and this variation explains 
most of the variability in the estimates of total 
presence on land. Part of this variability was prob- 
ably related to the lower accuracy in the estimation 
of the timing of arrivals compared to births and 
departures, because arrivals are less conspicuous 
events (Galimberti & Boitani, 1999). 

Our application of the RM model to the Sea Lion If a good model of the process for the specific 
Island population demonstrated that its assump- population is already available (e.g., because it was 
tions regarding the shape of the arrival and depar- estimated on a large series of counts during pre- 
ture processes are quite reasonable. Arrivals and vious years), even a single count, if carried-out close 
departures are effectively modelled by symmetric to peak haul-out, could give an estimate of the 
cumulative normal distributions, although observed number of females in the range & 2% from the 
tails arc longer than expected. The use of a single actual number. However, if no previous model is 
estimate of the length of presence on land (constant available and just a few counts are carried out the 
among years) is justifiable because inter-year varia- RM model should be used with caution. Ideally, the 
tions are small. For the Sea Lion Island population, model should be fitted with S=27, when 
the model produced an excellent fit to the actual population-specific estimates are not available, 
daily pattern of haul-out of the females in every using at least 8 counts distributed along the season, 
year of the study. We found a slight tendency to with some of them close to the peak. When less 
underestimate the proportion of females hauled-out counts are available the risk of a poor fit is high. 
at peak, and, hence, to overestimate the total Therefore, in these cases, the total number of 
number of females. This slight lack of fit is linked to females should be estimated from the proportion of 
the slight non-normality of the observed haul-out females hauled-out in each day of count, calculated 
process. The RM model assumes a normal distribu- using Equation 1, with mean and standard devia- 
tion of arrival on lands, while the actual distribu- tion of the arrivals distribution from published 
tion is slightly lcptokurtic. Notwithstanding this, sources (e.g., from Table I). Each count, multiplied 
the difference between the estimated total number by l/expected proportion, gives an independent 
of females hauled-out and the observed number was estimates of N,,, and the number of females can be 
small. calculated as the mean of these estimates. In this 
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cases, counts close to peak haul-out provide better 

performance. The day of peak, if unknown, can be 
calculated from the relationship among the day of 
peak and the latitude (Fig. 5). Although the latitude 
explains only a part of the variability in the day of 
peak numbers hauled-out, the relationship is strong 

- enough to provide an cstimatc to be used to define 
the schcdulc of counts. 

Apart from being useful for the estimation of 
population size, the RM model also seems to be a 
good descriptor of the haul-out process at the 
sub-population level. Our application of the model 
to a sample of harems showed that the model was 
efrective in the modeling of the number of females 
in each harem, at least for harems above the median 
size. For harems below the median size, the balance 
between arrivals and departures of females was 

more irregular, and more influenced by stochastic 
sampling bias due to the small number of females 
involved. The size of harems and their daily vari- 
ation could have an effect on both male mating 
tactics and female breeding strategies. Harem size 
interacts with male phenotype, and limits the capa- 
bility of harem holders to monopolize matings 
(Modig, 1996). It also affects female behaviour, 
influencing the density of peripheral males and, 
therefore, the likelihood of harassment of females 
(Galimberti et d, 2000). 

The capability of modelling harem demography 
with a small number of parameters provides a 
useful way to summarize the complex pattern of 
arrival and departure of females. This may improve 
our understanding of the components of elephant 
seals social dynamics that depend on harem size. 
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