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H a r r i s ,  Richard B . , M.S.  December 1984 W i l d l i f e  B i o l o g y

Harves t  A g e - s t r u c t u r e  a s  an I n d i c a t o r  o f  G r i z z l y  B e a r  P o p u l a t i o n  
S t a t us  (204  p p . )

D i r e c t o r :  Lee H. Metzgar

M a n a g e r s  o f  h a r v e s t e d  g r i z z l y  bear  ( Ursus a r c t o s ) p o p u l a t i o n s  
f a c e  t h e  problem o f  s e t t i n g  h a r v e s t  r e g u l a t i o n s  f o r  a s p e c i e s  w i t h  
e x t r e m e l y  low r e p r o d u c t i v e  r a t e s  i n  t he  a b s e n c e  o f  r e l i a b l e  d a t a  
on p o p u l a t i o n  abundance.  Al though h a r v e s t  a g e - s t r u c t u r e  d a t a  are  
o f t e n  c i t e d  a s  a m e a n s  o f  d e t e r m i n i n g  t h e  s t a t u s  o f  s u c h  
p o p u l a t i o n s ,  c o n s e n s u s  i s  l a c k i n g  r e g a r d i n g  t he  b e s t  t r e a t m e n t  of  
t h e s e  d a ta  and sample  s i z e s  n e c e s s a r y  f o r  v a l i d  c o n c l u s i o n s .  This  
s t u d y  e x a m i n e d  s i m u l a t e d  g r i z z l y  b e a r  h a r v e s t s ,  i n t e r p r e t e d  
a g e - s t r u c t u r e s  o f  p o p u l a t i o n s  r e l a t i v e  t o  t h e  s u s t a i n e d  y i e l d  
c u r v e ,  d e v e l o p e d  an i n d e x  to  d e c l i n i n g  t r a j e c t o r y ,  and e v a l u a t e d  
the  s e n s i t i v i t y  o f  t h e  i n d e x .

A g e - s t r u c t u r e s  w e r e  g e n e r a t e d  by s t o c h a s t i c ,  d i s c r e t e - t i m e ,  
a g e - s t r u c t u r e d  p r o j e c t i o n  m o d e l s  t h a t  f o l l o w e d  t h e  h i s t o r y  o f  
i n d i v i d u a l  b e a r s .  Four  m o d e l s  s i m u l a t e d  s l i g h t l y  d i f f e r e n t  
mechanisms o f  p o p u l a t i o n  r e g u l a t i o n  v i a  d e n s i t y - d e p e n d e n c e .  A l l  
s a t i s f a c t o r i l y  s i m u l a t e d  l o n g e v i t y  o f  i n d i v i d u a l s ,  n o n - s t a t i o n a r y  
a g e - s t r u c t u r e s ,  and synchrony  o f  b r e e d i n g .

A g e - s t r u c t u r e s  o f  h a r v e s t e d  p o p u l a t i o n s  d i s p l a y e d  3 p a t t e r n s  
w i t h  i n c r e a s i n g  h a r v e s t  p r e s s u r e :  ( i )  s e x  r a t i o s  f a v o r e d  f e m a l e s ,  
( i i )  m a l e  a g e  d e c l i n e d ,  and ( i i i )  f ema le  age  i n c r e a s e d  s l i g h t l y .  
Al though c l e a r l y  e v i d e n t  i n  u n e x p l o i t e d  p o p u l a t i o n s  t h a t  w e r e  
s u b s e q u e n t l y  o v e r h a r v e s t e d  t o  e x t i n c t i o n ,  d i f f e r e n c e s  i n  
a g e - s t r u c t u r e s  between p o p u l a t i o n s  above and b e l o w  t h e  s u s t a i n e d  
y i e l d  c u r v e  w e r e  v i r t u a l l y  u n d e t e c t a b l e .  Harves t  a g e - s t r u c t u r e s  
e x h i b i t e d  h i gh  y e a r l y  v a r i a b i l i t y  and a s u b s t a n t i a l  l a g - t i m e  i n  
t h e i r  r e s p o n s e  t o  c h a n g i n g  h a r v e s t  r a t e s .

D i f f e r e n c e s  i n  h a r v e s t  a g e - s t r u c t u r e s  o f  d e c l i n i n g  and s t a b l e  
p o p u l a t i o n s  were summarized and q u a n t i f i e d  by 2 - g r o up  d i s c r i m i n a n t  
f u n c t i o n  a n a l y s i s .  The power o f  t h e  r e s u l t i n g  d i s c r i m i n a n t  i n d e x  
w a s  e s t i m a t e d  b y  s e t t i n g  t h e  p r o b a b i l i t y  o f  e r r o n e o u s l y  
c l a s s i f y i n g  a d e c l i n i n g  p o p u l a t i o n  a t  1 0 %, a n d  n o t i n g  t h e  
p e r c e n t a g e  o f  s t a b l e  p o p u l a t i o n s  c o r r e c t l y  c l a s s i f i e d .  Under 
c i r c u m s t a n c e s  t y p i c a l l y  c o n f r o n t i n g  a manager,  power o f  t h e  i n d e x  
was low: w i t h  l a r g e  sample  s i z e s ,  j u s t  over  50%; w i t h  s m a l l  sample  
s i z e s ,  about  2 0 %.

H a r v e s t i n g  g r i z z l y  b e a r s  mere l y  to  o b t a i n  a g e - s t r u c t u r e  d a t a  f o r  
i n f e r r i n g  p o p u l a t i o n  s t a t u s  was  c o n c l u d e d  t o  b e  a q u e s t i o n a b l e  
p r a c t i c e .  D e c i s i o n s  a b o u t  h a r v e s t i n g  s m a l l  p o p u l a t i o n s  o f  
g r i z z l i e s  must be v i e w e d  c o n s e r v a t i v e l y ,  b e c a u s e  h a r v e s t s  d a t a  
c o n t a i n  i n h e r e n t  u n c e r t a i n t y .  Managers must work i n  t h e  c o n t e x t  
o f  r i s k  r a t h e r  than i r r e f u t a b l e  q u a n t i t a t i v e  e v i d e n c e .
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INTRODUCTION

Overview

T he  g r i z z l y  b e a r  ( U r s u s  a r c t o s ) h a s  e v o l v e d  a l i f e - h i s t o r y  

c h a r a c t e r i z e d  by low r e p r o d u c t i v e  c a p a c i t y ,  long and v i g o r o u s  p r o t e c t i o n  

o f  young,  h i gh  s u r v i v a l  o f  a d u l t s ,  and l o n g  l i f e - s p a n .  A l t h o u g h  t h i s  

' K ' - s e l e c t e d  s t r a t e g y  ( P ianka  1970)  has e n a b l e d  the  g r i z z l y  to  i n h a b i t  

d i v e r s e  e c o s y s t e m s  t h rou ghout  t h e  Nor t hern  H e m i s p h e r e ,  i t  h a s  become a 

l i a b i l i t y  i n  i t s  i n t e r a c t i o n s  w i t h  man (Goodman 1 9 8 1 ) .  Whi le  a g g r e s s i v e  

d e f e n s e  o f  young,  a l o n g  w i t h  the  c a p a b i l i t y  o f  k i l l i n g  l a r g e  a n i m a l s ,  

h a s  l e f t  t h e  b e a r  f r e e  o f  n a t u r a l  e n e m i e s ,  i t  has  f r e q u e n t l y  made an 

enemy o f  man. And w h i l e  l ow p r o d u c t i v i t y  h a s  b e e n  b a l a n c e d  by h i g h  

s u r v i v a l  under n a t u r a l  c o n d i t i o n s ,  i t  has e xp o sed  g r i z z l y  p o p u l a t i o n s  to  

a h i g h  r i s k  o f  e x t i r p a t i o n  where m o r t a l i t y  r a t e s  a r e  i n c r e a s e d  by man.

T he  i n a b i l i t y  o f  g r i z z l y  p o p u l a t i o n s  t o  a b s o r b  s i g n i f i c a n t  

human-caused m o r t a l i t y  has  made i t  an e s p e c i a l l y  d i f f i c u l t  a n i m a l  t o  

manage.  Because  o f  t h e  i m p o s s i b i l i t y  o f  c e n s u s i n g  b e a r s ,  ( Hebert  e t  a l .  

1 9 8 3 ) ,  g r i z z l y  p o p u l a t i o n  managers  i n v a r i a b l y  l a c k  r e l i a b l e  p o p u l a t i o n  

e s t i m a t e s .  E v e n  r e l i a b l y  d i s c e r n i n g  g r o s s  p o p u l a t i o n  t r e n d s  i s  

d i f f i c u l t  w i t h i n  t h e  r e l a t i v e l y  s h o r t  t i m e - f r a m e  w h i c h  m a n a g e m e n t  

a g e n c i e s  must  work  ( H a r r i s ,  i n  p r e s s ) .  In many b i g - game  s p e c i e s ,  the  

s i z e  and c o m p o s i t i o n  o f  h u n t e r - h a r v e s t s  may h e l p  m a n a g e r s  a s s e s s  

p o p u l a t i o n  s t a t u s .  But t h e  c o m p l e x i t y  o f  g r i z z l y  b e a r  p o p u l a t i o n  

d y n a m i c s  a n d  t h e  s m a l l  s i z e  o f  h u n t e r - h a r v e s t s  p r e s e n t l y  make
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i n t e r p r e t a t i o n  o f  k i l l  s t a t i s t i c s  ambiguous .

D e s p i t e  the  l ac k  o f  d a t a  on s p e c i f i c  p o p u l a t i o n s ,  t h e r e  i s  no 

r e a s o n  t o  doubt t h a t  g r i z z l y  p o p u l a t i o n s  behave  q u a l i t a t i v e l y  l i k e  most  

large-tnammal p o p u l a t i o n s  when s u b j e c t e d  t o  h a r v e s t .  Some a r e  r e l a t i v e l y  

s t a b l e  and p r o d u c e  a s u s t a i n a b l e  y i e l d ;  o t h e r s  a r e  o v e r - h a r v e s t e d  and 

d e c l i n e .  The d ichotomy between  2 s t a t e s  -  s t a b l e ,  w i t n  a s u s t a i n a b l e  

y i e l d ,  an d  d e c l i n i n g ,  p o s s i b l y  t o  e x t i n c t i o n  -  has  b e e n  shown by 

t h e o r e t i c a l  m o d e l s  t o  be c h a r a c t e r i s t i c  o f  h a r v e s t e d  p o p u l a t i o n s  

( K o y - M e i r  1 97 5 ) .  T h e o r e t i c a l  model s  have a l s o  shown t h a t  t he  boundary  

between t h e s e  2 s t a t e s  may be  abrupt  r a t h e r  than g r a d u a l  (Hay 1 9 7 7 ) ,  and 

t h a t  b i g - g a m e  h a r v e s t  s y s t e m s  may o f t e n  e x i s t  n e a r  t h i s  b o u n d a r y  

( Me t z ga r  1 9 8 4 ) .  G i v e n  t h e  i n s e n s i t i v i t y  o f  p r e s e n t  t e c h n i q u e s  f o r  

m o n i t o r i n g  g r i z z l y  b e a r  p o p u l a t i o n s ,  i t  i s  l i k e l y  t h a t  a g r i z z l y  

p o p u l a t i o n  c o u l d  move  f rom a s t a b l e  t o  a d e c l i n i n g  s t a t e  w i t h o u t  

d e t e c t i o n .

I n  t h i s  t h e s i s ,  I e x a m i n e  s i m u l a t e d  h u n t e r - k i l l  d a t a  f o r  

g r i z z l i e s ,  w i t h  a f o c u s  on d e t e c t i n g  p o p u l a t i o n  d e c l i n e s .  A l t h o u g h  I 

d e p e n d  on b a s i c  c o n c e p t s  o f  h a r v e s t e d  p o p u l a t i o n  dynamics  a r i s i n g  from 

d i f f e r e n t i a l  e q u a t i o n  m o d e l s ,  my p e r s p e c t i v e  i s  t h a t  o f  a game m a n a g e r .  

T h u s ,  I t o u c h  upon b o t h  t h e  t h e o r e t i c a l  and t h e  a p p l i e d  domains .  My 

hope i s  t h a t  t he  r e a d e r  whose i n t e r e s t  i s  r e s t r i c t e d  t o  o n l y  1 o f  t h e s e  

d o m a i n s  w i l l  have p a t i e n c e  w i t h  t h e  p o r t i o n s  o f  t h e  t h e s i s  t h a t  e x p l o r e  

the  o t h e r .
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a

P r o p e r t i e s  o f  H arves ted  P o p u l a t i o n s

The b a s i c  d y n a m i c s  o f  h a r v e s t e d  p o p u l a t i o n s  a r e  w e l l  known  

( C l a r k  1 9 7 6 ,  B e d d i n g t o n  and May 1 9 7 7 ) .  Net growth r a t e s  a r e  u s u a l l y  

f u n c t i o n s  o f  d e n s i t y ,  so t h a t  per c a p i t a  i n c r e a s e s  a r e  g r e a t e r  a t  low  

e n s i t i e s  t h a n  a t  h i g h .  In  t h e  u n h a r v e s t e d  s t a t e ,  n e t  g r o w t h  r a t e  

becomes z e r o  a t  t h e  e q u i l i b r i u m  d e n s i t y ,  K. A c o n s t a n t  and s u s t a i n a b l e  

h a r v e s t  r e d u ce s  t h e  e q u i l i b r i u m  d e n s i t y  to  some K*, which i s  a l ways  l e s s  

than K.

S u s t a i n e d  Y i e l d  Curve

The d y n a m i c s  o f  a h a r v e s t e d  p o p u l a t i o n  a r e  summarized by i t ' s  

s u s t a i n e d  y i e l d  c u r v e  ( F i g .  1 ) .  The  c u r v e  r e p r e s e n t s  a l l  t h e  

e q u i l i b r i u m  p o i n t s  i n  t h e  2 - d i m e n s i o n a l  s p a c e  r e p r e s e n t i n g  s u s t a i n e d  

y i e l d  (Y a x i s )  and p o p u l a t i o n  l e v e l  p r i o r  t o  h a r v e s t  (X a x i s ) .  I t  i s  

a n a l o g o u s  t o  t h e  p r e y  z e r o - i s o c l i n e  t h a t  w o u l d  be  p r o d u c e d  by a 

p r e d a t o r - p r e y  model  i n  which t he  p r e d a t o r s  had no f u n c t i o n a l  r e s p o n s e  

( R o l l i n g  1 9 6 5 ) .

S u s t a i n e d  y i e l d s  a r e  s m a l l  a t  low p o p u l a t i o n  l e v e l s  b e ca u s e  the  

a b s o l u t e  number o f  i n d i v i d u a l s  i s  s m a l l .  At p o p u l a t i o n  l e v e l s  n e a r  K, 

t h e  s u s t a i n e d  y i e l d  i s  a l s o  l o w ,  b e c a u s e  t he  r e g u l a t o r y  f a c t o r s  t h a t  

l e a d  t o  e q u i l i b r i u m  i n  t h e  u n h a r v e s t e d  s t a t e  ( i . e .  d e c l i n i n g  

r e c r u i t m e n t ,  i n c r e a s i n g  m o r t a l i t y )  p r ed o mi n a t e .  T h i s  l eads  t o  low ne t  

growth r a t e s ,  and f e w s u r p l u s  ( h a r v e s t a b 1 e ) i n d i v i d u a l s .  S u s t a i n e d  

y i e l d  i s  g r e a t e s t  a t  some i n t e r m e d i a t e  p o p u l a t i o n  l e v e l  where t he  s t o c k
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F i g .  1 .  A g e n e r a l i z e d  s u s t a i n e d  y i e l d  c u r v e .  
Considered r e l a t i v e  t o  i t s  ca rr y i ng  c a p a c i t y ,  K,

P o p u l a t i o n  i s



i s  m o d e r a t e l y  h i gh  but  t h e  n a t u r a l  r e g u l a t o r y  f a c t o r s  r e l a t i v e l y  w e a k .  

T h e se  combined  dynamics  p r o d u c e  a c h a r a c t e r i s t i c  d o m e - s h a p e d  y i e l d  c u r v e  

( F i g .  1 ) .

Y i e l d  c u r v e s  h a v e  b e e n  e x p l o r e d  p r i m a r i l y  i n  d i f f e r e n t i a l  

e q u a t i o n  model s  ( e . g .  Brauer and Sanchez  1 9 7 5 ) ,  but  t h ey  a l s o  a c c u r a t e l y  

p o r t r a y  t h e  q u a l i t a t i v e  b e h a v i o r  o f  r e a l  s y s t e ms  (Caughley  1977 , Gross  

1969 ,  Fowler  e t  a l .  1980 ,  Metzgar unpubl .  d a t a ) .

Other  c u r v e s

The s u s t a i n e d  y i e l d  c u r v e  i s  s o m e t i m e s  e q u a t e d  ( e r r o n e o u s l y )  

w i t h  t h e  s t o c k / r e c r u i t m e n t  c u r v e  and  w i t h  t h e  i n c r e m e n t ,  o r  n e t  

p r o d u c t i o n  c u r v e  ( e . g .  G r o s s  1 9 6 9 , 1 9 7 2 ;  C a u g h l e y  1 9 7 7 ;  S a v i d g e  and 

Z i e s e n i s  1 9 8 0 ) .  The l a t t e r  2 c u r v e s  ar e  s i m i l a r ,  but n o t  i d e n t i c a l ,  t o  

t h e  s u s t a i n e d  y i e l d  c u r v e .  Each o f  t he  3 r e l a t e d  c u r v e s  i s  g e n e r a t e d  by 

d i f f e r e n t  d a t a ,  and t h e i r  c o r r e c t  i n t e r p r e t a t i o n  p r o d u c e s  s l i g h t l y  

d i f f e r e n t  management i m p l i c a t i o n s .

The s t o c k / r e c r u i t m e n t  c u r v e  ( F i g .  2 . a )  r e p r e s e n t s  t h e  e f f e c t  o f  

a d u l t  d e n s i t y  on the  number o f  r e c r u i t s .  I t ' s  s h a p e  i s  u s u a l l y  n o t  a 

c l o s e d  dome,  b e c a u s e  some y o u n g  a r e  r e c r u i t e d  even  a t  v ery  h i gh  s t o c k  

l e v e l s  ( R i c k e r  1 9 7 5 ) .  I t  can be g e n e r a t e d  d i r e c t l y  from f i e l d  d a t a ,  i f  

a v a i l a b l e  ( e . g .  McCul lough  1 9 7 9 , 1 9 8 1 ;  Str ingham 1 9 8 3 ) .  General  model s  

f o r  s t o c k / r e c r u i t m e n t  r e l a t i o n s h i p s  have  been d e v e l o p e d  p r i m a r i l y  i n  the  

f i s h e r i e s  l i t e r a t u r e  ( R i c k e r  1 9 7 5 ) .

The i n c r e m e n t ,  o r  n e t  p r o d u c t i o n  c u r v e  r e p r e s e n t s  p o p u l a t i o n  

g r o w t h  a s  a f u n c t i o n  o f  p o p u l a t i o n  l e v e l  ( F i g .  2 . b ) .  I t  c a n  be  

g e n e r a t e d  by d a t a  o f  p o p u l a t i o n  g r o w t h  o v e r  t i m e ,  or  by a mode l  o f
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F i g ,  2 .  Two c u r v e s  o f t e n  c o n f u s e d  w i t h  t he  s u s t a i n e d  y i e l d  c u r v e ,  
a .  G e n e r a l i z e d  s t o c k / r e c r u i t m e n t  c u r v e ,  b.  G e n e r a l i z e d  i n c r e m e n t ,  
o r  n e t  p r o d u c t i o n  c u r v e .  T h e  d a s h e d  l i n e  r e p r e s e n t s  e q u a l  
p o p u l a t i o n  s i z e s  a t  t i m e s  t and t + 1 .
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p o p u l a t i o n  growth ( e . g .  the  l o g i s t i c ) .  A l t h ou g h  t h e  increment  c ur ve  has  

a p p r o x i m a t e l y  t h e  same shape as t h e  s u s t a i n e d  y i e l d  curve  (and t o r  the  

same r e a s o n s ) ,  i t  i s  not  ca pa b l e  o f  a c c u r a t e l y  q u a n t i f y i n g  s u s t a i n a b l e  

h a r v e s t s .  A c t u a l  s u s t a i n a b l e  y i e l d  w i l l  d i f f e r  from t h a t  i m p l i e d  by the  

i n c r em en t  c u r ve  a c c o r d i n g  t o  the  s ex  and a g e  o f  t h e  a n i m a l s  h a r v e s t e d  

(McCul lough 197 9 ,  Fowler  1981,  H a r r i s  and Koche l  1 9 8 1 ) .

The s u s t a i n e d  y i e l d  c u r v e  p l o t s  a c t u a l  s u s t a i n a b l e  h a r v e s t  

a g a i n s t  p o p u l a t i o n  l e v e l ,  and i s  t h u s  t h e  most  d i f f i c u l t  o f  t he  3 to  

g e n e r a t e  e m p i r i c a l l y .  Rare ly  can a n a t u r a l  p o p u l a t i o n  be  man i p u l a t ed  to  

e x p l o r e  i t s  r e s p o n s e  t o  a b r o a d  r a n g e  o f  h a r v e s t  l e v e l s .  The f e w  

e x i s t i n g  d a t a  s e t s  a r i s i n g  f rom e m p i r i c a l  s t u d i e s  come f rom s m a l l  

e x p e r i m e n t a l  p o p u l a t i o n s  ( e . g .  S i l l i m a n  and G u t s e l l  1958,  Harr i s  and 

Ko c he l  1 9 8 1 ) .  Most o f t e n ,  the  s u s t a i n e d  y i e l d  c u r v e  must  be g e n e r a t e d  

by s i m u l a t i o n  ( e . g .  L e t t  e t  a l .  1 9 8 1 ) .

T h e  3 c u r v e s  c o i n c i d e  e x a c t l y  o n l y  f o r  a p o p u l a t i o n  w i t h  

n o n - o v e r l a p p i n g  g e n e r a t i o n s ,  i n  w h i c h  t h e  s i z e  o f  e a c h  g e n e r a t i o n  

d e p e n d s  on t h e  s i z e  o f  t h e  p r e v i o u s  g e n e r a t i o n .  I n  a g e - s t r u c t u r e d  

w i l d l i f e  p o p u l a t i o n s ,  w h e r e  e a c h  a g e  c l a s s  t y p i c a l l y  h a s  a u n i q u e  

r e p r o d u c t i v e  v a l u e  ( F i s h e r  1 9 5 8 ,  W i l s o n  and B o s s e r t  1 9 6 7 ) ,  o n l y  the  

s u s t a i n e d  y i e l d  c ur ve  a c c u r a t e l y  d e p i c t s  t h e  p o p u l a t i o n ' s  r e s p o n s e  t o  

c o n s t a n t  h a r v e s t .

Shape o f  t h e  S u s t a i n e d  Y i e l d  Curve

The l o g i s t i c  m o d e l  i s  t h e  m o s t  o f t e n  u s e d  p o p u l a t i o n  growth  

model  t h a t  i n c o r p o r a t e s  d e n s i t y  d e pe nd en ce :
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dK/dC = rN ( 1 - N/ K)

In l o g i s t i c  growth,  t he  i n f l e c t i o n  p o i n t  o c c u r s  a t  e x a c t l y  K = 

K / 2 .  T h i s  i s  g e n e r a l l y  i n t e r p r e t e d  a s  t h e  p o p u l a t i o n  l e v e l  g i v i n g  

maximum s u s t a i n e d  y i e l d  (MSY). The s y m m e t r i c a l l y  domed s h a p e ,  o f t e n  

s e e n  i n  t e x t - b o o k  i l l u s t r a t i o n s  o f  s u s t a i n e d  y i e l d  c u r v e s ,  r e s u l t s  from

p o p u l a t i o n  l e v e l  N^gy o c c u r r i n g  e x a c t l y  h a l f  way between t h e  o r i g i n  and 

K (Caughley  1 9 7 7 ) .

D e s p i t e  i t s  i n t u i t i v e  a p p e a l ,  t h e  l o g i s t i c  model  f a i l s ,  even in  

t h e  a b s t r a c t ,  t o  a d e q u a t e l y  d e s c r i b e  t h e  g r o w t h  f o r m  o f  m o s t  

l a r g e - m a m m a l  p o p u l a t i o n s  ( F o w l e r  1 9 8 1 ) .  I t s  f a i l i n g s  s t e m  from  

o v e r s i m p l i f i e d  a s s u m p t i o n s ,  s p e c i f i c a l l y  t h a t  t h e  a d d i t i o n  o f  1 

i n d i v i d u a l  d e c r e a s e s  t h e  g r o w t h  r a t e  by a c o n s t a n t  amount  a t  a l l  

p o p u l a t i o n  l e v e l s ,  ( i . e .  r d e c r e a s e s  l i n e a r l y  w i t h  d e n s i t y ) ,  and t h a t  

d e n s i t y  d e p e nd e n c e  i n f l u e n c e s  even  t h e  v e r y  s m a l l e s t  p o p u l a t i o n s ,  ( i . e .  

t h e r e  i s  no d e n s i t y  a t  which growth i s  e x p o n e n t i a l ) .

The i d e a  t h a t  d e n s i t y  d e p e n d e n c e  i n  large-mammal  p o p u l a t i o n s  

o c c u r s  p r i m a r i l y  a t  h i gh  p o p u l a t i o n  l e v e l s ,  near  c a r r y i n g  c a p a c i t y ,  i s  

s upp or t ed  by both e m p i r i c a l  and t h e o r e t i c a l  e v i d e n c e  (Gross  1969;  Fowler  

e t  a l .  1980 ,  Fo l wer  1 9 8 1;  Eberhardt  and S i n i f f  1 9 7 7 ;  E b e r h a r d t  1 9 7 7 b ;  

G u l l a n d  1 9 7 0 ;  M c C u l l o u g h  1 9 7 9 ) .  T y p i c a l l y ,  g r o w t h  r a t e s  ar c  n e a r l y  

e x p o n e n t i a l  o ve r  a broad range  o f  low d e n s i t i e s  and d r o p  o f f  m a r k e d l y  

o n l y  a s  r e s o u r c e s  become r e l a t i v e l y  s c a r c e ,  a t  h i g h  p o p u l a t i o n  l e v e l s .  

Thi s  l e a d s  t o  an a s y m me t r i c a l  c u r v e ,  skewed t o  t he  l e f t  ( F i g .  1 ) .
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Dynamics  o f  t h e  S u s t a i n e d  Y i e l d  Cu r v e

R e g a r d l e s s  o f  i t s  e x a c t  s ha pe ,  t he  s u s t a i n e d  y i e l d  c u r ve  a lways  

has the  same g e n e r a l  p r o p e r t i e s  ( F i g .  3 ) .  The cur ve  i t s e l f  i s  d y n a m i c ;  

t h a t  i s ,  minor s t o c h a s t i c  p e r t u r b a t i o n s  c o n t i n u o u s l y  move the  p o p u l a t i o n  

a r o u n d ,  p r o h i b i t i n g  i t  f r o m  s e t t l i n g  o n  a n y  p a r t  o f  t h e  c u r v e  

i n d e f  i n i t e l y ,

On t h e  p o r t i o n  o f  t h e  c u r v e  t o  t h e  r i g h t  o f  N^gy C s o l i a  l i n e ,  

F i g .  3 ) ,  t h i s  i s  o f  l i t t l e  c o n s e q u e n c e .  I f  t h e  p o p u l a t i o n  l e v e l  

d e c l i n e s  s l i g h t l y ,  compensatory  i n c r e a s e s  i n  n a t a l i t y  and s u r v i v a l  move 

t he  p o p u l a t i o n  to  the  r i g h t ,  back toward the  c u r v e .  C o n v e r s e l y ,  i f  t h e  

p o p u l a t i o n  g r o ws  t o o  l a r g e ,  t h e  e f f e c t s  o f  h i g h  p o p u l a t i o n  l e v e l s  

combine w i t h  t he  h a r v e s t  t o  push t he  p o p u l a t i o n  b a c k  t o  t h e  l e f t  u n t i l  

i t  a g a i n  h i t s  t h e  c u r v e .  B e c a u s e  o f  t h i s  t e nd e n c y  toward ad j us tme nt  

f o l l o w i n g  d i s t u r b a n c e ,  the  d e s c e n d i n g  r i g h t - h a n d  p o r t i o n  o f  the  c u r v e  i s  

a l w a y s  s t a b l e .  H o we v er ,  t h e  s i t u a t i o n  i s  q u a l i t a t i v e l y  d i f f e r e n t  on 

t h a t  p o r t i o n  o f  t h e  c u r v e  t o  t h e  l e f t  o f  N^sy (dashed  l i n e .  F i g .  3 ) .  

Here ,  the  dynamic c urve  produces  a k n i f e - e d g e ,  or  r e l e a s e  p o i n t ,  b e c a us e  

p o p u l a t i o n s  t o  t h e  r i g h t  move  toward t h e  s t a b l e  p o r t i o n  o f  t h e  c u r v e ,  

but  p o p u l a t i o n s  t o  the  l e f t  move  t o w a r d s  e x t i n c t i o n .  The d e s c e n d i n g  

l e f t - h a n d  p o r t i o n  o f  t he  c ur ve  thus  r e p r e s e n t s  u n s t a b l e  e q u i l i b r i a  (May 

1977 ,  1979;  Beddington 1 9 7 9 ) .

A p o p u l a t i o n  d e c l i n e s  c h r o n i c a l l y  i f  i t  c o n t a i n s  j u s t  1 l e s s  

i n d i v i d u a l  than i s  s u s t a i n a b l e  f o r  a p a r t i c u l a r  h a r v e s t .  S i m i l a r l y ,  i t  

d e c l i n e s  c h r o n i c a l l y  i f  i t  i s  c o n t i n u o u s l y  h a r v e s t e d  by j u s t  1 more 

i n d i v i d u a l  than i s  s u s t a i n a b l e  a t  a p a r t i c u l a r  p o p u l a t i o n  s i z e .  The  

a b r u p t  c h a n g e  f r o m  s t a b i l i t y  t o  e v e n t u a l  e x t i n c t i o n ,  due  t o  t h e
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F i g .  3 .  A g e n e r a l i z e d  s u s t a i n e d  y i e l d  c u r v e ,  showing  t r a j e c t o r i e s  
o f  p o p u l a t i o n s .  The arrows i n d i c a t e  d i r e c t i o n s  p o p u l a t i o n s  w i l l  
f o l l o w .
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a d d i t i o n a l  h a r v e s t  o f  1 c r i t i c a l  i n d i v i d u a l ,  i s  de mon s t r at e d  by F i g .  4 ,  

a d a p t e d  f rom May ( 1 9 7 7 ) .  Here  t h e  a x e s  o f  t h e  p r e v i o u s  f i g u r e s  a re  

r e v e r s e d ,  and the  e f f e c t  o f  " d r o p p i n g  o f f "  t h e  s u r f a c e  o f  s t a b i l i t y  

Cowards e x t i n c t i o n  i s  more c l e a r l y  s e e n .

The p o p u l a t i o n  d e c l i n e  may n o t  p r o g r e s s  f u l l y  to  e x t i n c t i o n  i f ,  

a s  p o p u l a t i o n  l e v e l s  d e c r e a s e ,  t h e  e f f o r t  needed t o  keep y i e l d  c o n s t a n t  

becomes i m p o s s i b l y  h i g h .  I f  d e c l i n i n g  y i e l d  p e r  e f f o r t  r e s u l t s  i n  a 

r e d u c t i o n  i n  h a r v e s t  a t  low p o p u l a t i o n  l e v e l s ,  t h e  p o p u l a t i o n  may e n t e r  

an " e f f o r t  r e f u g e " ,  s t a b i l i z i n g  a t  a lower  e q u i l i b r i u m  (May 1 9 7 7 ,  1 9 7 9 ;  

B e d d i n g t o n  1 9 7 9 ;  P e t e r m a n  e t  a l .  197 9 ) ,  and t h u s  a v o i d  e x t i n c t i o n .  

However,  whether  or  no t  an " e f f o r t  r e f u g e "  e x i s t s ,  the g e n e r a l  b e h a v i o r  

o f  t h e  s y s t e m  i s  t h e  same.  In e i t h e r  c a s e ,  t h e  u n s t a b l e  e q u i l i b r i a  are  

al ways  r e l e a s e  p o i n t s .  Whether o r  n o t  d e p r e s s i n g  a p o p u l a t i o n  b e l o w  a 

r e l e a s e  p o i n t  l e a d s  t o  e x t i n c t i o n  e q u i l i b r i u m  depends on t h e  d e g r e e  to  

which h a r v e s t  i s  r e d u c e d  a t  l o w  p o p u l a t i o n  l e v e l s .  R e v i e w  o f  t h i s  

s u b j e c t  i s  b e y o n d  t h e  s c o p e  o f  t h i s  p a p e r ,  b u t  t h e  a l t e r n a t i v e  t o  

e x t i n c t i o n ,  a s econd  s t a b l e  e q u i l i b r i u m ,  i s  l i k e l y  t o  be  a d a n g e r o u s l y  

l ow p o p u l a t i o n  l e v e l .  T h i s  s m a l l  p o p u l a t i o n  would f a c e  t h e  t h r e a t  o f  

e v e n t u a l  e x t i n c t i o n  from the  e f f e c t s  o f  s t o c h a s t i c  demographic v a r i a t i o n  

( S h a f f e r  197 8 ) ,  l ac k  o f  g e n e t i c  v a r i a b i l i t y  ( F r a n k e l  and S o u l e  1 9 8 1 ) ,  or  

bo t h .  Were h a r v e s t i n g  s t op p ed  and g e n e t i c  and random e f f e c t s  b e n i g n ,  

t h e  p o p u l a t i o n  would s l o w l y  r e c o v e r  t o  an a c c e p t a b l e  l e v e l .  However,  a 

g r i z z l y  bear  p o p u l a t i o n  would t a k e  many y e a r s  t o  do s o .
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F i g .  4 .  The dynamics  o f  s u s t a i n e d  y i e l d ,  a d a p t e d  from May ( 1 9 7 7 ) .  
The arrows  i n d i c a t e  p o p u l a t i o n  t r a j e c t o r i e s .  The s o l i d  l i n e  a t  t h e  
t o p  o f  t h e  c u r v e  r e p r e s e n t s  s t a b l e  e q u i l i b r i a ;  t h e  das hed  l i n e  
r e p r e s e n t s  r e l e a s e  p o i n t s .  As y i e l d  i n c r e a s e s ,  p o p u l a t i o n  l e v e l  
d e c l i n e s  s l o w l y  u n t i l  y i e l d  r e a c h e s  MSY; then drops  p r e c i p i t o u s l y  
t o  e x t i n c t i o n .
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A g e - S t r u c t u r e  A n a l y s e s

A p o p u l a t i o n ' s  r a t e  o f  i n c r e a s e  i s  d e t e r m i n e a  by i t s  n a t a l i t y  

r a t e ,  i t s  s u r v i v a l  r a t e ,  and i t s  a g e - s t r u c t u r e .  In a t t e m p t i n g  t o  a s s e s s  

p o p u l a t i o n  c ha n g e ,  w i l d l i f e  b i o l o g i s t s  have o f t e n  u s e d  s u c h  a g e  r a t i o s  

a s  f a w n i d o e  or  y o u n g i a d u l t .  I f  t h e  d a t a  c o l l e c t e d  are  s u f f i c i e n t l y  

d e t a i l e d ,  s u c h  i n d i c e s  p r o v i d e  a m e a s u r e  o f  r e c r u i t m e n t ,  b u t  t h e y  

c an no t ,  o f  t h e m s e l v e s ,  i n d i c a t e  t he  d i r e c t i o n  o f  p o p u l a t i o n  change  ( G i l l  

1 9 5 3 ,  C a u g h l e y  1 9 7 4 ,  G r i e r  1 9 7 9 ) .  F o r  e x a m p l e ,  C a u g h l e y  ( 1 9 7 4 )  

d e m o n s t r a t e d  t h a t  i n c r e a s e d  or  d e c r e a s e d  s u r v i v a l  o ve r  a l l  age  c l a s s e s  

produced no change  i n  commonly r e p o r t e d  age  r a t i o s .  F u r t h e r ,  he  n o t e d  

s i m i l a r  a g e  r a t i o s  among t h o s e  p o p u l a t i o n s  t h a t  i n c r e a s e d  due t o  h i g h e r  

r e c r u i t m e n t  r a t e s ,  and t h o s e  t h a t  d e c l i n e d  due t o  l o w e r  a d u l t  s u r v i v a l  

r a t e s .  He c o n c l u d e d  t h a t  . . age  r a t i o s  cannot  be  i n t e r p r e t e d  w i t h o u t  a 

knowledge  o f  r a t e  o f  i n c r e a s e ,  and i f  we have an e s t i m a t e  o f  t h i s  r a t e ,  

we do n o t  n e e d  a g e  r a t i o s , "  B u n n e l l  and T a i t  ( 1 9 8 0 )  d e v e l o p e d  t h i s  

theme  by l o o k i n g  n o t  m e r e l y  a t  s i m p l e  r a t i o s ,  b u t  a t  t h e  e n t i r e  

a g e - s t r u c t u r e  r e l a t i v e  t o  t h e  y o u n ge s t  age  c l a s s  (S^ s c h e d u l e ) .  They 

s i m i l a r l y  c o n c l u d e d  t h a t  a g e - s t r u c t u r e  a l o n e  c o u l d  n o t  i n d i c a t e  t h e  

d i r e c t i o n  o f  p o p u l a t i o n  change  un ambi gu ous l y .

However,  i f  d e c l i n i n g  and i n c r e a s i n g  p o p u l a t i o n s  show s i m i l a r  

a g e - s t r u c t u r e s , t h e y  do s o  f o r  d i f f e r e n t  r e a s o n s ,  A " y o u n g e r "  age  

s t r u c t u r e  can  r e s u l t  from more young a n i ma l s  o r  l e s s  o l d  a n i m a l s ,  but  in  

t h e  former c a s e  the  t o t a l  number o f  a n i m a l s  i n c r e a s e s ,  and i n  t h e  l a t t e r  

i t  d e c r e a s e s .  I f  the  p o p u l a t i o n  i s  s u b j e c t e d  t o  a h u n t  i n  w h i c h  t h e
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p r o b a b i l i t y  o f  s u r v i v a l  d i f f e r s  by s e x / a g e  c l a s s ,  t h e n  t h e  h a r v e s t  

s t r u c t u r e  w i l l  r e s p o n d  t o  bot h  t he  r e l a t i v e  numbers i n  each c l a s s  (S%) 

and to  t h e  a b s o l u t e  numbers i n  each c l a s s .  A p p l y i n g  a c o n s t a n t  h a r v e s t  

w i t h  u n c h a n g i n g  r e l a t i v e  v u l n e r a b i l i t i e s  t o  a chang ing  p o p u l a t i o n  i s  

a n a l a g o u s  t o  t a k i n g  a f i x e d  s l i c e  out  o f  a c h a n g i n g  p i e .  The s i z e  o f  

the  s l i c e  remains  c o n s t a n t ,  but t he  c o m p o s i t i o n  changes  wi th  t he  s i z e  of  

t he  p i e .  The h a r v e s t  may thus  c o n t a i n  more i n f o r m a t i o n  than a g e  r a t i o s  

a l o n e ,  and may be c a p a b l e  o f  i n d i c a t i n g  p o p u l a t i o n  t r a j e c t o r y .

The r a t i o  o f  ma l e s  t o  f e m a l e s  i n  the  h a r v e s t  i s  known t o  respond

b o t h  t o  t h e  m a l e : f e m a l e  r a t i o  o f  t h e  p r e - h a r v e s t  p o p u l a t i o n  and t o  t he

d e g r e e  o f  h u n t i n g  p r e s s u r e .  H e a v i e r  h a r v e s t s  d i s p l a y  i n c r e a s e d

p e r c e n t a g e s  o f  f e m a l e s  among o l d e r  h a r v e s t e d  m o o s e  ( F r a s e r  1 9 7 6 ) ,

r e i n d e e r  (Reimers  1 9 7 5 ) ,  and b l a c k  be ar s  ( B u n n e l l  and T a i t  1980,  G i l b e r t

e t  a l .  1 9 7 8 ) .  B u n n e l l  a n d  T a i t  ( 1 9 8 0 )  d e m o n s t r a t e d  t h a t  t h i s

c o r r e l a t i o n  n e c e s s a r i l y  r e s u l t s  when h a r v e s t s  ar e  b i a s e d  t ow ar ds  m a l e s .

B e c a u s e  f e w  males  s u r v i v e  to  t h e  o l d e r  age  c l a s s e s ,  s e x  r a t i o s  o f  o l d e r

h a r v e s t e d  a n i ma l s  f a v o r  f e m a l e s .  In t he  e x tr eme  c a s e ,  where a l l  an imal s

d i e  f r o m h u n t i n g ,  t h e  o v e r a l l  s ex  r a t i o  o f  t h e  h a r v e s t  e q u a l s  t h e  s e x

r a t i o  a t  b i r t h ,  but  i s  b i a s e d  toward mal e s  i n  the  young a g e - c l a s s e s ,  and

t o w a r d  f e m a l e s  i n  t h e  o l d  a g e - c l a s s e s .  G i l b e r t  e t  a l .  ( 1 9 7 8 ) ,  f o l l o w e d

t h i s  same l i n e  o f  r e a s o n i n g  i n  s u g g e s t i n g  g u i d e l i n e s  f o r  i n t e r p r e t i n g

h a r v e s t  s t a t i s t i c s  from l e g a l  hunts  o f  b l a c k  b e a r s .  They c o nc l ud e d  t h a t

the  p e r c e n t  m a l e s  i n  t h e  k i l l ,  t h e  s e x  r a t i o  i n  b o t h  y oun g  and o l d

a g e s - c  l a s  s e s , and t h e  "average" age  o f  t he  k i l l  c o u l d  a l l  p r o v i d e  c l u e s

t o  p o p u l a t i o n  s t a t u s .  However,  they  d i d  n o t  q u a n t i f y  t h e i r  g u i d e l i n e s ,
/

and t h e y  wa rne d t h a t  c h a n c e  v a r i a b i l i t y  a s s o c i a t e d  w i t h  s m a l l  samples
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c o u l d  e a s i l y  m i s l e a d  the  i n v e s t i g a t o r .

F o l l o w i n g  on t h e  work o f  F r a s e r  ( 1 9 7 6 ) ,  Paloheimo and F ras er  

( 1 9 8 1 )  d e v e lo p e d  a procedure  t h a t  e x p l o i t s  d i f f e r e n c i a l  v u l n e r a b i l i t y  by 

s e x  i n  e s t i m a t i n g  t h e  r a t e  o f  h a r v e s t  f rom h u n t e r - k i l l  d a t a .  I f  the  

h u n t e r - k i l l  i s  assumed t o  be t h e  t o t a l  h a r v e s t ,  p o p u l a t i o n  e s t i m a t e s  

f o l l o w  d i r e c t l y  from t h e  h a r v e s t  r a t e s .  The method grew out o f  a n a l y s e s  

o f  f i s h e r i e s ,  and,  as  s u c h ,  r e q u i r e s  some a s s u m p t i o n s  t h a t  a r e  o f t e n

v i o l a t e d  by l a r g e - m a m m a l  p o p u l a t i o n s .  I t  r e q u i r e s  an i n d e p e n d e n t

e s t i m a t e  o f  h a r v e s t  e f f o r t ,  or a l t e r n a t i v e l y ,  the  a s su mpt i on  o f  c o n s t a n t
■m'

e f f o r t ,  but  r e l i a b l e  e s i m a t e s  o f  e f f o r t  a r e  d i f f i c u l t  t o  o b t a i n  for  

r e c r e a t i o n a l  h a r v e s t s .  A d d i t i o n a l l y ,  i t  r e q u i r e s  a n a t u r a l  m o r t a l i t y  

r a t e  t h a t  i s  i n d e p e n d e n t  o f  a g e ,  a c o n s t a n t  r e l a t i v e  v u l n e r a b i l i t y  to  

h u n t i n g  w i t h i n  each s e x ,  and a known ( o r  assumed)  s e x  r a t i o  a t  t he  f i r s t  

h a r v e s t a b l e  y e a r .  These  a s s u mp t i o n s  may not  be met  by bear  p o p u l a t i o n s ,  

i n  which a d i s t i n c t  s u b - a d u l t  c l a s s  i s  g e n e r a l l y  c o n s i d e r e d  t o  h a v e  

h i g h e r  n a t u r a l  and h u n t i n g  m o r t a l i t y  r a t e s  than a d u l t s ,  and i n  which  

d i f f e r e n t i a l  m o r t a l i t y  o f  male  cubs  may skew the  s ex  r a t i o  p r i o r  t o  t h e  

f i r s t  h a r v e s t a b l e  c l a s s .  In  s u c h  a s i t u a t i o n ,  Pa l o h e im o  and Fraser  

( 1 9 8 1 )  r e c o m m e n d e d  u s i n g  o n l y  t h e  r e l a t i v e l y  h o m o g e n o u s  a d u l t  

a g e - c l a s s e s .  However,  d o i n g  s o  r ed uc es  sample  s i z e  and s e v e r e l y  impai r s

t h e  m e t h o d ' s  u t i l i t y  f o r  b e a r s .  F r a s e r  e t  a l .  ( 1 9 8 2 )  r e v i e w e d  t h e

a p p l i c a b i l i t y  o f  t h e  p r o c e d u r e  f o r  b l a c k  b e a r  p o p u l a t i o n s  ana made 

s u g g e s t i o n s  f o r  m i n i m i z i n g  v i o l a t i o n  o f  a s s u m p t i o n s .

T a i t  ( 1 9 8 3 )  a l s o  d e v e l o p e d  a p ro c ed ur e  f o r  a n a l y z i n g  p o p u l a t i o n  

s t a t u s  t h a t  r e l i e s  on the  d i f f e r e n t  v u l n e r a b i l i t y  t o  h u n t i n g  o f  a g e / s e x  

c l a s s e s .  The p r o c e d u r e  u s e s  h a r v e s t  d a t a  from a s e r i e s  o f  y e a r s ,  as

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



w e l l  as  e s t i m a t e s  o f  l i f e - h i s t o r y  parameters  t o  " r e c o n s t r u c t "  t h e  m o s t  

p r o b a b l e  p o p u l a t i o n  f o r  e a c h  y e a r  o f  t h e  d a t a  s e t .  The p r o c e d u r e  

performed w e l l  on s i m u l a t e d  p o p u l a t i o n s ,  but  h a s  y e t  t o  be r i g o r o u s l y  

t e s t e d  on f i e l d  dat a  ( T a i t ,  p e r s .  comm.) .

16
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O BJEC TIV ES

The 2 primary o b j e c t i v e s  o f  t h i s  s t ud y  were :

( 1 )  To d e s c r i b e  t h e  s e x  and a g e  s t r u c t u r e s  o f  g r i z z l y  bear  

p o p u l a t i o n s  and g r i z z l y  bear  h u n t e r - k i l l  d a t a  from s i m u l a t e d  s t a b l e  and  

o v e r h a r v e s t e d  s y s t e m s .

( 2 )  To d e v e l o p  a n  i n d e x  t o  d i s c r i m i n a t e  s t a b l e  f r o m  

o v e r h a r v e s t e d  p o p u l a t i o n s  u s i n g  a g e - s t r u c t u r e s  f ro m h u n t e r - k i l l  d a t a ,  

and t o  q u a n t i f y  t h e  s e n s i t i v i t y  o f  t he  i n d e x .

The d a t a  f o r  a n a l y s i s  were  g e n e r a t e d  by a s i m u l a t i o n  m o d e l  t h a t  

i n c o r p o r a t e d  t h e  r e l e v a n t  a s p e c t s  o f  g r i z z l y  bear  p o p u l a t i o n  b i o l o g y .  

The s i m u l a t i o n  model  i s  d e s c r i b e d  i n  the  next  s e c t i o n .

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SIMULATION MODEL

Genera l  S t r u c t u r e

O verview

The s i m u l a t o r  i s  a s t o c h a s t i c ,  d i s c r e t e  t i me ,  a g e - s t r u c t u r e d  

p r o j e c t i o n  model  t h a t  f o l l o w s  t h e  h i s t o r y  o f  i n d i v i d u a l  g r i z z l y  b e a r s  

f rom b i r t h  u n t i l  d e a t h .  As w i t h  L e s l i e - m a t r i x  b a s e d  model s  ( L e s l i e  

1 9 4 5 ) ,  i t  u s e s  a g e - s p e c i f i c  m o r t a l i t y  and n a t a l i t y  r a t e s ,  b u t  u n l i k e  

L e s l i e - b a s e d  m o d e l s ,  s u r v i v a l  and r e p r o d u c t i o n  o f  each i n d i v i d u a l  in  

e a c h  y e a r  i s  r a n d o m l y  d e t e r m i n e d  w i t h  p r o b a b i l i t i e s  e q u a l  t o  t h e  

a g e - s p e c i f i c  r a t e s .  M o r t a l i t y  and n a t a l i t y  may be d e n s i t y - d e p e n d e n t  or  

d e n s i t y - i n d e p e n d e n t .  N a t a l i t y  i s  de te rmi ne d  from 3 s e p a r a t e  f u n c t i o n s :  

b r e e d i n g ,  b i r t h  o f  c u b s ,  and d i s p e r s a l  ( w e a n i n g )  o f  j u v e n i l e s .  Th i s  

p r oc e d u r e  r e t a i n s  t he  3 i mp or t an t  d e t e r m i n a n t s  o f  o v e r a l l  n a t a l i t y  in  

b e a r s ;  a g e  o f  f i r s t  r e p r o d u c t i o n ,  l i t t e r  s i z e ,  and b r e e d i n g  i n t e r v a l  

( B u n n e l l  and T a i t  1 9 8 1 ) .  E n v i r o n m e n t a l  v a r i a t i o n  may be  i n t r o d u c e d  

through t h e  v a r i a b l e  K, t h e  c a r r y i n g  c a p a c i t y .

In a d d i t i o n  t o  a g e - c l a s s  (0  -  2 4 ) ,  t h e  model  c o n s i d e r s  b e a r s  a s  

b e l o n g i n g  t o  1 o f  8 l i f e - h i s t o r y  c a t e g o r i e s :

1) j u v e n i l e  o f  e i t h e r  s e x  ( w i t h  m o t he r ) ;

2 ) lone  mal e ;

3)  f emal e  w i t h o u t  j u v e n i l e ;

4 )  pregnant  f e m a l e ;

18
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5) f emale  accompanied by 1 j u v e n i l e ;

6 ) f emale  accompanied by 2 j u v e n i l e s ;

7)  f emale  accompanied by 3 j u v e n i l e s ;

8 ) dead.

In  t h i s  t h e s i s ,  a j u v e n i l e  i s  d e f i n e d  as  a bear o f  any age t h a t  

i s  under the  care  o f  i t s  mot he r .  A cub i s  a b e ar  i n  i t s  f i r s t  y e a r .  A 

s u b - a d u l t  i s  a p r e - r e p r o d u c t i v e  b e a r  t h a t  no l o n g e r  t r a v e l s  w i t h  i t s  

m o t h e r .  T h u s ,  f o r  e x a m p l e ,  an 1 8 - m o n t h  o l d  b e a r  may b e  e i t h e r  a 

j u v e n i l e  or a s u b - a d u l t ,  d e p e n d i n g  on whether  i t  had been c a s t - o f f  by 

i t s  mother  the  p r e v i o u s  s p r i n g .

D u r i n g  e a c h  i t e r a t i o n ,  e a c h  b e a r  i s  s u b j e c t e d  t o  5 e v e n t s  a t  

which i t  can change from 1 c a t e g o r y  t o  a n o t h e r  ( F i g .  5 ) .  Wh e th e r  i t  

c h a n g e s  o r  r e t a i n s  i t s  c a t e g o r y  i s  d e t e r m i n e d  by c o m p a r i n g  i t s  

a g e - s p e c i f i c  . p r o b a b i l i t y  o f  c h a n g e  t o  a random ( 0 , 1 )  v a r i a t e  f r o m a 

u n i f o r m  d i s t r i b u t i o n .  T h i s  s e q u e n c e  o f  B e r n o u l l i  e v e n t s  c r e a t e s  

demographic  s t o c h a s t i c i t y , t h e  magni tude  o f  which  i s  i n v e r s e l y  r e l a t e d  

t o  p o p u l a t i o n  s i z e  (May 1 9 7 4 ) .

D e n s i t v - De n en de n ce

N a t u r a l  s u r v i v a l  and t he  3 n a t a l i t y  components  can be modeled as 

f u n c t i o n s  o f  N/K, where  N i s  the  t o t a l  number o f  a n i m a l s  a t  t h e  t i m e  o f  

c a l c u l a t i o n .  T h i s  i s  a r e s o u r c e  p e r  c a p i t a  a p p r o a c h  ( G e t z  1 9 8 3 ) ,  

i m p l y i n g  t h a t  i n d i v i d u a l  a n i m a l s  c o m p e t e  f o r  a f i n i t e  r e s o u r c e .  

A l t e r n a t i v e l y ,  s u r v i v a l  o f  s u b - a d u l t  males  can be c o n s i d e r e d  a f u n c t i o n  

o f  N^/Kni, where Nm i s  t h e  number o f  a d u l t  ma l e s  i n  t h e  p o p u l a t i o n  a t  the
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t i m e  o f  c a l c u l a t i o n ,  and i s  t h e  s a t u r a t i o n  number o f  a d u l t  m a l e s .  

T hi s  a l t e r n a t i v e  i s  d i s c u s s e d  f u r t h e r  i n  t h e  S p e c i f i c  Models s e c t i o n .

D e n s i t y  d e p e n d e n t  f u n c t i o n s  t a k e  t he  g e n e r a l  H i c h a e l i s - K e n t o n  

(MM) form:

[ (N/K)x 1

( 0 , 0 5  px)  + (N/K)x J
Rate  * m + s § 1 * I ( 2 )

where :
m = t he  minimum v a l u e  t he  r a t e  can t a k e ,  0=>m>l
s = s c a l i n g  f a c t o r  f o r  t h e  r a t e ,  s = (maximum v a l u e  -  minimum v a l u e )
N = p o p u l a t i o n  s i z e  a t  t ime  o f  c a l c u l a t i o n  
K = c a r r y i n g  c a p a c i t y  a t  t ime  o f  c a l c u l a t i o n
p = v a l u e  o f  N/K a t  w h i c h  t h e  r a t e  i s  t o  t a k e  t h e  v a l u e  95% o f  the  
maximum
X = e xp o n e n t ,  c o n t r o l l i n g  t he  s l o p e  o f  t h e  f u n c t i o n

D e s p i t e  i t s  impos i ng  a p p e a r a n c e ,  t h e  MM e q u a t i o n  f a c i l i t a t e s  

s i m p l e  f i t t i n g  o f  d e n s i t y - d e p e n d e n t  f u n c t i o n s  f l e x i b l y  w h i l e  r e t a i n i n g  

the  b i o l o g i c a l  i n t e r p r e t a t i o n  o f  e ach  v a r i a b l e .  The p a r t  o f  Eq. 2 i n  

b r a c k e t s  c an  t a k e  v a l u e s  f rom 0 t o  1 .  As some f u n c t i o n  may have a 

minimum o f  g r e a t e r  than 0 a n d / or  a maximum o f  l e s s  than 1,  t he  v a r i a b l e s  

m and s a r e  us ed  t o  r e - s c a l e  the  f u n c t i o n  a p p r o p r i a t e l y .  The v a r i a b l e  p 

i s  a s a t u r a t i o n  l e v e l ;  i t  g i v e s  t h a t  p o p u l a t i o n  l e v e l  r e l a t i v e  t o  t h e  

c a r r y i n g  c a p a c i t y  a t  which  e s s e n t i a l l y  no f u r t n e r  change i n  t h e  r a t e  i s  

b i o l o g i c a l l y  p o s s i b l e .  Exponent  x c o n t r o l s  t h e  s h a p e  o f  t h e  r e s p o n s e  

r e l a t i v e  t o  t h e  c h a n g e  i n  d e n s i t y ,  K/K.  An a l g o r i t h m  w i t h i n  t h e  

s i m u l a t o r  s o l v e s  f o r  x when s u p p l i e d  w i t h  2 p o i n t s  a l o n g  t h e  N/K a x i s  

( F i g -  6 ) .  The r e q u i r e d  p o i n t s  a r e  t he  v a l u e  o f  N/K a t  which 50% and 95% 

o f  the  change  i n  r a t e  i s  t o  o c c u r .  Th u s ,  f i t t i n g  a d e n s i t y - d e p e n d e n t
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MAXIMUM

RATE

MINIMUM-

0.5 1.0 1.5 2.0

N / K

F i g .  6 .  A g e n e r a l i z e d  M i c h a e l i s - M e n c o n  f u n c t i o n ,  as  used i n  the  
s i m u l a t i o n  model .  P o i n t  ' a '  i s  chosen by the  u s e r  a t  the  N/K v a l u e  
a t  w h i c h  50% o f  the  change from maximum r a t e  to  minimum r a t e  i s  to  
o c c u r ;  p o i n t  ' b '  i s  a n a l a g o u s  f o r  95% o f  t h e  c h a n g e .  F u n c t i o n s  
u s e d  i n  t h e  s i m u l a t i o n  t y p i c a l l y  changed l i t t l e  a t  low N/K v a l u e s ,  
but dropped s t e e p l y  a s  N/K approached 1 . 0 .
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f u n c t i o n  w i t h  a MM e q u a t i o n  s i m p l i f i e s  t o  c h o o s i n g  t h e s e  2 p o i n t s ,  as  

w e l l  as  s e t t i n g  t he  minimum and maximum v a l u e s  the  r a t e  may t a k e .

A d e n s i t y - i n d e p e n d e n t  ( i . e .  c o n s t a n t )  r a t e  can a l s o  be f i t t e d  in  

e i t h e r  o f  2 ways .  F i r s t ,  by s i mp ly  d e s i g n a t i n g  bot h  minimum and maximum 

v a l u e s  a s  t h e  d e s i r e d  c o n s t a n t  r a t e ,  i t  can be s ee n  t h a t  s = 0 ,  so t he  

r a t e  t a k e s  t h e  v a l u e  m ( t h e  m i n i m u m )  f o r  a l l  v a l u e s  o f  N / K .  

A l t e r n a t i v e l y ,  the  v a l u e  o f  N i n  t h e  e q u a t i o n  can be s e t  permanent ly  at  

K, ( i n s t e a d  o f  t h e  a c t u a l  number  i n  t h e  p o p u l a t i o n ) .  T h i s  w a y ,  N/K 

a l w a y s  t a k e s  t h e  v a l u e  1 . 0  i f  K i s  c o n s t a n t  (but  s e e  b e l o w ) ,  r e s u l t i n g  

i n  a. c o n s t a n t  r a t e .

Env i  ro nmenta 1 S t o c h a s t i c i t v

The c a r r y i n g  c a p a c i t y ,  K, may be assumed c o n s t a n t  t h rou ghout  the  

s i m u l a t i o n ,  o r  may v a r y  i n d e p e n d e n t l y  e a c h  y e a r  t o  s i m u l a t e  

e n v i r o n m e n t a l  v a r i a t i o n  among y e a r s .  With v a r i a b l e  K, d e n s i t y - d e p e n d e n t  

r a t e s  a r e  c a l c u l a t e d  u s i n g  t h e  MM e q u a t i o n  w i t h  h ' i /Ki ,  where Ki as w e l l  

a s  N£ i s  y e a r - s p e c i f i c .  D e n s i t y - i n d e p e n d e n t  r a t e s  a r e  c a l c u l a t e d  by 

s u b s t i t u t i n g  t h e  m e d i a n  ( e x p e c t e d  v a l u e )  K f o r  Ni  i n  the  MM e q u a t i o n .

T h u s ,  when Ki  e q u a l s  K, a l l  r a t e s  a s s u m e  v a l u e s  c o r r e s p o n d i n g  t o  a

p o p u l a t i o n  e x a c t l y  a t  c a r r y i n g  c a p a c i t y .

V a r i a t i o n  i n  Ki  i s  p r o p o r t i o n a l  t o  K, e . g .  v a l u e s  o f  t w i c e  and

o n e - h a l f  t h e  m e d i a n  a r e  e q u a l l y  p r o b a b l e  i n  any  g i v e n  y e a r .  The

l o g - n o r m a l  i s  u s e d  as  t h e  u n d e r l y i n g  f r e q u e n c y  d i s t r i b u t i o n  f o r  &i 

b e c a u s e  i t  model s  equa l  p r o b a b i l i t i e s  o f  p r o p o r t i o n a l  d e v i a t i o n s  f rom  

t h e  e x p e c t e d  v a l u e  ( F i g .  7 ) .  The m a g n i t u d e  o f  v a r i a b i l i t y  in  Ki ig
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1.50.5 1.0 20

K

F i g ,  7 ,  A g e n e r a l i z e d  d i s t r i b u t i o n  o f  K v a l u e s ,  s h o w i n g  t h e  
l o g - n o r m a l  d i s t r i b u t i o n  u s e d  i n  t h e  s i m u l a t i o n .  Poor  y e a r s  and 
f a v o r a b l e  y e a r s  o c c u r  w i t h  e q u a l  f r e q u e n c y ,  a l t h o u g h  t h e  
d i s t r i b u t i o n  i s  s k e w e d  t o  t h e  r i g h t .  T h e  v a r i a b i l i t y  o f  K 
d i s p l a y e d  i s  g r e a t e r  than was u s e d  i n  t h e  mode l ;  s e e  t e x t .
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de te rmi ne d oy s p e c i f y i n g  t he  p r o p o r t i o n  o f  t h e  median K w i t h i n  which 95% 

o f  y e a r l y  v a l u e s  w i l l  f a l l .

The i n c l u s i o n  o f  e n v i r o n m e n t a l  s t o c h a s t i c i t y  d i r e c t l y  w i t h i n  K 

r a t h e r  than s e p a r a t e l y  i n  each r a t e  f u n c t i o n  has  an important  b i o l o g i c a l  

i n t e r p r e t a t i o n .  Because K remains  c o n s t a n t  w i t h i n  each s i m u l a t i o n  ye ar ,  

s u r v i v a l  and u e a s i t y - c ; :  . i i t y  r a t e s  l o r  t i i a t  y e a r  a r e

dependent  on t he  same v a l u e  o f  Thus,  when d e v i a t e s  n e g a t i v e l y

f ro m i t s  m e d ia n  v a l u e ,  ( i . e .  t h e  c a r r y i n g  c a p a c i t y  i s  l o w e r  t h a n  

a v e r a g e ) ,  s u r v i v a l  and  n a t a l i t y  b o t h  d e c l i n e .  When Kj d e v i a t e s  

p o s i t i v e l y ,  b o t h  s u r v i v a l  and n a t a l i t y  i n c r e a s e .  T h i s  p r o c e d u r e  

s i m u l a t e s  t h e  e f f e c t  o f  g oo d  and p o o r  y e a r s  o f  f o o d  a v a i l a b i l i t y  

s i m u l t a n e o u s l y  on s u r v i v a l  and r e p r o d u c t i o n .

S equence  o f  Events

Within  each  s i m u l a t i o n  y e a r ,  each  l i f e - h i s t o r y  event  t a k e s  p l a c e  

o n l y  o n c e ,  and i s  p l a c e d  i n  the  s e q u e n c e  most  n e a r l y  r e s e m b l i n g  n a t u r e  

( F i g .  5 ) .

I n i t i a l  P o p u la t io n

T he  s i m u l a t i o n  c a n  b e  i n i t i a t e d  i n  2 w a y s .  A p o p u l a t i o n  

s t r u c t u r e  c o n s i s t i n g  o f  m a l e s  and f e m a l e s  a g e d  0 t h r o u g h  24 may be  

s p e c i f i e d .  In t h i s  c a s e ,  e a c h  a n i m a l  i s  c o n s i d e r e d  u n r e l a t e d  t o  any 

o t h e r s ,  and a l l  ar e  a s s i g n e d  i d e n t i f i c a t i o n  numbers,  b e g i n n i n g  w i t h  t h e  

o l d e s t  a n i m a l s .  A l t e r n a t i v e l y ,  t h e  s i m u l a t i o n  can be i n i t i a t e d  w i t h  a 

p o p u l a t i o n  g e n e r a t e d  by a p r e v i o u s  r u n .  In t h i s  c a s e ,  t h e  f a m i l y  

h i s t o r y  o f  e a c h  a n i m a l  f r o m  t h e  p r e v i o u s  r u n  i s  p r e s e r v e d ,  so
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f e m a l e —j u v e n i l e  r e l a t i o n s h i p s  and p r i o r  b r e e d i n g s  a r e  known.  U s i n g  an 

i n i t i a l  p o p u l a t i o n  g e n e r a t e d  by a p r e v i o u s  run e l i m i n a t e s  t he  i n f l u e n c e  

o f  an a r b i t r a r y  i n i t i a l  a g e - s t r u c t u r e  on the  r e s u l t a n t  s i m u l a t i o n .  I t  

a l s o  e n a b l e s  s i m u l a t i n g  an abrupt  change  i n  b i r t h  and s u r v i v a l  r a t e s ,  by 

u s i n g  a p o p u l a t i o n  t h a t  had b e e n  g e n e r a t e d  u n d e r  a d i f f e r e n t  s e t  o f  

r a t e s .

Breeding

I f  a s t a r t i n g  p o p u l a t i o n  s t r u c t u r e  o f  i n d e p en d e n t  a n i ma l s  i s

u s ed ,  b r e e d i n g  i s  the  f i r s t  p r o c e s s  e n c o u n t e r e d .  T h i s  a l l o w s  t h e  f i r s t

year  o f  t h e  run t o  i n c l u d e  pregnant  f e m a l e s .  I f  the  s t a r t i n g  p o p u l a t i o n  

has  been g e n e r a t e d  by a p r e v i o u s  run,  b r e e d i n g  i s  s k i p p e d  i n  t h e  f i r s t  

year  o n l y  b ec au s e  the  p o p u l a t i o n  has a l r e a d y  been "bred" dur i ng  t h e  l a s t  

y e a r  o f  t h e  p r e v i o u s  r u n .  I n  e i t h e r  c a s e ,  t h e  b r e e d i n g  p r o c e s s  i s  

a p p l i e d  o n l y  to  f e m a l e s  t h a t  a r e  unaccompanied by j u v e n i l e s .

B r e e d i n g  r a t e s  a r e  a g e - s p e c i f i c .  T h u s ,  t h e  a g e  a t  f i r s t  

b r e e d i n g  may be m o d e l e d  e i t h e r  as  a s t e p  f u n c t i o n ,  by a s s i g n i n g  zero  

b r e e d i n g  r a t e s  t o  p r e - r e p r o d u c t i v e  a g e - c l a s s e s ,  or  a s  a c o n t i n u o u s  

f u n c t i o n ,  by g r a d u a l l y  i n c r e a s i n g  t h e  b r e e d i n g  r a t e  over  a range o f  

y e a r s .  For each f ema le  b r e e d i n g ,  an a d u l t  ( a g e  4 + ) m a l e  i s  r a n d o m l y  

s e l e c t e d  t o  be t he  " f a t h e r "  o f  her  c ub s .  I f  no a d u l t  males  a r e  p r e s e n t ,  

no f e m a l e s  breed .

Census

The c e n s u s  i s  a c o m p l e t e  h e a d  c ount  o f  t h e  e n t i r e  p o p u l a t i o n .

The p l acement  o f  t h e  c e n s u s  a f t e r  b r e e d i n g  and b e f o r e  t h e  f a l l  h u n t

comes  c l o s e  to  t h e  c i r c u m s t a n c e s  under which  b i o l o g i s t s  most commonly 

o b s e r v e  b e a r s .  Cubs a r e  i d e n t i f i a b l e  i n  t h e  f i e l d  and f a m i l y  g r o u p s
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t r a v e l  t o g e t h e r .

The  m i d - s u m m e r  c e n s u s  p r o v i d e s  a l l  d a t a  on n u m b e r s  and  

a g e - s t r u c t u r e  f o r  the  t o t a l  p o p u l a t i o n .  I t  a l s o  p r o v i d e s  a r e f e r e n c e  

p o i n t  a g a i n s t  which t h e  hunted s ample  can be compared.

F a l l  Hunt

The p o p u l a t i o n  i s  s u b j e c t e d  t o  a f a l l  hu nt  t h a t  removes  any  

d e s i r e d  number o f  a n i m a l s ,  up t o  and i n c l u d i n g  t h e  t o t a l  p o p u l a t i o n .  

The s e x  and age o f  each  i n d i v i d u a l  k i l l e d  i s  r e c o r d e d ,  e n a b l i n g  the  hunt  

to  s e r v e  as  a sampl i ng  o f  t h e  p o p u l a t i o n  a g e - s t r u c t u r e ,  a s  w e l l  a s  a 

l i f e - h i s t o r y  e v e n t .

I n d i v i d u a l s  a r e  k i l l e d  o r  s u r v i v e  t he  hunt a c c o r d i n g  t o  the  same 

type  o f  B e r n o u l l i  p r o c e s s  used  f o r  n a t u r a l  m o r t a l i t y  and r e p r o d u c t i v e  

c o m p o n e n t s .  Each animal  i s  e xp o s ed  t o  t he  hunt s e q u e n t i a l l y  by order  of  

i t s  i d e n t i f i c a t i o n  n umb e r ,  and  t h e  p r o c e s s  i s  c o n t i n u e d  u n t i l  t h e  

d e s i r e d  number o f  a n i m a l s  i s  removed.  Because  o l d e r  bears  have  h i g h e r  

i d e n t i f i c a t i o n  numbers than younger  b e a r s ,  they  a r e  e x p o s e d  t o  t h e  hu nt  

f i r s t .  T h i s  pr oc ed ur e  b i a s e s  t h e  age  d i s t r i b u t i o n  o f  t he  hunt in  f a v o r  

o f  o l d e r  a n i mal s  i f  t he  d e s i r e d  h a r v e s t  i s  r e a c h e d  b e f o r e  a l l  a n i m a l s  

h a v e  b e e n  e x a m i n e d .  To m i n i m i z e  t h i s  b i a s ,  t h e  program f i r s t  e x e c u t e s  

an a l g o r i t h m  t h a t  r e - c a l c u l a t e s  t h e  r e l a t i v e  v u l n e r a b i l i t i e s  o f  e a c n  

1 i f e - h i s t  o r y / a g e - c 1 a s s  p r o p o r t i o n a l l y ,  to  i n s u r e  t h a t ,  on a v e r a g e ,  10 

p a s s e s  through the  e n t i r e  p o p u l a t i o n  a r e  r e q u i r e d  b e f o r e  t h e  d e s i r e d  

n u m b e r  a r e  k i l l e d .  T h i s  a l g o r i t h m  e f f e c t i v e l y  r e d u c e s  t o  

i n c o n s e q u e n t i a l  the b i a s  f o r  o l d e r  a n i ma l s  i n  the  h a r v e s t .

The m o d e l  a l l o w s  f o r  a s s i g n m e n t  of  r e l a t i v e  v u l n e r a b i l i t y  r a t e s  

by a g e ,  and by t h e  l i f e - h i s t o r y  c a t e g o r i e s  o f  l o n e  m a l e ,  l o n e  f e m a l e .
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m o t h e r  w i t h  j u v e n i l e s ,  and j u v e n i l e s  w i t h  mother .  I t  a l s o  a l l o w s  f o r  a 

change  i n  a b e a r ' s  l i f e - h i s t o r y  c a t e g o r y  d u r i n g  t h e  h u n t ,  i f  n e e d e d .  

For  e x a m p l e ,  a y e a r l i n g  j u v e n i l e  b e co m e s  a s u b - a d u l t  y e a r l i n g  i f  i t s  

m o t h e r  i s  k i l l e d .  T h i s  e n a b l e s  t h e  s i m u l a t i o n  o f  i n c r e a s e d  

v u l n e r a b i l i t y  o f  j u v e n i l e s  t o  h u n t i n g  f o l l o w i n g  t h e  d e a t h  o f  t h e i r  

mot he r .  S i m i l a r l y ,  a f e ma l e  whose o n l y  j u v e n i l e  ( o r  j u v e n i l e s )  i s  k i l l e d  

becomes a l one  f e m a l e  f o r  the  remainder  o f  t h e  hunt .

N atu ra l m o r t a l i t y

Da t a  f rom w i l d  p o p u l a t i o n s  on  t i m i n g  o f  n a t u r a l  m o r t a l i t y  i s  

l a c k i n g .  In t he  model  i t  i s  p l a c e d  a f t e r  the  f a l l  h u n t .  When u s i n g  a 

d e n s i t y - d e p e n d e n t  r a t e ,  t h e  v a r i a b l e  N/K i s  c a l c u l a t e d  u s i n g  t h e  

p o s t - h u n t  p o p u l a t i o n  s i z e .

No d i s t i n c t i o n  i s  made between n a t u r a l  m o r t a l i t y  r a t e s  f o r  a d u l t  

f e m a l e s  w i t h  and w i t h o u t  j u v e n i l e s .  As i n  t h e  h u n t ,  i n d i v i d u a l s  a r e  

e x a m i n e d  i n  o rd e r  o f  t h e i r  i d e n t i f i c a t i o n  c o d e s ,  and any j u v e n i l e  whose  

m o t h e r  d i e s  d u r i n g  t h a t  r un  i s  a u t o m a t i c a l l y  t r a n s f e r r e d  f r o m  t h e  

j u v e n i l e - w i t h - m o t h e r  c a t e g o r y  to  t h e  l one  mal e  or  l on e  f e m a l e  c a t e g o r y .  

However,  u n l i k e  t h e  h u n t ,  an a b s o l u t e  number o f  d e a t h s  i s  n o t  s p e c i f i e d .  

Thus  a l l  i n d i v i d u a l s  a r e  e x p o s e d  t o  n a t u r a l  m o r t a l i t y ,  t h e  s e q ue nc e  

e n d i n g  o n l y  when e v e r y  i n d i v i d u a l  h a s  b e e n  e x p o s e d ,  and no p o t e n t i a l  

e x i s t s  f o r  b i a s  i n  t h e  a g e - s t r u c t u r e  o f  t h o s e  d y i n g .

B ir th s

The b i r t h  p r o c e s s  i s  a p p l i e d  o n l y  t o  f e m a l e s  pregnant  from the  

p r e v i o u s  b r e e d in g  e v e n t .  No m o r t a l i t y  o c c u r s  b e t w e e n  b i r t h  and t h e  

f o l l o w i n g  c e n s u s ,  s o  t h e  b i r t h  r a t e  i s  more  a c c u r a t e l y  c o n s i d e r e d  a 

r e c r u i t m e n t  r a t e  t o  age  0 . 5 .  C o n s e q u e n t l y ,  t h e  l i t t e r  s i z e  a t  " b i r t h "
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i s  r e a l l y  t he  l i t t e r  s i z e  s ee n  a t  mid-summer.

L i t t e r  s i z e s  v a r y  f r o m  0 t o  3 a n d  a r e  d e t e r m i n e d  f r o m  

p r o b a b i l i t i e s  t h a t  a r e  a g e - s p e c i f i c .  A l i t t e r  s i z e  o f  0 s i m u l a t e s  

m o r t a l i t y  o f  a l l  cubs  i n  t h e  den.  A f e m a l e  l o s i n g  a l l  o f  h e r  c ub s  i s  

t h u s  a c a n d i d a t e  f o r  b r e e d i n g  a g a i n  d u r i n g  t h e  f o l l o w i n g  s p r i n g .  

R e l a t i v e  p r o b a b i l i t i e s  f o r  e a c h  l i t t e r  s i z e  a r e  s p e c i f i e d ,  and t h e  

p r o g r a m  e x e c u t e s  an a l g o r i t h m  t h a t  r e - c a l c u l a t e s  e a c h  s o  t h a t  t h e  

c u m u l a t i v e  p r o b a b i l i t y  e q u a l s  1 . 0 .

E x p e c t e d  s e x  r a t i o s  o f  cubs a t  b i r t h  can be assumed 1:1 or he ld

c o n s t a n t  a t  any o t h e r  r a t i o .  L i t t e r  s i z e  and s e x  r ^ t i o  p r o b a b i l i t i e s

a r e  c a l c u l a t e d  w i t h  t h e  MM e q u a t i o n s  d e s c r i b e d  ab o v e ,  and t h us  may be

f u n c t i o n s  o f  N^/Ki or K/Ki .

Fam ily Breakup

P r i o r  t o  t h e  s p r i n g  b r e e d i n g  p e r i o d ,  f a m i l y  groups  e n t e r  the  

d i s p e r s a l  p e r i o d ,  d u r i n g  which  t h e  m o t h e r  may c a s t - o f f  h e r  j u v e n i l e s .  

P r o b a b i l i t i e s  o f  f a m i l y  b r e a k u p  a r e  s p e c i f i c  t o  t h e  a g e  o f  t h e  

j u v e n i l e s .  I f  t h e  mother  c a s t s - o f f  h e r  j u v e n i l e s ,  s h e  b e c o m e s  a l o n e  

f e m a l e  and e n t e r s  t h e  s u b s e q u e n t  b r e e d i n g  p e r i o d .  I f  she  r e t a i n s  her  

j u v e n i l e s ,  she  does  n o t  p a r t i c i p a t e  i n  the  s u b s e q u e n t  b r e e d i n g  p e r i o d .  

T h u s ,  t h e  a g e  a t  w h i c h  j u v e n i l e s  a r e  c a s t - o f f  l a r g e l y  d e t e r m i n e s  t h e  

l e n g t h  o f  the  b r e e d i n g  c y c l e  o f  mature  f e m a l e s .

S p e c i f i c  Models

The f l e x i b i l i t y  o f  t h e  g e n e r a l  mo d e l  s t r u c t u r e  a l l o w s  t h e  

c r e a t i o n  o f  s p e c i f i c  m o d e l s  r e f l e c t i n g  s l i g h t l y  d i f f e r e n t  a s s u m p t i o n s
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r e g a r d i n g  the  n a t u r a l  r e g u l a t i o n  o f  g r i z z l y  bear p o p u l a t i o n s .  A l t h o u g h  

b i o l o g i s t s  s h a r e  a g e n e r a l  c o n s e n s u s  t h a t  u n e x p l o i t e d  bear p o p u l a t i o n s  

s t a b i l i z e  i n  some d e n s i t y - r e l a t e d  f a s h i o n ,  t h e y  p r o p o s e  a l t e r n a t i v e  

m e c h a n i s m s  by w h i c h  d e n s i t y - d e p e n d e n c e  m a n i f e s t s  i t s e l f .  I u s e e  

s p e c i f i c  model s  f o r  4 c o n t r a s t i n g  mechanisms:

( 1 )  Mode 1 DDALL ( D e n s i t y - d e p e n d e n t  f o r  a l l  f u n c t i o n s ) :  A l l  

m o r t a l i t y  i s  d e n s i t y - d e p e n d e n t ,  a s  a r e  t h e  3 n a t a l i t y  c o m p o n e n t s ;  

b r e e d i n g  (age  a t  f i r s t  r e p r o d u c t i o n ) ,  b i r t h  ( l i t t e r  s i z e ) ,  and f a m i l y  

b r e a k u p  ( b r e e d i n g  i n t e r v a l ) .  The v a r i a b l e  used i n  the  MM e q u a t i o n s  

i n c l u d e s  the  e n t i r e  p o p u l a t i o n .  The b i o l o g i c a l  i n t e r p r e t a t i o n  o f  t h i s  

model  i s  t h a t  c o m p e t i t i o n  among a l l  i n d i v i d u a l s  r e g u l a t e s  t h e  p o p u l a t i o n  

t hrough d e c r e a s i n g  s u r v i v a l  and  n a t a l i t y  a s  r e s o u r c e s  p er  i n d i v i d u a l  

d i m i n i s h .

( 2 )  Mode 1 DM ( D e n s i t y - d e p e n d e n t  m o r t a l i t y  o n l y ) :  A l l  m o r t a l i t y

f u n c t i o n s  a r e  d e n s i t y - d e p e n d e n t ,  a s  i n  Model  DDALL, but a l l  n a t a l i t y  

f u n c t i o n s  a r e  i n d e p e n d e n t  o f  d e n s i t y ,  v a r y i n g  o n l y  i n  r e s p o n s e  t o  

e n v i r o n m e n t a l  f l u c t u a t i o n s .  T h i s  model  f o l l o w s  B u n n e l l  and T a i t  ( 1 9 8 1 ) ,  

who s u g g e s t e d  t h a t  n a t a l i t y  o f  f e m a l e  g r i z z l i e s  i s  n u t r i t i o n - b a s e d ,  and  

t h a t  n u t r i t i o n a l  s t a t u s  i s  n o t  s u b s t a n t i a l l y  a f f e c t e d  by p o p u l a t i o n  

d e n s i t y .  I n  b i o l o g i c a l  t e r m s ,  p o p u l a t i o n  r e g u l a t i o n  o c c u r s  s o l e l y  

t h r o u g h  t h e  c o m p e t i t i v e  e f f e c t s  o f  d e n s i t y  on m o r t a l i t y  r a t e s  o f  a l l  

a g e - c l a s s e s .

( 3 )  Mode 1 ADM ( A d u l t  m a l e s  i n f l u e n c e  m o r t a l i t y  o f  sub' -adul t  

m a l e s ) :  B i r t h  r a t e s  and a d u l t  m o r t a l i t y  r a t e s  a r e  d e n s i t y - d e p e n d e n t  as  

i n  Model  DDALL, but m o r t a l i t y  r a t e s  o f  s u b - a d u l t  m a l e s  ( a g e  4 o r  l e s s )  

a r e  f u n c t i o n s  o f  t h e  number o f  a d u l t  m a l e s  p r e s e n t  ( i . e . ,  t h e  MM
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e q u a t i o n s  us e  Nij./Kjn r a t h e r  than N/ K) .

Many b i o l o g i s t s  h a v e  c o n c l u d e d  t h a t  a d u l t  m a l e s  c o n t r i b u t e  

d i s p r o p o r t i o n a t e l y  t o w a r d  t h e  s u p p r e s s i o n  o f  c u b  a nd  s u b - a d u l t  

r e c r u i t m e n t  i n  b e a r s .  McCul lough ( 1 9 8 1 ) ,  u s i n g  d a t a  from Craighead e t  

a l .  ( 1 9 7 4 ) ,  d e m o n s t r a t e d  t h i s  f o r  g r i z z l i e s  i n  Y e l l o w s t o n e  N a t i o n a l  

Park,  a l t h o u g h  he d i d  n o t  d i s t i n g u i s h  between r e c r u i t m e n t  s u p p r e s s i o n  o f  

m a l e s  and f e m a l e s .  He d i d ,  however ,  f i n d  a h i g h e r  m o r t a l i t y  r a t e  among 

s u b - a d u l t  m a l e s  t h a n  among s u b - a d u l t  f e m a l e s .  Str ingham ( 1 9 8 0 ,  1983)  

u s e d  s l i g h t l y  d i f f e r e n t  a n a l y s e s  and came t o  s i m i l a r  c o n c l u s i o n s .  

B u n n e l l  and T a i t  ( 1 9 8 1 )  s u g g e s t e d  t h a t  s u p p r e s s i o n  o f  r e c r u i t m e n t  by 

a d u l t  male  b e a r s  i s  f e l t  p r i m a r i l y  by s u b - a d u l t  m a l e s .  S u c h  was t h e  

c a s e  i n  a r e l a t i v e l y  s t a b l e ,  u n h u n t e d  b l a c k  bear  ( Ursus a m e r i c a n u s ) 

p o p u l a t i o n  i n  A l b e r t a  (Kemp 1972,  1976;  Young and Ruf f  1 9 8 2 ) ,  in  which  

e x p e r i m e n t a l  r e m o v a l  o f  a d u l t  m a l e s  l e d  t o  i n c r e a s e d  r e c r u i t m e n t  o f  

s u b - a d u l t  m a l e s  . A f e w  y e a r s  a f t e r  t h e  r e m o v a l ,  when t h e  n e w l y  

r e c r u i t e d  ma le s  had t h e m s e l v e s  become a d u l t s ,  r e c r u i t m e n t  o f  s u b - a d u l t  

m a l e s  a g a i n  d e c l i n e d .  Young and R u f f  ( 1 9 8 2 )  b e l i e v e d  t h a t  s u b - a d u l t  

ma le s  we re  f o r c e d  t o  d i s p e r s e  f r o m  t h e  p o p u l a t i o n  i n  t h e  p r e s e n c e  o f  

a d u l t  m a l e s .  O t h e r  a u t h o r s  ( S t r i n g h a m  1 9 8 3 ,  B u n n e l l  and T a i t  1981,  

Craighead and Cra i ghead  1967 ,  Troyer  and H e n s e l  1962,  Rogers  1 9 7 7 )  h a v e  

d i s c u s s e d  k i l l i n g  o f  m a l e  s u b - a d u l t s  and cubs by a d u l t  m a l e s .  I t  i s  

p r e s e n t l y  n o t  c l e a r  wh e th e r  s u p p r e s s i o n  o f  m a l e  r e c r u i t m e n t  i s  c a u s e d  

more by f o r c e d  d i s p e r s a l  o f  s u b - a d u l t s  from t h e  p o p u l a t i o n ,  or by d i r e c t  

k i l l i n g  by o l d e r  m a l e s .  H o w e v e r ,  a s  Mode l  ADM t r e a t s  o n l y  a s i n g l e  

c l o s e d  p o p u l a t i o n ,  d i s p e r s a l  a n d  d e a t h  o f  s u b - a d u l t  m a l e s  a r e  

f u n c t i o n a l l y  e q u i v a l e n t ,  b o t h  l e a d i n g  t o  p e r m a n e n t  r e m o v a l  f rom t h e
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p o p u l a t i o n .

Mooe 1 DMA DM ( D e n s i t y - d e p e n d e n t  m o r t a l i t y ,  i n f l u e n c e d  by a d u l t  

m a l e s ) :  T h i s  model  combines  t h e  d e n s i t y - i n d e p e n d e n t  n a t a l i t y  f u n c t i o n s

o f  Model DM and the  s u b - a d u l t  male  m o r t a l i t y  f u n c t i o n s  o f  Model ADM. I t  

c l o s e l y  models  t h e  p a t t e r n  o f  p o p u l a t i o n  r e g u l a t i o n  s u g g e s t e d  by Bu n n e l l  

and T a i t  ( 1 9 8 1 ) .

Common t o  a l l  4 S p e c i f i c  Models  a r e  the  f o l l o w i n g :

( 1 )  Environment a l  s t o c h a s  t i c i t y  a f f e c t i n g  a l l  r a t e s :  For Models  

ADM and DMADM, e n v i r o n m e n t a l  f l u c t u a t i o n s  w i t h i n  each  y e ar  have  t he  same 

p r o p o r t i o n a l  e f f e c t  on s u b - a d u l t  male  s u r v i v a l  as  on a l l  o t h e r  r a t e s .

( 2 )  A 5 0 : 5 0  s e x  r a t i o  o f  cubs  a t  b i r t h :  Cr a i g he ad  e t  a l .  ( 1 9 7 4 )  

found an i m b al an c e d  s e x  r a t i o - o f  c u b s  f a v o r i n g  m a l e s ,  a l t h o u g h  t h e y  

a s s u m e d  a 5 0 : 5 0  b i r t h  s e x  r a t i o  i n  t h e i r  p o p u l a t i o n  p r o j e c t i o n  model .  

McCu 1 l o u g h  ( 1 9 8 1 )  h y p o t h e s i z e d  t h a t  a m a l e - b i a s e d  s e x  r a t i o  a t  

c o n c e p t i o n  c o u l d  be  t h e  r e s u l t  o f  h i g h er  m o r t a l i t y  r a t e s  o f  s u b - a d u l t  

ma l e s  ( F i s h e r  1 9 5 8 ) .  A l t h o u g h  t h i s  i s  i n t r i g u i n g ,  and p o t e n t i a l l y  

i m p o r t a n t ,  t h e  o v e r a l l  d a t a  a r e  p r e s e n t l y  i n a d e q u a t e  t o  m o d e l  t h e  

r e s p o n s e  o f  s e x  r a t i o  a t  b i r t h  t o  d i f f e r e n t i a l  m o r t a l i t y  p a t t e r n s .  

T h e r e f o r e ,  eq u a l  s e x  r a t i o s  a t  b i r t h  a r e  u s e d  t h r o u g h o u t .

L i f e - H i s t o r y  Rat e s  Used i n  t he  S i m u l a t i o n s

G r i z z l y  bear  p o p u l a t i o n s  i n  North America can be g r ou p e d  i n t o  3 

t y p e s :  c o a s t a l ,  n o r t h e r n  i n t e r i o r  and s o u t h e r n  i n t e r i o r .  A l t h o u g h  not  

g e n e t i c a l l y  i s o l a t e d  f r o m e a c h  o t h e r ,  t h e s e  g r o u p s  show r e l a t i v e l y
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d i s t i n c t  t r e n d s  i n  p r o d u c t i v i t y .  The l o w e s t  p r o d u c t i v i t y  o c c u rs  among 

n o r t h e r n  i n t e r i o r  p o p u l a t i o n s  i n  Yukon and A l a s k a  ( P e a r s o n  1 9 7 5 ,  

Reyno l ds  1 9 7 6 ) ;  t h e  h i g h e s t  oc c u rs  i n  t h e  c o a s t a l  p o p u l a t i o n s  o f  B r i t i s h  

Columbia ,  s o u t h e a s t e r n  A la s ka ,  Kodiak I s l a n d ,  and t h e  A l a s k a  P e n i n s u l a  

( Gl en n  1 9 7 3 , 1 9 7 5 ;  Glenn e t  a l .  1976 ,  Hens e l  e t  a l .  1 9 6 9 ) .

The n a t a l i t y  and s u r v i v a l  r a t e s  us ed  i n  t h i s  t h e s i s  a re  t h o se  o f  

a g e n e r a l i z e d  s o u t h e r n  i n t e r i o r  p o p u l a t i o n ,  i . e . ,  a p o p u l a t i o n  from t he  

a r e a  bounded by the  n a t i o n a l  parks  o f  the  Canadian R oc k i e s  on t h e  n o r t h  

and Y e l l o w s t o n e  N a t i o n a l  Park on t h e  s o u t h .  The i n t e n t  was not  t o  mimic  

t h e  b e h a v i o r  o f  a p a r t i c u l a r  p o p u l a t i o n ,  b u t  r a t h e r  t o  c r e a t e  a 

" t y p i c a l "  p o p u l a t i o n  by combining t h e  b e s t  a v a i l a b l e  data  from s i m i l a r  

a r e a s .  Data came from unhunted p o p u l a t i o n s  i n  G l a c i e r  N a t i o n a l  P a r k ,  

B . C .  (Mundy and F l o o k  1 9 7 3 ) ,  G l a c i e r  N a t i o n a l  Park,  Montana (Mart inka  

1974;  p e r s .  comm. 1 9 8 4 ) ,  and Y e l l o w s t o n e  N a t i o n a l  Park (Cra ighead e t  a l .  

1 9 6 9 ,  1 9 7 4 ;  Knight  e t  a l .  1983 ,  Knight  and E be r h a rd t ,  u h p u b l . ) ;  as  w e l l  

a s  h u n t e d  p o p u l a t i o n s  i n  s o u t h e a s t e r n  B . C .  ( M c C l e l l a n  1 9 8 3 ) ,  a n d  

n o r t h w e s t e r n  Montana ( J o n k e l  1982 ,  Aune and S t i v e r s  1983,  K. Aune,  p e r s .  

comm.) .  A d d i t i o n a l  r e f e r e n c e  was made t o  t h e  s u m m a r i e s  o f  p o p u l a t i o n  

d y n a m i c s  by S t i r l i n g  e t  a l .  ( 1 9 7 6 ) ,  McCullough ( 1 9 5 1 ) ,  and Bu n n e l l  and 

T a i t  ( 1 9 8 0 ,  1 9 8 1 ) .

A l t h o u g h  d i f f e r e n c e s  i n  m o r t a l i t y  and n a t a l i t y  among t h e s e  data  

were  e v i d e n t ,  broad p a t t e r n s  t h a t  e m e r g e d  w e r e  i n c o r p o r a t e d  i n t o  t h e  

r a t e s .  D u r i n g  p r e l i m i n a r y  s i m u l a t i o n s ,  m o r t a l i t y  and n a t a l i t y  r a t e s  

w e r e  a d j u s t e d  u n t i l  t h e y  ( i )  ag r ee d  g e n e r a l l y  w i t h  t h e  d a t a ,  and ( i i )  

r e s u l t e d  i n  p o p u l a t i o n s  t h a t ,  on a v e r a g e ,  e q u i l i b r a t e d  a t  K,

There  were  no d a ta  upon w h i c h  t o  b a s e  t h e  e x a c t  f o r m s  o f  t h e
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r e s p o n s e  o f  m o r t a l i t y  and n a t a l i t y  to  c ha ng i n g  e n v i r o n m e n t a l  c o n d i t i o n s  

or d e n s i t y .  Shapes  o f  the  d e n s i t y - d e p e n d e n t  MK r a t e  f u n c t i o n s  g e n e r a l l y  

f o l l o w e d  Fowler  ( 1 9 S 1 ) .  He s u g g e s t e d  t h a t  n a t a l i t y  and m o r t a l i t y  r a t e s  

o f  Large mammals show l i t t l e  r e s p o n s e  u n t i l  p o p u l a t i o n  d e n s i t i e s  near  K, 

but then break s h a r p l y .

T he  s u r v i v a l  and n a t a l i t y  r a t e  s c h e d u l e s  a r e  t a b u l a t e d  i n  

Appendix  A; t h e  r e l a t i v e  v u l n e r a b i l i t i e s  t o  h u n t i n g  i n  Appendi x  B. The  

g e n e r a l  p a t t e r n s  and b i o l o g i c a l  i n t e r p r e t a t i o n s  o f  the  l i f e - h i s t o r y  

r a t e s  us ed  ar e  summarizea be low:

S u r v i v a  1 . A d u l t  s u r v i v a l  r a t e s  a r e  h i g h e s t  f o r  ages  5 through  

1 2 ,  l o w e r  f o r  a g e s  13 t h r o u g h  2 0 ,  a n d  l o w e r  y e t  f o r  t h e  o l a e s t  

a g e - c l a s s e s ,  21 through 24 .  F e m a l e  s u r v i v a l  i s  s l i g h t l y  h i g h e r  t h a n  

m a l e  s u r v i v a l  a c r o s s  a l l  a d u l t  a g e - c l a s s e s  b e c a u s e  o f  t h e  s e c u r i t y  

a f f o r d e d  by t h e i r  g e n e r a l l y  s m a l l e r  home r a n g e s .  Male  s u r v i v a l  i s  

d e p r e s s e d  m o r e  q u i c k l y  by  h i g h  d e n s i t i e s  o r  p o o r  e n v i r o n m e n t a l  

c o n d i t i o n s  than i s  f e ma l e  s u r v i v a l ,  b e c a u s e  ma le s  a r e  assumed t o  respon d  

t o  a d v e r s e  c o n d i t i o n s  by d i s p e r s a l  or  a g g r e s s i v e  e n c o u n t e r s  more  

r e a d i l y .

S u b - a d u l t s  a r e  a s s i g n e d  s u b s t a n t i a l l y  lower s u r v i v a l  r a t e s  than  

a d u l t s  b e c a u s e  o f  t h e i r  l a c k  o f  s t a t u s  and s e c u r e  home r a n ge .  S u r v i v a l  

i s  p a r t i c u l a r l y  low f o r  s u b - a d u l t  m a l e s ,  e s p e c i a l l y  a t  h i gh  d e n s i t i e s  or  

poor c o n d i t i o n s ,  due t o  d i s p e r s a l  a n d / o r  c a n n i b a l i s m .  S u b - a d u l t  m a l e  

s u r v i v a l  r e m a i n s  l o w u n t i l  a g e  5 ,  but s u b - a d u l t  f e m a l e s  a t t a i n  n e a r l y  

t he  r a t e s  o f  a d u l t  f e m a l e s  by a g e  3 o r  4 .  S u r v i v a l  o f  s u b - a d u l t s  i s  

more  r e s p o n s i v e  t o  d e n s i t y  and e n v i r o n m e n t a l  c o n d i t i o n s  than any o t h e r
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group o f  r a t e s .

J u v e n i l e s  o f  both s e x e s  a r e  a s s i g n e d  h igh  s u r v i v a l  r a t e s  so long  

as  they  are  accotnpanieo by t h e i r  m o t h e r s ,  but s u f f e r  h i g h  m o r t a l i t y  i f  

t h e i r  m o t h e r  d i e s ,  or  i f  t h e y  a re  c a s t - o f f  d u r i n g  or b e f o r e  t h e i r  2nd 

summer.

N a t a l i t y . Age a t  f i r s t  r e p r o d u c t i o n  o f  f e m a l e s  depends l a r g e l y  

on t h e  p r o b a b i l i t y  o f  b r e e d i n g  f o r  each a g e - c l a s s .  The v a r i a b i l i t y  of  

b r e e d i n g  p r o b a b i l i t y  d u e  t o  t h e  v a r i a b i l i t y  i n  K i n  t h e  e a r l y  

r e p r o d u c t i v e  y e a r s  ( a g e s  5 , 6 ,  and 7)  i s  c o n s i d e r a b l y  g r e a t e r  than in  

l a t e r  y e a r s .  Thus,  poor c o n d i t i o n s  a r e  assumed t o  i mpact  i n e x p e r i e n c e d  

f e m a l e s  d i s p r o p o r t i o n a t e l y .  A f t e r  r e a c h i n g  a g e  8 ,  f e m a l e s  r e m a i n  

r e p r o d u c t i v e l y  a c t i v e ,  w i t h  no d e c l i n e  i n  t h e i r  a g e - s p e c i f i c  n a t a l i t y  

r a t e s  u n t i l  they  d i e .

A v e r a g e  l i t t e r  s i z e  a t  e q u i l i b r i u m  i s  s e t  a t  about  2 c u b s ,  and 

a v e r a g e  b r e e d i n g  i n t e r v a l  s e t  a t  a b o u t  3 y e a r s .  L i t t e r  s i z e  a nd  

b r e e d i n g  c y c l e  a r e  g i v e n  l e s s  r an g e  o f  v a r i a t i o n  than o t h e r  r a t e s .  Good 

c o n d i t i o n s  p r o d u c e  s l i g h t l y  more  3 - c u b  l i t t e r s  and 2 - y e a r  b r e e d i n g  

i n t e r v a l s ,  w h i l e  poor c o n d i t i o n s  produce  s l i g h t l y  more 1-cub l i t t e r s  and 

4 - y e a r  b r e e d i n g  i n t e r v a l s .

R e l a t i v e  V u l n e r a b i l i t  v t o  Hunt i n g . In l i e u  o f  q u a n t i t a t i v e  

d a t a ,  r a t e s  f o r  r e l a t i v e  h u n t i n g  v u l n e r a b i l i t i e s  were  i n f e r r e d  from 

g e n e r a l  knowledge  o f  g r i z z l y  bear  b i o l o g y  and g r i z z l y  bear  h u n t e r s .  The 

h u n t  a s  s i m u l a t e d  i s  o p p o r t u n i s t i c  r a t h e r  than o r i e n t e d  towards  t r op h y  

a n i m a l s .  Hunters  a r e  assumed t o  k i l l  the  f i r s t  g r i z z l y  they  s e e  r a t h e r  

t h a n  t o  p a s s  up s m a l l  a n i m a l s  i n  hopes  o f  k i l l i n g  a l a r g e  t r o p h y .  Thus 

f o r  example ,  s u b - a d u l t  m a l e s  a r e  c o n s i d e r e d  v u l n e r a b l e  e v e n  when s m a l l
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i n  s i z e .  No i n c r e a s e  i n  v u l n e r a b i l i t y  i s  g i v e n  Co v e r y  o l d  (and  

presumably  l a r g e )  a d u l t  m a l e s .  A d u l t  ma l e s  a r e  a r b i t r a r i l y  a s s i g n e d  a 

v u l n e r a b i l i t y  o f  1 ,  and a l l  o t h e r  s e x / a g e - c l a s  s e s  a r e  c o n s i d e r e d  

r e l a t i v e  t o  t h em.  A d u l t  f e m a l e s  w i t h o u t  j u v e n i l e s  a r e  a s s i g n e d  a 

s l i g h t l y  l o w e r  v u l n e r a b i l i t y  ( C . S )  t h a n  a d u l t  m a l e s  b e c a u s e  o f  the  

p r o t e c t i o n  a f f o r d e d  by s m a l l e r  home range  s i z e  ( B u n n e l l  and T a i t  19 8 0 ) .  

S u b - a d u l t s  a r e  g i v e n  t h e  h i g h e s t  v u l n e r a b i l i t y  r a t e s ,  2 f o r  f e m a l e s  anc  

7 f o r  m a l e s ,  b ec au s e  o f  t h e i r  l a c k  o f  e x p e r i e n c e  and s e c u r e  home r a n g e s ,  

a n d ,  p a r t i c u l a r l y  f o r  m a l e s ,  t h e i r  e x t e n s i v e  w a n d e r i n g s .  Both  

m o t h e r s - w i t h - j u v e n i l e s ,  and j u v e n i l e s - w i t h - m o t h e r s  a r e  c o n s i d e r e d  t o  be  

o n l y  o n e - f i f c u  ( 0 . 2 )  a s  vu I .  ̂.i 1 L m a l e s ,  due p r i m a r i l y  to

p r o t e c t i o n  by law ( r e g u l a t i o n s  i n  some s t a t e s  p r o t e c t  o n l y  c u b s ;  t h e s e  

r a t e s  s i m u l a t e d  t h e  p r o t e c t i o n  o f  a l l  j u v e n i l e s  accompanied by m o t h e r s ) .  

However,  a few l e g a l l y  p r o t e c t e d  a n i m a l s  a r e  c o n s i d e r e d  l i k e l y  t o  be  

k i l l e d  e i t h e r  d e l i b e r a t e l y  o r  due  t o  m i s - i d e n t i f  i  c a t  i o n .  The l o w e s t  

v u l n e r a b i l i t y  i s  a s s i g n e d  t o  c u b s ,  under t he  a s su m p t i o n  t h a t  even  hunt er  

m i s - i d e n t i f i c a t i o n  i s  u n l i k e l y  f o r  such s m a l l  a n i m a l s .

E n v i r o n m e n t a  1 v a r i a b i  1 i t v . With t h e  e x c e p t i o n  o f  p r e l i m i n a r y

d i a g n o s t i c  r u n s ,  a l l  s i m u l a t i o n s  assume t h a t  95% o f  y e a r l y  K v a l u e s  vary  

f r o m  0 . 8  t o  1 . 2 5  o f  t h e  p r e - s p e c  i f i e d  c a r r y i n g  c a p a c i t y .  T h i s  

v a r i a b i l i t y  i s  e q u i v a l e n t  t o  a c o e f f i c i e n t  o f  v a r i a t i o n  o f  a p p r o x i m a t e l y  

13%. For e xampl e ,  f o r  a s p e c i f i e d  c a r r y i n g  c a p a c i t y  o f  6 0 0 ,  95% o f

y e a r l y  K i " s  f a l l  w i t h i n  t h e  range  480 to  750 and a p p r o x i m a t e l y  6 8% t a l l  

w i t h i n  t h e  range  540 t o  675 .

Review o f  Assumpt ions
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At t h i s  s t a g e ,  i t  i s  a p p r o p r i a t e  to  b r i e f l y  r e v i e w  t h e  important  

a s s u mp t i o n s  and s i m p l i f i c a t i o n s  o f  t h e  s i m u l a t i o n  mod e l .

The model  c o n s i d e r s  o n l y  a s i n g l e ,  i s o l a t e d  p o p u l a t i o n .  Because  

no i n g r e s s  or e g r e s s  i s  p o s s i b l e ,  d i s p e r s a l  i s  e q u i v a l e n t  t o  d e a t h .  The 

env ironment  i n  which t he  p o p u l a t i o n  e x i s t s  i s  a b s t r a c t e d  i n t o  the  s i n g l e  

v a r i a b l e  K. A l l  b i o t i c  and a b i o t i c  f a c t o r s  t h a t  a f f e c t  t h e  p o t e n t i a l  

s i z e  o f  t h e  p o p u l a t i o n  ( e . g .  p r e y  s p e c i e s ,  c o m p e t i n g  s p e c i e s ,  

a v a i l a b i l i t y  o f  d e n n i n g  s i t e s ,  b e r r i e s ,  c a r r i o n ,  e t c . )  are  subsumed by 

K. F u rt h e r ,  v a r i a t i o n  i n  K i s  c o n s i d e r e d  i n d e p e n d e n t  o f  p o p u l a t i o n  

s i z e ,  t h a t  i s ,  p o p u l a t i o n s  a r e  i n c a p a b l e  o f  r e d u c i n g  t h e i r  c a r r y i n g  

c a p a c i t y  ( e . g .  by o v e r g r a z i n g ) .  The c a r r y i n g  c a p a c i t y  v a r i e s  e a c h  y e a r  

i n d e p e n d e n t l y  o f  p r e v i o u s  y e a r s ,  i . e .  s e r i a l  c o r r e l a t i o n  and c y c l e s  a r e  

n o t  modeled .  As w e l l ,  t h e  v a r i a b i l i t y  i n  K i s  assumed p r o p o r t i o n a l  t o  K 

( i . e .  d i s t r i b u t e d  l o g - n o r m a l l y ) ,  w i t h  r e l a t i v e l y  good and poor y e a r s  

e q u a l l y  l i k e l y .  F i n a l l y ,  t he  13% c o e f f i c i e n t  o f  v a r i a t i o n  f o r  y e a r l y  K 

i s  a s s u m e d  r e p r e s e n t a t i v e  o f  e c o s y s t e m s  f o r  s o u t h e r n  i n t e r i o r  g r i z z l y  

p o p u l a t i o n s .

A l l  h u n t i n g  o c c u r s  i n  t h e  f a l l ,  no s p r i n g  hunt  i s  mode l ed .  The 

number k i l l e d ,  r a t h e r  than t he  e f f o r t  expended,  i s  c o n s i d e r e d  c o n s t a n t  

e ach  y e a r .  The i m p l i c i t  a s s u m p t i o n  i s  t h a t ,  a t  l e a s t  o v e r  a broad range  

o f  bear  d e n s i t i e s ,  g r i z z l y  bear  h u n t e r s  e x h i b i t  no f u n c t i o n a l  r e s p o n s e .  

The hunt  modeled  i s  o p p o r t u n i s t i c  r a t h e r  than t r o p h y - o r i e n t e d .  R e l a t i v e  

v u l n e r a b i l i t i e s  by a g e / s e x  c l a s s  ar e  de te rmi ne d  by i n h e r e n t  b e h a v i o r a l  

p r o p e r t i e s  o f  b e a r s ,  as  o p p o s e d  t o  c o n s c i o u s  s e l e c t i o n  by h u n t e r s  

( e x c e p t  f o r  l e g a l  p r o t e c t i o n  o f  f a m i l y  g r o u p s ) .  A g e / s e x  s p e c i f i c
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b e h a v i o r s  t h a t  r e s u l t  i n  d i f f e r e n t  r e l a t i v e  v u l n e r a o i l i t i e s  a r e  a l s o  

a s s u m e d  i n d e p e n d e n t  o f  b o t h  b e a r  p o p u l a t i o n  d e n s i t y  a n a  h u n t i n g  

p r e s s u r e .

L i f e - h i s t o r y  e v e n t s  t h a t  a c t u a l l y  o c c u r  o v e r  a p e r i o d  o f  t ime  

a r e  condensed  i n t o  e s s e n t i a l l y  i n s t a n t a n e o u s  e v e n t s ,  each o c c u r r i n g  o n l y  

once  per  y e a r ,  and a lways  i n  t h e  same o r d e r .  In n a t u r e ,  de at h s  pr ob a bl y  

o c c u r  a t  a l l  t imes  o f  the  y e a r ;  t h e  mod e l  c o n d e n s e s  n a t u r a l  m o r t a l i t y  

i n t o  t h e  p e r i o d  b e t w e e n  f a l l  h u n t i n g  and s p r i n g  f a m i l y  breakup.  Th i s  

o rd e r  c r e a t e s  a s m a l l  amount o f  c ompens atory  n a t u r a l  s u r v i v a l  f o l l o w i n g  

a h u n t ,  b e c a u s e  m o r t a l i t y  i s  l o w e r  when a c t i n g  on a s l i g h t l y  s m a l l e r  

p o s t - h u n t  p o p u l a t i o n  than an unhunted p o p u l a t i o n .

R e s p o n s e s  o f  d e n s i t y - d e p e n d e n t  r a t e s  a r e  assumed t o  f o l l o w  the  

g e n e r a l  p a t t e r n  f o r  large-mamraaIs  d e s c r i b e d  by F o w l e r  ( 1 9 8 1 ) .  T h u s ,  

p o p u l a t i o n s  b e l o w  t h e  l e v e l  a t  w h i c h  o e n s i t y  e f f e c t s  a r e  f e l t  have  

i n t r i n s i c  g r o w t h  r a t e s  c l o s e  t o  t h e  maximum b i o l o g i c a l l y  p o s s i b l e .  

S p e c i f i c  b i r t h ,  d e a t h ,  and v u l n e r a b i l i t y  t o  h u n t i n g  r a t e s  a r e  based as  

c l o s e l y  a s  p o s s i b l e  on  e m p i r i c a l  d a t a .  I n  s o m e  c a s e s ,  t h e  b e s t  

a v a i l a b l e  d a t a  a r e  weak o r  n o n - e x i  s t e n t .  R a t e s  w i t h  t h e  w e a k e s t  

s u p p o r t i n g  da t a  i n c l u d e  s u r v i v a l  r a t e s  ( p a r t i c u l a r l y  f o r  o r p h a n e d  c u b s  

and s u b - a d u l t s ) ,  r e l a t i v e  h u n t i n g  v u l n e r a b i l i t i e s ,  and v a l u e s  f o r  a l l  

r a t e s  when the p o p u l a t i o n  i s  g r e a t e r  than K.

F i n a l l y ,  g e n e t i c s  i s  n o t  t r e a t e d .  I n b r e e d i n g  d e p r e s s i o n ,  as 

w e l l  a s  f o u n d e r  and b o t t l e n e c k  e f f e c t s  l e a d i n g  t o  l o s s  o f  g e n e t i c  

d i v e r s i t y ,  w h i l e  i m p o r t a n t  c o n s i d e r a t i o n s  f o r  c o n s e r v a t i o n  o f  t h e  

s p e c i e s ,  a re  as sumed n o t  t o  m a t e r i a l l y  a f f e c t  t h e  a g e - s t r u c t u r e s  o f  

hunt ed  s a m p l e s .
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METHODS 

D e f i n i t i o n  o f  Terms

In t h i s  t h e s i s ,  t e r m i n o l o g y  i s  d e f i n e d  as  f o l l o w s :

Age—c l a s s .  The c a t e g o r y  o f  age  (by y e a r s  0 - 2 4 )  and s e x  (male  or 

f e m a l e )  t o  w h i c h  an a n i m a l  b e l o n g s ,  A g e - c l a s s e s  t a k e  o n l y  i n t e g e r  

v a l u e s ;  f o r  example ,  an a n i m a l  w h i c h  i n  summer i s  2 . 5  y e a r s  o l d  i s  a 

member o f  a g e - c l a s s  2 .  H a v i n g  " a g e - c l a s s "  r e f e r  t o  t h e  e n t i r e  s e x  by 

age  ( 2  X 25)  m a t r i x  e l i m i n a t e s  t h e  awkward " s e x / a g e "  t e r m i n o l o g y .

Age—s t r u c t u r e .  The s e x  by age  ( 2  X 25)  m a t r i x  o f  f r e q u e n c i e s  (or  

p e r c e n t a g e s )  i n  each  a g e - c l a s s .

A g e - d i s t r i b u t i o n .  An a g e - s t r u c t u r e  f o r  o n l y  1 s e x  ( 1  X 25

m a t r i x ) .

S t a n d i n g  a g e - s t r u c t u r e .  The a g e - s t r  uc t u r e  o f  t h e  e n t i r e  

p o p u l a t i o n ,  e x i s t i n g  a t  t h e  c e n su s  p e r i o d  o f  t h e  mo d e l .

H a r v e s t  a g e —s t r u c t u r e .  The a g e - s t r u c t u r e  o f  t h o s e  a n i m a l s  

k i l l e d  i n  a hunt ;  synonomous w i t h  h u n t e r - k i l l  and hunt ed  s ampl e .

S u s t a i n e d  y i e l d  c u r v e  ( S Y C ) .  The  c u r v e  made up o f  a l l  t h e
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p o i n t s  on a 2 - d i m e n s i o n a l  graph o f  s u s t a i n e d  h a r v e s t  a g a i n s t  s t a n d i n g  

p o p u l a t i o n  s i z e  t h a t  d e n o t e  c o m b i n a t i o n s  r e s u l t i n g  i n  z er o  n e t  growth o f  

t he  p o p u l a t i o n .

Maximum s u s t a in e d  y i e l d  (HSY).  The peak o f  t h e  SYC; t h e  h i g h e s t  

h a r v e s t  l e v e l  on t h e  c u r v e ,

**msy« The p o p u l a t i o n  l e v e l  a t  which MS Y o c c u r s .

S ta b le  e q u i l ib r iu m .  The l e v e l  t h a t  a p o p u l a t i o n  s u b j e c t e d  t o  a 

s u s t a i n a b l e  h a r v e s t  t en d s  to wa rd ,  and r e t u r n s  t o  a f t e r  b e i n g  d i s p l a c e d ,  

i . e ,  a p o i n t  a l o n g  t h e  SYC t o  t h e  r i g h t  o f  N^gy.

D e c l in in g  p o p u la t io n .  A p o p u l a t i o n  b e i n g  h a r v e s t e d  a t  a r a t e  

g r e a t e r  t h a n  s u s t a i n a b l e ;  i . e .  w ho s e  n e t  g r o w t h  a f t e r  h u n t i n g  i s  

n e g a t i v e .  D e c l i n i n g  p o p u l a t i o n s  e x i s t  above  a n d / o r  t o  t h e  l e f t  o f  t h e  

SYC.

S t a b l e  p o p u la t io n ,  A h a r v e s t e d  p o p u l a t i o n  t h a t  t end s  t o  r e t u r n  

t o  a s t a b l e  e q u i l i b r i u m  a f t e r  d i s p l a c e m e n t .

S t a b l e  h a r v e s t .  A h a r v e s t  l e v e l  t h a t  can be a p p l i e d  t o  a g i v e n  

p o p u l a t i o n  i n d e f i n i t e l y ,  t h a t  i s ,  one t h a t  l e a d s  e v e n t u a l l y  t o  a s t a b l e  

e q u i l i b r i u m .

O v e r h a r v e s t ,  A h a r v e s t  l e v e l  t h a t  c a n n o t  be  s u s t a i n e d  by a
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g i v e n  p o p u l a t i o n  i n d e f i n i t e l y ,  t h a t  i s ,  o n e  t h a t  l e a d s  e v e n t u a l l y  t o  

e x t i n c t i o n .

D e c l i n i n g  r e g i o n .  The p o r t i o n  o f  t h e  p o p u l a t i o n  s i z e - h a r v e s t  

l e v e l  graph i n  which  o v e r h a r v e s t e d  p o p u l a t i o n s  a r e  found ( F i g  8 ) .

S ta b le  r e g io n .  The p o r t i o n  o f  t h e  p o p u l a t i o n  s i z e - h a r v e s t  l e v e l  

graph i n  which  s t a b l e  p o p u l a t i o n s  a r e  found ( F i g .  8 ) .

U n s t a b l e  p o r t i o n  o f  t h e  SYC. The p o r t i o n  o f  t h e  SYC t h a t  

s e p a r a t e s  t he  d e c l i n i n g  r e g i o n  from the  s t a b l e  r e g i o n .  P o i n t s  a l o n g  the  

u n s t a b l e  p o r t i o n  a r e  somet imes  r e f e r r e d  t o  a s  " r e l e a s e  p o i n t s " .

P o p u la t io n  t r a j e c t o r y .  The d i r e c t i o n  o f  t r a v e l  o f  a h a r v e s t e d  

p o p u l a t i o n .  From a p o i n t  on t h e  u n s t a b l e  p o r t i o n  o f  t h e  SYC, p o p u l a t i o n  

t r a j e c t o r y  i s  e i t h e r  d e c l i n e  toward e x t i n c t i o n  or  i n c r e a s e  toward s t a b l e  

e q u i l i b r i u m .

D n ex p lo ited  E q u ilib r iu m . The l e v e l  a p o p u l a t i o n  e q u i l i b r a t e s  a t  

i n  the  a b s e n c e  o f  h u n t i n g  and o t h e r  m a n - c a u s e d  m o r t a l i t y ;  s y n o n o m o u s  

w i t h  K.

B eh a v i o r  o f  t h e  Mode 1

Mean r e  a l i z ^ ’- J n a t a l i t y  and m o r t a l i t y  r a t e s  were  c a l c u l a t e d  from 

s i m u l a t i o n s  r un  a t  K»600  f o r  75  y e a r s  e a c h .  B e c a u s e  s i m u l a t i o n s
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SUSTAINED YIELD CURVE

SUSTAINED 
YIELD

0.5
N /K

POPULATION LEVEL

F i g .  8 .  A g e n e r a l i z e d  s u s t a i n e d  y i e l d  c u r v e ,  s h o w i n g  t h e  s t a b l e  
and d e c l i n i n g  r e g i o n .  The s t a b l e  r e g i o n  i s  c r o s s - h a t c h e d .  A l l  
p o i n t s  be low t he  c urve  a r e  s t a b l e ;  a d d i t i o n a l l y ,  p o i n t s  a b o v e  t h e  
c u r v e  a r e  s t a b l e  when h a r v e s t  i s  l e s s  than MSY and p o p u l a t i o n  l e v e l  
i s  g r e a t e r  than K^sy.
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r e t a i n e d  p a r t i c u l a r l y  s t r o n g  and weak c o h o r t s  f o r  many y e a r s ,  mean 

s t a t i s t i c s  from a 75 y e a r  run w e r e  o f t e n  h i g h l y  i n f l u e n c e d  by c h a n c e  

e v e n t s .  T h u s ,  I r a n  no f e w e r  t h a n  3 i n d e p e n d e n t  75 y e a r  r u n s  t o  

c a l c u l a t e  e a c h  s t a t i s t i c .  S p e c i f i c  f o r m u l a e  u s e d  f o r  c a l c u l a t i n g  

r e a l i z e d  n a t a l i t y  and m o r t a l i t y  r a t e s  a r e  p r e s e n t e d  i n  t h e  R e s u l t s .

P o p u l a t i o n  v a r i a b i l i t y  was  d e f i n e d  a s  t h e  c o e f f i c i e n t  o f  

v a r i a t i o n  (CV) around t h e  e q u i l i b r i u m  v a l u e .  R e l a t i v e  e q u i l i b r i u m  v a l u e  

was d e f i n e d  as  t he  mean v a l u e  a t t a i n e d  d u r i n g  a l o n g  s i m u l a t i o n  run as  a 

p r o p o r t i o n  o f  t h e  s i m u l a t i o n ' s  e x p e c t e d  v a l u e ,  K. To e x a m i n e  t h e  

e f f e c t s  o f  s t o c h a s t i c  c a r r y i n g  c a p a c i t y  and  o f  p o p u l a t i o n  s i z e  on  

p o p u l a t i o n  v a r i a b i l i t y  and e q u i l i b r i u m  l e v e l ,  3 ind ep en dent  runs  o f  75 

y e a r s  were  p er f ormed  a t  e a c h  o f  5 c a r r y i n g  c a p a c i t i e s  ( K * 5 0 ,  K = 1 0 0 ,  

K=200,  K=600 and K*900) ,  and 2 magn i t ud es  o f  e n v i r o n m e n t a l  s t o c h a s t i c i t y  

( n o  v a r i a b i l i t y  and CV(%) = 13%).  The amount  o f  v a r i a b i l i t y  around  

e q u i l i b r i u m  l e v e l s  was t e s t e d  f i r s t  by comparing CVs from t he  d i f f e r e n t  

r u n s  u s i n g  2-way ANOVA. Because  t h e y  were  s i g n i f i c a n t l y  d i f f e r e n t  ( s e e  

R e s u l t s ) ,  compar i sons  o f  r e l a t i v e  e q u i l i b i r u m  l e v e l  c o u l d  n o t  b e  made  

w i t h  ANOVA. That i s ,  t h e  f i r s t  t e s t  c on f i r me d  t h a t  runs  w i t h  d i f f e r e n t  

amounts o f  e n v i r o n m e n t a l  v a r i a b i l i t y ,  as  w e l l  as  a t  d i f f e r e n t  c a r r y i n g  

c a p a c i t i e s ,  had s i g n i f i c a n t l y  d i f f e r e n t  v a r i a n c e s .  Thus,  an i mp or t an t  

a s s u m p t i o n  o f  ANOVA was v i o l a t e d  f o r  any f u r t h e r  t e s t s .  To t e s t  f o r  

d i f f e r e n c e s  i n  r e l a t i v e  e q u i l i b r i u m  v a l u e s ,  p a i r w i s e  comparions  were  

made u s i n g  t he  a pp ro x i ma t e  t - t e s t  as sumi ng  uneq ua l  v a r i a n c e s  ( S o k a l  and  

R o h l f  1 9 8 1 ) .  To t e s t  f o r  d i f f e r e n c e s  o f  r e l a t i v e  e q u i l i b r i u m  v a l u e  

among t h e  5 c a r r y i n g  c a p a c i t i e s ,  t h e  Games and H o w e l l  m e th o d  was  u s e d  

( S o k a l  and R oh l f  1 9 8 1 ) .

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



P o p u l a t i o n  g r o w t h  form was e x a m i n e d  by p e r f o r m i n g  runs  a t  a

c a r r y i n g  c a p a c i t y  o f  6 0 0  b e g i n n i n g  w i t h  a p o p u l a t i o n  o f  50 w h o s e

a g e - s t r u c t u r e  was a r b i t r a r i l y  d e f i n e d .  Increment  c u r v e s  were  g e n e r a t e d  

by p l o t t i n g  each  y e a r l y  inc remen t  a g a i n s t  t he  number i n  t h e  p o p u l a t i o n  

a t  t h e  b e g i n n i n g  o f  t h e  y e a r .

S u s t a i n e d  Y i e l d  Curves

B e f o r e  an a g e - s t r u c t u r e  b a s e d  i n d e x  o f  d e c l i n e  c o u l d  be  

d e v e l o p e d ,  i t  was n e c e s s a r y  t o  i d e n t i f y  h a r v e s t - p o p u l a t i o n  c o m b i n a t i o n s  

t h a t  c a u s e d  d e c l i n e .  To do t h i s ,  s u s t a i n e d  y i e l d  c ur ve s  under each  

S p e c i f i c  Model we re  l o c a t e d .  L o c a t i n g  s u s t a i n e d  y i e l d  c u r v e s  ( S YCs )  

e n a b l e d  s i m u l a t i o n  r u n s  u s e d  f o r  d e v e l o p i n g  t h e  i n d e x  t o  have  known 

dynamics  and t r a j e c t o r i e s .  P o r t i o n s  o f  the  SYC were g e n e r a t e d  f o r  e a c h  

o f  t h e  4 S p e c i f i c  Mode l s  a t  l a r g e  and s m a l l  c a r r y i n g  c a p a c i t i e s  o f  600

and 200 a n i m a l s .  I d e a l l y ,  s i m u l a t i o n s  c o v e r i n g  t h e  c o m p l e t e  r a n g e  o f

p o p u l a t i o n - h a r v e s t  c o m b i n a t i o n s  w o u l d  h a v e  b e e n  r u n ,  g e n e r a t i n g  t he  

e n t i r e  c u r v e .  U n f o r t u n a t e l y ,  s u c h  an e f f o r t  w a s  w e l l  b e y o n d  t h e  

c o n s t r a i n t s  o f  b u d g e t e d  c o m p u t e r  t i m e .  In  l i e u  o f  t h e  e n t i r e  SYC, 

v e r t i c a l  c r o s s - s e c t i o n s  a t  40% and 70% o f  K w e r e  c h o s e n  f o r  a n a l y s i s .  

B ot h  0 . 4 K  and 0 . 7 K  a r e  i n  t h e  u n s t a b l e  p o r t i o n  o f  t h e  SYC. The 0.7K  

c r o s s - s e c t i o n  i s  a d j a c e n t  t o  and t h e r e f o r e  was  c o n s i d e r e d  an

a p p r o p r i a t e  p l a c e  t o  e x a m i n e  t h e  d y n a m i c s  o f  a p o p u l a t i o n  k e p t  

i n t e n t i o n a l l y  a t  or  n e a r  N ^ s y .  The 0 . 4 K  c r o s s - s e c t i o n  was c ho s en  t o  

r e p r e s e n t  a s e v e r e l y  o v e r h a r v e s t e d  p o p u l a t i o n .

T h e  l o c a t i o n s  o f  t h e  c u r v e s  a t  t h e s e  c r o s s - s e c t i o n s  w e r e
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d e t e r m i n e d  by a 4 s t e p  p r o c e s s  ( F i g ,  9 ) .  The p r o c e s s  a s s u r e d  t h a t  

p o p u l a t i o n s  s u b j e c t e d  t o  e x p e r i m e n t a l  h a r v e s t s  ( f o r  l o c a t i n g  SYCs) had 

a g e - s t r u c t u r e s  t h a t  r e f l e c t e d  a h i s t o r y  o f  heavy  h a r v e s t .

1 .  I n i t i a l  p o p u l a t i o n s .  For  each  S p e c i f i c  Model and f o r  both  

c a r r y i n g  c a p a c i t i e s ,  I  c r e a t e d  10 i n d e p en d e n t  p o p u l a t i o n  a g e - s t r u c t u r e s  

a t  a p p r o x i m a t e l y  K. T h e s e  w e r e  c o n s i d e r e d  “ i n i t i a l  p o p u l a t i o n s " .  

A lt h ough  a l l  were g e n e r a t e d  from a common s t a r t i n g  p o i n t ,  i n d e p e n d e n c e  

among t h e  1 0  was i n s u r e d  by r u n n i n g  each from 1 1  t o  2 0  y e a r s  from i t s  

p r e d e c e s s o r .  T h i s  w a y ,  an e x c e s s i v e l y  weak o r  s t r o n g  c o h o r t  t h a t  

a p p e a r e d  by c h a n c e  i n  1 i n i t i a l  p o p u l a t i o n  was u n l i k e l y  t o  be r e t a i n e d  

by the  ne xt  to  be g e n e r a t e d .

2 .  O v e r h a r v e s t .  Each i n i t i a l  p o p u l a t i o n  was  d e l i b e r a t e l y  

o v e r h a r v e s t e d  f r o m  a p p r o x i m a t e l y  K u n t i l  i t  r e a c h e d  0 .  4 K . T he  

o v e r h a r v e s t  r a t e  ( d e t e r m i n e d  by t r i a l  and e r r o r )  was t h e  l o w e s t  h a r v e s t  

t h a t  a lways  produced d e c l i n e  t o  e x t i n c t i o n .  Th i s  s l o w  d e c l i n e  a l l o w e d  

t h e  p o p u l a t i o n  to  p a s s  through many i n t e r m e d i a t e  l e v e l s  b e f o r e  r e a c h i n g

0 . 4K .

3 .  C r o s s - s e c t i o n  p o p u l a t i o n s .  For s i m u l a t i o n s  u s i n g  K=200,  t h e  

t a r g e t e d  c r o s s - s e c t i o n  p o p u l a t i o n  l e v e l s  were  140 ( 0 . 7 K )  and 80 ( 0 . 4 K ) .  

As e a c h  i n i t i a l  p o p u l a t i o n  was o v e r h a r v e s t e d ,  each y e a r s '  t o t a l  c e n su s  

was compared t o  t h e s e  t a r g e t  v a l u e s .  When o v e r h a r v e s t i n g  f i r s t  r e d u c e d  

a p o p u l a t i o n  b e l o w  1 4 0 ,  t h a t  y e a r s '  c e n s u s  and t h e  p r e v i o u s  y e a r s '  

c e n s u s  ( t e m p o r a r i l y  r e t a i n e d  i n  c o m p u t e r  memory)  w e r e  c o m p a r e d ,  and  

w h i c h e v e r  p o p u l a t i o n  was  c l o s e s t  t o  140  was  r e t a i n e d  as  t h e  0 . 7 K  

c r o s s - s e c t i o n .  The o v e r h a r v e s t  then c o n t i n u e d  t o  80 ,  a t  which p o i n t  t he  

p r o c e d u r e  was r e p e a t e d .  For s i m u l a t i o n s  u s i n g  K=600 ,  computer  d i s k
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F i g .  9 .  A s c h e m a t i c  d i agram o f  t h e  p r o c e s s  by which  s us t a i ne d  
y i e l d s  were l o c a t e d .  1.  I n i t i a l  ( u n h a r v e s t e d )  p o p u l a t i o n .  2 .  
P o p u l a t i o n s  a r e  s u b j e c t e d  t o  h a r v e s t  g r e a t e r  than MSY ( a r r o w s  
i n d i c a t e  t r a j e c t o r y ) .  3 .  P o p u l a t i o n s  a t  a p p r o x i m a t e l y  0 . 7K and 
0 . 4 K  a r e  r e t a i n e d  f o r  t r i a l  h a r v e s t s .  4 .  T r i a l  h a r v e s t s ,  
i n c l u d i n g  t hose  above and below the expected l o c a t i o n  o f  the c ur ve ,  
a r e  a p p l i e d .  The b r a c ke t s  r epresent  approximate l o c a t i o n s  o f  the  
1 0  harves t  l e v e l s .
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s t o r a g e  was i n s u f f i c i e n t  t o  a l l o w  r e t e n t i o n  o f  2  c o m p l e t e  p o p u l a t i o n s  

f o r  c o m p a r i s o n .  T h e r e f o r e ,  t h e  p o p u l a t i o n  s t r u c t u r e  i n  t h e  f i r s t  y e ar  

i n  which the  c en s u s  f e l l  b e l ow 420 ( 0 . 7  o f  600)  was r e t a i n e d  as  t he  0.7K  

c r o s s - s e c t i o n .  S i m i l a r l y ,  t h e  0 . 4 K  c r o s s - s e c t i o n  was t a k e n  as  t h e  

p o p u l a t i o n  i n  the  f i r s t  y e ar  t h e  c e n s u s  f e l l  b e l o w  2 4 0  ( 0 . 4  o f  6 0 0 ) .  

T h i s  p r o c e d u r e  c au s e d  t h e  s e l e c t e d  c r o s s - s e c t i o n s  f o r  K*600 p o p u l a t i o n s  

t o  be c o n s i s t e n t l y  l e s s  than t h e i r  t a r g e t e d  v a l u e s .  The mean r e a l i z e d  

c r o s s - s e c t i o n s  f o r  K=600 p o p u l a t i o n s  w e r e  0 . 6 5 4 K  and 0 . 3 5 6 K .  For  

s i m p l i c i t y ,  t h e s e  a r e  r e f e r r e d  t o  t h rou ghout  as  0 .7K and 0 . 4K.

4 .  T r i a l  H a r v e s ts .  Each 0 .4K and 0.7K p o p u l a t i o n  was run f o r  30  

y e a r s  a t  each  o f  10 d i f f e r e n t  t r i a l  h a r v e s t  l e v e l s .  For y e a r s  1 through  

1 0 , a g e - s t r u c t u r e  d a t a  from bot h  t h e  s t a n d i n g  p o p u l a t i o n  and t h e  hunted  

sample  were r e c o r d e d .  Only the  annual  c e n su s  t o t a l s  w e r e  r e c o r d e d  f o r  

the* s u b s e q u e n t  20  y e a r s .  T r i a l  h a r v e s t  l e v e l s  were  chosen  t o  b r a c ke t  

t h e  r e g i o n s  where I h y p o t h e s i z e d  t h e  p o p u l a t i o n  t r a j e c t o r i e s  c h a n g e d  

from s t a b l i t y  t o  d e c l i n e  ( T a b l e  1 ) .

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T a b l e  I .  The 10  t r i a l  h a r v e s t  l e v e l s  a p p l i e d  t o  e a ch  c r o s s - s e c t i o n  
p o p u l a t i o n .  The numbers i n  p a r e n t h e s e s  a r e  t h e  mean p o p u l a t i o n  s i z e s  at  
each  c r o s s - s e c t i o n .

P o p u l a t i o n  C r o s s -  Low High Increment
K S e c t i o n  Harves t  Harves t

2 0 0 0.4K ( 8 0 ) 5 14 1

0 .7K ( 1 4 0 ) 8 17 1

600 G.4K ( 213) 15 42 3
0.7K ( 3 9 2 ) 24 51 3
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To d i f f e r e n t i a t e  d e c l i n i n g  from s t a b l e  p o p u l a t i o n s ,  t he  n a t u r a l  

l o g a r i t h m  o f  each  y e a r ' s  c e n su s  was r e g r e s s e d  a g a i n s t  t ime ,  y i e l d i n g  r , 

t h e  i n s t a n t a n e o u s  r a t e  o f  c h a n g e .  I f  r was  s i g n i f i c a n t l y  ( p < 0 . 0 1 )  

n e g a t i v e ,  t he  p o p u l a t i o n  was  c a t e g o r i z e d  a s  d e c l i n i n g .  At t h e  0 . 7 K  

c r o s s - s e c t i o n ,  near  a l l  o t h e r  p o p u l a t i o n s  we re  c o n s i d e r e d  s t a b l e .

H o w e v e r ,  a t  t h e  0 . 4 K  c r o s s - s e c t i o n ,  o n l y  t h o s e  p o p u l a t i o n s  w i t h  a 

s i g n i f i c a n t l y  ( p < 0 , 0 1 ) p o s i t i v e  r  w e r e  c a t e g o r i z e d  as  s t a b l e .  

P o p u l a t i o n s  w i t h  r i n s i g n i f i c a n t l y  d i f f e r e n t  from z e r o  w e r e  c o n s i d e r e d  

a m b i g u o u s ;  t h a t  i s ,  a l t h o u g h  t h e i r  l o n g - t e r m  dynamic was e i t h e r  d e c l i n e  

or  s t a b i l i t y ,  t h e y  e x h i b i t e d  n e i t h e r  d y n a m i c  d u r i n g  t h e  t i m e - s  pa n  

e x a m i n e d .  A mb i g u o us  p o p u l a t i o n s  w e r e  t r e a t e d  a s  m i s s i n g  d a t a .  The 

s i g n i f i c a n c e  o f  r was examined s e p a r a t e l y  f o r  bot h  t he  1 0 - y e a r  p e r i o d  o f  

a g e - s t r u c t u r e  d a t a  c o l l e c t i o n ,  and t h e  e n t i r e  3 0 - y e a r  run.

To compare s u s t a i n a b l e  y i e l d s  t h e  f o l l o w i n g  pr oc ed ur e  was  u s e d .  

A l l  d a t a  w e r e  d i v i d e d  i n t o  s u b s e t s  by c a r r y i n g  c a p a c i t y  ( 200  or 6 0 0 ) ,  

S p e c i f i c  Model ,  0 . 4K or  0 . 7 K ,  and l e n g t h  o f  t i m e  f o r  w h i c h  p o p u l a t i o n  

t r a j e c t o r y  was c a l c u l a t e d .  Mean s u s t a i n a b l e  h a r v e s t s  f o r  each s u b s e t  

w e r e  c a l c u l a t e d  by m u l t i p l y i n g  e a c h  h a r v e s t  r a t e  ( e x p r e s s e d  a s  a 

p e r c e n t a g e  o f  t h e  mean number i n  t h e  c r o s s - s e c t i o n  p o p u l a t i o n )  by the  

p e r c e n t a g e  o f  t r i a l s  a t  t h a t  r a t e  r e s u l t i n g  i n  s t a b i l i t y ,  and d i v i d i n g  

t he  sum by t h e  sum o f  t h e  s t a b l e  t r i a l  p e r c e n t a g e s :
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[ ( K i / N ) p i ]  /  Z Pi  

where :

H = number h a r v e s t e d  in  t r i a l  i

N * mean number i n  c r o s s - s e c t i o n  p o p u l a t i o n

p -  p e r c e n t a g e  o f  t r i a l s  a t  r a t e  i  r e s u l t i n g  i n

s t a b i l i t y

D i f f e r e n c e s  among mean h a r v e s t  r a t e s  were  t e s t e d  u s i n g  a s e r i e s  

o f  f i x e d - t r e a t m e n t  2-way a n a l y s e s  o f  v a r i a n c e  (AKÛVA). Three t r e a t m e n t s  

w e r e  d e f i n e d :  ( i )  K, ( i i )  S p e c i f i c  Model ,  and ( i i i )  l eng th  o f  t i me  f o r  

w h i c h  s u s t a i n e d  y i e l d  was  c a l c u l a t e d .  I e x a m i n e d  t h e  s o u r c e  o f  

d i f f e r e n c e s  a m o n g  t h e  4 S p e c i f i c  M o d e l s  u s i n g  p l a n n e d  o r t h o g o n a l  

c o n t r a s t s  ( S o k a l  and R o h l f  1 9 8 1 ) .  The 4 M o d e l s  w e r e  g r o u p e d  i n  p a i r s  

a c c o r d i n g  t o  t h e i r  b i r t h - r a t e  f u n c t i o n s  ( d e n s i t y - d e p e n d e n t  or  

- i n d e p e n d e n t ) ,  and t h e i r  s u b - a d u l t  mal e  m o r t a l i t y  f u n c t i o n s  ( a d u l t  m a l e  

d e p e n d e n t  o r  p o p u l a t i o n  d e p e n d e n t ) .  The ANOVA"s assumed n o r m a l i t y  and 

h o m o s c e d a s t i c i t y  o f  t h e  mean h a r v e s t  r a t e s  o f  e a c h  d a t a  s u b s e t .  

A d d i t i o n a l l y ,  b e c a u s e  i n t e r a c t i o n  b e t w e e n  t r e a t m e n t s  c o u l d  n o t  be  

t e s t e d ,  a l l  t r e a t m e n t s  were  assumed t o  be a d d i t i v e .

D e s c r i P t i o n  o f  A g e - S t r u c t u r e s

I u s e d  2 b a s i c  a p p r o a c h e s  t o  d e s c r i b e  a g e - s t r u c t u r e s  o f  

h a r v e s t e d  g r i z z l y  b e a r  p o p u l a t i o n s :  ( i )  e x a m i n i n g  a g e - s t r u c t u r e s  

d i r e c t l y ,  and ( i i )  c o m p u t i n g  s t a t i s t i c s  t h a t  summar i zed  i n f o r m a t i o n  

ab o ut  t h e  a g e - s t r u c t u r e s .
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U n w e i g h t e d  mean p r o p o r t i o n  i n  each  a g e - c l a s s s  was computed by 

c o n s i d e r i n g  t h e  number  i n  e a c h  a g e - c l a s s  a s  a p e r c e n t  o f  t h e  t o t a l  

p o p u l a t i o n  e a c h  y e a r .  Means w e r e  c o m p u t e d  as  t h e  summed p e r c e n t a g e s  

d i v i d e d  by the  number o f  y e a r s  c o n s i d e r e d .  A g e - d i s t r i b u t i o n s  f o r  a 

s i n g l e  s e x  w e r e  c o m p u t e d  s i m i l a r l y ,  w i t h  t h e  number i n  e a c h  a g e  

c o n s i d e r e d  a s  a p e r c e n t a g e  o f  the  t o t a l  i n  t h a t  s e x .  A g e - c l a s s e s  5 - 9 ,  

1 0 - 1 4 ,  1 5 - 1 9  and 2 0 - 2 4  w e r e  l umpe d t o  c o n d e n s e  a g e - s t r u c t r es when i t  

made i n t e r p r e t a t i o n  e a s i e r .

Ten d e s c r i p t i v e  s t a t i s t i c s  f o r  e ach  a g e - s t r u c t u r e  were  computed 

( T a b l e  2 ) .  They were  c h o s e n  f o r  t h e  i n f o r m a t i o n  t h ey  conveyed about  the  

a g e - s t r u c t u r e s ,  and  f o r  t h e i r  e a s e  o f  c o m p u t a t i o n .  The a r c - s i n e  

t r a n s f o r m a t i o n  was  a p p l i e d  t o  a l l  p r o p o r t i o n s  t o  a d j u s t  them t o w a r d  

n o r m a l i t y ,  and t o  s t a b i l i z e  v a r i a n c e s  ( Zar 1 9 7 4 ) .  The 10 s t a t i s t i c s  

were  p l o t t e d  a g a i n s t  p o p u l a t i o n  s i z e  or  t i m e ,  or  were  used  as  v a r i a b l e s  

f o r  f u r t h e r  a n a l y s e s  ( s e e  n e x t  s e c t i o n ) .

The b e h a v i o r  o f  a g e - s t r u c t u r e s  under 3 s e t s  o f  c i r c u m s t a n c e s  was  

c o n s i d e r e d :

1 .  H a r v e s t e d  p o p u l a t i o n s  i n i t i a l l y  a t  K. Ten i n d e p e n d e n t l y  

g e n e r a t e d  Model DMA DM p o p u l a t i o n s  were  a l l o w e d  t o  e q u i l i b r a t e  w i t h  no 

h a r v e s t  a t  a p p r o x i m a t e l y  K=600.  Each was th en  s u b j e c t e d  f o r  20 y e a r s  t o  

5 d i f f e r e n t  hunt  l e v e l s :  1 0 , 2 0 , 3 0 , 4 0  and 50 a n i m a l s / y e a r .  The l o w e r  2 

h a r v e s t  l e v e l s  w e r e  b e l o w  MSY and r e s u l t e d  in  s t a b l e  e q u i l i b r i a .  The 

upper  2 l e v e l s  were  g r e a t e r  than MSY and g r a d u a l l y  drove  the  p o p u l a t i o n s  

t o  e x t i n c t i o n .  A g e - s t r u c t u r e s  and t h e  10 summary s t a t i s t i c s  w e r e  

examined a s  t h e s e  p o p u l a t i o n s  d e c l i n e d .

2 .  H a r v e s t e d  p o p u l a t i o n s  i n i t i a l l y  a t  c r o s s - s e c t i o n s  0.7K and
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T a b l e  2 .  Ten d e s c r i p t i v e  s t a t i s t i c s  computed f o r  each data sampl e .

A b b r e v i a t i o n  D e s c r i p t i o n

MXBAR

FXBAR

MMED

Mean age  o f  males

Mean age  o f  f e ma l e s  

Median a g e  o f  males

Computat ion

24 24
2  im£ /  ̂ mi

i = 0 i = 0

FMED Median age  o f  f e ma l e s

same,  w i t h  m = f

Age c o n t a i n i n g  the  
24

((E m i ) + l ) / 2  
i = 0

i n d i v i d u a l ,  + 
a g e  24

2  m^-( (  ^ m i ) + l ) / 2  /mage
i = 0  i = 0

same,  w i t h  m = f

KSUBAD P r o p o r t i o n  o f  ma l e s 3 24
i n  s u b - a d u l t  a ge s 2  mi / 2

i = 0 i = 0
FSUBAD

M58JÜV

F58JUV

MFALL

MFAD

P r o p o r t i o n  o f  f e m a l e s  
i n  s u b - a d u l t  age s

P r o p o r t i o n  o f  prime ( 5 - 8 )  
males  among t h o s e  ( 0 - 2 ) + ( 5 - 8 )

P r o p o r t i o n  o f  prime ( 5 - 8 )  
f e m a l e s  among t h o s e  ( 0 - 2 ) + ( 5 - 8 )

P r o p o r t i o n  o f  ma l e s  
among a l l  a n i m a l s

P r o p o r t i o n  o f  males  
among a d u l t s  ( a g e  4+)

mi
I

same,  w i t h  m = f

8 8 2

2 mi /
- 5

 ̂ mi +
i* 5 ' ? i o

same. w i t h  m = f

24 24 24
2  mi  /
i = 0

 ̂ mi + 
i = 0

24 24 24
2

i®4
/  ^mi + 

i®4
^ f i

i = 4

m = m a l e s ,  f  
i n d i v i d u a l

= f e m a l e s ,  i  = a g e ,  age  = a ge  c o n t a i n i n g  t h e  median
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0 . 4 K .  F i v e  i n d e p e n d e n t l y  g e n e r a t e d  M o d e l  DM p o p u l a t i o n s  w e r e  

o v e r h a r v e s t e d  from K=600 down t o  0 .7K and 0 . 4K,  t he  same p r oc e d u r e  used  

i n  q u a n t i f y i n g  t h e  2 c r o s s - s e c t i o n s  o f  the  SYC, At each c r o s s - s e c t i o n ,  

2 h a r v e s t  l e v e l s ,  2 4  and 39  a n i m a l s / y e a r ,  w e r e  a p p l i e d  f o r  25  y ea r s  

e a c h .  The h i g h e r  l e v e l  produced d e l c i n e s  a t  b o t h  0 . 7 K  and 0 , 4 K ,  The  

l o w e r  l e v e l  a l w a y s  l e d  t o  s t a b l e  e q u i l i b r i a  a t  0 , 7 K ,  b u t  a t  0 , 4 K  

s omet i mes  c au s e d  d e c l i n e s ,  somet i mes  s t a b i l i t y .  A g e - s t r u c t u r e s  and t h e  

1 0  d e s c r i p t i v e  s t a t i s t i c s  w e r e  e x a m i n e d  a s  d e c l i n i n g  and s t a b l e  

p o p u l a t i o n s  moved away from t h e s e  r e l e a s e  p o i n t s  on the  SYC.

3 .  H a r v e s t e d  p o p u l a t i o n s  g r o w in g  i n  r e s p o n se  t o  in c r e a s e d  K, 

Ten i n d e p e n d e n t l y  g e n e r a t e d  Mo d e l  DDALL p o p u l a t i o n s  w e r e  a l l o w e d  t o  

e q u i l i b r a t e  a t  K*600,  Each was th en  run f o r  20 y e a r s  under a h a r v e s t  o f  

24 a n i m a l s / y e a r  and w i t h  an i n c r e a s e d  K o f  1 0 0 0 ,  A g e - s t r u c t u r e s  and  

d e s c r i p t i v e  s t a t i s t i c s  were  examined as  t h e s e  p o p u l a t i o n s  i n c r e a s e d .

D i s c r i m i n a t i o n  o f  D e c l i n i n g  and S t a b l e  A g e - S t r u c t u r e s

A g e - s t r u c t u r e s  f r o m  t h e  f i r s t  10 y e a r s  o f  t h e  s i m u l a t i o n  runs  

u s e d  f o r  q u a n t i f y i n g  t h e  SYCs w e r e  a l s o  u s e d  t o  d e v e l o p  i n d i c e s  f o r  

d i s c r i m i n a t i n g  d e c l i n i n g  from s t a b l e  p o p u l a t i o n s .  Each 1 0 - y e a r  da t a  s e t  

was c o n s i d e r e d  i n  2  ways :  ( i )  as  1 0  s e p a r a t e  s a mp l e s ,  each c o n s i s t i n g  o f  

a g e - c l a s s  f r e q u e n c i e s  from a s i n g l e  y e a r ,  and ( i i )  a s  3 s e p a r a t e  s amples  

each  c o n s i s t i n g  o f  summed a g e - c l a s s  f r e q u e n c i e s  f r o m  3 c o n s e c u t i v e  

y e a r s .  In  t h e  l a t t e r ,  y e a r  1 was i g n o r e d ,  so  t h e  f i r s t  y e a r - g r o u p  was 

from y e a r s  2 - 4 ,  t h e  s e c o n d  f r o m  y e a r s  5 - 7 ,  and  t h e  t h i r d  f r o m  y e a r s  

8- 1 0 ,
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For e a c h  s a m p l e ,  t h e  10 s t a t i s t i c s  d e s c r i b e d  in  T a b l e  2 were  

computed No a t t e m p t  was  made t o  u s e  raw a g e - c l a s s  f r e q u e n c i e s  f o r  

d i s c r i m i n a t i o n  b e c a us e  o f  t h e i r  n o n - n o r m a l i t y  and l a r g e  v a r i a n c e s .

The 10 s t a t i s t i c s  f o r  each  sample were u s e d  a s  i n p u t  v a r i a b l e s  

t o  g e f o r  e a c h  s a m p l e  w e r e  u s e d  as i np ut  v a r i a b l e s  t o  g e n e r a t e  2 -g ro up  

d i s c r i m i n a n t  f u n c t i o n  e q u a t i o n s .  The known g r o u p s  w e r e  ' d e c l i n e '  and  

' s t a b l e ' ,  a s  d e t e r m i n e d  d u r i n g  t h e  SYC c a l c u l a t i o n s  f o r  t h e  1 0 - y e a r  

p e r i o d .  I us ed  SPSSX p r o g r a m  DISCRIMINANT ( N i e  e t  a l .  197 5) t o  g e n e r a t e  

t he  d i s c r i m i n a i :  . c . : i o n s .  V a r i a b l e s  w e r e  e n c e r e u  i n t o  t a e  e q u a t i o n  i n  

s t e p w i s e  o r d e r  a s  t h e y  m a x i m i z e d  t h e  minimum D 2 , t h e  M a h a l a n o b i s  

d i s t a n c e ,  and i t s  c o r r e s p o n d i n g  p a r t i a l  F v a l u e .  V a r i a b l e s  f a i l i n g  t o  

make a s i g n i f i c a n t  C p < 0 , 3 0 )  c o n t r i b u t i o n  t o  t h e  s e p a r a t i o n  between group  

c e n t r o i d s  were o m i t t e d .

The g o a l  o f  2 - g r o u p  d i s c r i m i n a n t  f u n c t i o n  a n a l y s i s  (DFA) i s  

g e n e r a l l y  to  c l a s s i f y  s ampl e s  i n t o  p r e - s p e c i f i e d  g r o u p s  by m a x i m i z i n g  

t h e i r  s e p a r a t i o n  a l o n g  a newly d e f i n e d  c a n o n i c a l  a x i s .  For p r e d i c t i o n  

p u r p o s e s ,  t he  o v e r a l l  m i s - c l a s s i f i c a t i o n  p r o b a b i l i t y  i s  m i n i m i z e d  by  

t a k i n g  t h e  m i d p o i n t  between t h e  2  group means a s  t h e  c r i t i c a l  d e c i s i o n  

p o i n t .  T h i s  p r o c e d u r e  a s s u m e s  m u l t i v a r i a t e  n o r m a l i t y ,  e q u a l  

v a r i a n c e - c o v a r i a n c e  m a t r i c e s ,  and e qua l  a p r i o r i  p r o b a b i l i t i e s  o f  group  

m e m b e r s h i p .  I t  a l s o  i m p l i c i t l y  a s s u m e s  t h a t  t h e  o b j e c t i v e  o f  t h e  

a n a l y s i s  i s  m i n i m i z a t i o n  o f  t h e  t o t a l  e r r o r  r a t e ,  i . e . ,  t h a t  b o t h  

m i s - c l a s s i f i c a t i o n  e r r o r s  a r e  o f  e q u a l  c o n s e q u e n t  e .  H o w e v e r , i n  

d i s c r i m i n a t i n g  d e c l i n i n g  f ro m s t a b l e  p o p u l a t i o n s ,  t h e  2  t y p e s  o f  

m i s - c l a s s i f i c a t i o n  h a v e  d i f f e r e n t  m e a n i n g s  a n d  c o n  s e q u e n c e s .  

C l a s s i f y i n g  a s  a d e c l i n i n g  p o p u l a t i o n  one t h a t  i s  a c t u a l l y  s t a b l e  i s  a
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r e l a t i v e l y  ben i gn  e r r o r  f o r  a manager.  At m o s t , the  c o ns eq ue nc es  o f  t he  

e r r o n e o u s  c l a s s i f i c a t i o n  w i l l  be u n n e c e s s a r i l y  c o n s e r v a t i v e  m e a s u r es .  

But c l a s s i f y i n g  a s  a s t a b l e  p o p u l a t i o n  one t h a t  i s  a c t u a l l y  i n  d e c l i n e  

f r o m e x c e s s i v e  h a r v e s t  i s  a s e r i o u s  e r r o r .  The c l a s s i f i c a t i o n  i m p l i e s  

t h a t  a l l  i s  w e l l ,  when i f  f a c t ,  c o n t i n u a t i o n  o f  the  s t a t u s  quo l e a d s  t o  

e x t i n c t i o n .  T h e r e f o r e ,  I c h o s e  a s  t h e  c r i t i c a l  d e c i s i o n  p o i n t  t h a t  

v a l u e  t h a t  w o u l d  i n s u r e  no g r e a t e r  t h a n  a s p e c i f i e d  p r o b a b i l i t y  o f  

m i s - c l a s s i f y i n g  p o p u l a t i o n s  t h a t  were  a c t u a l l y  d e c l i n i n g .

The c r i t i c a l  p o i n t  was de t e rmi ne d  i n  t h e  f o l l o w i n g  way .  A f t e r  

d i s c r i m i n a n t  f u n c t i o n  s c o r e s  were  computed f o r  each sample ,  t h e  mean and 

v a r i a n c e  o f  the  s c o r e s  f o r  the  (known) d e c l i n i n g  g r o u p  w e r e  c o m p u t e d .  

Each s a m p l e  i n  t h e  d e c l i n i n g  group was t h en  coded w i t h  i t s  a s s o c i a t e d  

s t a nd a rd  z - s c o r e ,  i n d i c a t i n g  i t s  s t a n d a r d  d e v i a t i o n  u n i t s  from t h e  mean  

s c o r e  f o r  d e c l i n e r s .  Then,  as sumi ng  n o r m a l i t y  a l o n g  t h e  c a n o n i c a l  a x i s ,  

t h e  c r i t i c a l  s c o r e  t h a t  i n s u r e d  no g r e a t e r  t h a n  a p p r o x i m a t e l y  1 0 % 

m i s - c l a s s i f i c a t i o n  o f  known d e c l i n e r s  was t h a t  s c o r e  c o r r e s p o n d i n g  t o  z 

= 1 . 2 8 2 .  The m i s - c l a s s i f i c a t i o n  p r o b a b i l i t y  f o r  s t a b l e  p o p u l a t i o n s  was  

t h e n  c o m p u t e d  e m p i r i c a l l y  by c o m p a r i n g  a c t u a l  v s .  p r e d i c t e d  g r o u p  

membership ( F i g .  1 0 ) .  During t h i s  p r o c e s s ,  each  d i s c r i m i n a n t  f u n c t i o n  

was  t e s t e d  a g a i n s t  d a t a  o t h e r  t h a n  t h o s e  u s e d  i n  g e n e r a t i o n  o f  t h e  

e q u a t i o n ,  i n c l u d i n g  t h e  3 d a t a  s e t s  u s e d  i n  t h e  d e s c r i p t i o n  o f  

a g e - s t r u c t u r e s  ( s e e  a b o v e ) .

I  t h u s  e x p l i c i t l y  r e c o g n i z e d  2 t y p e s  o f  e r r o r s ,  a n a l o g ou s  t o  

Type I and Type I I  e r r o r s  o f  s t an d ar d  s t a t i s t i c a l  t h e o r y .  P o p u l a t i o n  

d e c l i n e  was a n a l o g o u s  t o  t h e  n u l l  h y p o t h e s i s .  The p r o b a b i l i t y  o f  a Type 

I e r r o r ,  ^ was s p e c i f i e d  b e f o r e h a n d .  The p r o b a b i l i t y  o f  a Type  I I
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D ecline Stable

Cononlcat Axis

F i g ,  1 0 .  A g e n e r a l i z e d  d i s t r i b u t i o n  of  d i s c r i m i n a n t  s c o r e s  a l o n g  
t he  c a n o n i c a l  a x i s ,  showing the  p roced ure  u s e d  t o  c a l c u l a t e  Type  I 
and Type  II. e r r o r s .  A g e - s t r u c t u r e s  f ro m d e c l i n i n g  p o p u l a t i o n s  
( l e f t )  r e c e i v e d  l o w e r  s c o r e s ;  a g e - s t r u c t u r e s  f r o m  s t a b l e  
p o p u a l t i o n s  r e c e i v e d  h i g h e r  s c o r e s  ( r i g h t ) .  Both were  d i s t r i b u t e d  
a p p r o x i m a t e l y  n o r ma l l y  a l o n g  t h e  c a n o n i c a l  a x i s .  P o i n t  ' a '  w o u l d  
m i n i m i z e  t h e  t o t a l  p r o b a b i l i t y  o f  m i s - c l a s s i f i c a t i o n .  P o i n t  ' b '  
a s s u r e s  t h a t  d e c l i n i n g  p o p u l a t i o n s  w i l l  be  m i s - c l a s s i f i e d  w i t h  
p r o b a b i l i t y  10%. S l a n t e d  h a t c h i n g  r e p r e s e n t s  Type  I e r r o r s ;  
h o r i z o n t a l  h a t c h i n g  r e p r e s e n t s  Type I I  e r r o r s .
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, B , could not  be p r e d i c t e d ,  but the  power of  the  t e s t ,  ( 1 -  )

was d e t e r m i n e d  e m p i r i c a l l y .  The b a s i c  q u e s t i o n  o f  DFA was t h e r e b y  

m o d i f i e d  f r o m  “ how a c c u r a t e l y  c a n  t h i s  p r o c e d u r e  p r e d i c t  group  

membership?",  to  “g i v e n  t h a t  i t  w i l l  m i s - c l a s s i f y  d e c l i n i n g  p o p u l a t i o n s  

w i t h  p r o b a b i l i t y  ct ( 1 0 %), how much power to  c o r r e c t l y  c l a s s i f y  s t a b l e  

p o p u l a t i o n s  d o e s  t h i s  p r o c e d u r e  h a v e ? " .  O v e r a l l  and K l e t t  ( 1 9 7  2 )  

p r e s e n t  a s i m i l a r  method f o r  c a l c u l a t i n g  a c r i t i c a l  po i n t  u s i n g  s tand ard  

z - s c o r e s .

I a l s o  t e s t e d  t h e  p o w e r  o f  e a c h  o f  t h e  7 d i s c r i m i n a t i n g  

v a r i a b l e s  s e p a r a t e l y  t o  d e t e r m i n e  how w e l l  d i f f e r e n t i a t i o n  b e t w e e n  

a g e - s t r u c t u r e s  o f  d e c l i n i n g  and s t a b l e  p o p u l a t i o n s  could be a cco mpl i s he d  

w i t h o u t  t he  d i s c r i m i n a n t  f u n c t i o n .  The  p r o c e d u r e  d e s c r i b e d  f o r  

e s t i m a t i n g  Type I e r r o r s  and power under the  d i s c r i m i n a n t  f u n c t i o n  was 

used f o r  i n d i v i d u a l  v a r i a b l e s ,  s imp l y  s u b s t i t u t i n g  I v a r i a b l e  a t  a t i m e  

f or  the  d i s c r i m i n a n t  f u n c t i o n  s c o r e .
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RESULTS

R e s u l t s  are  present ed  i n  4 p a r t s .  The f i r s t  i s  a c e s c r i p t i o n  c f  

b e h a v i o r s  o f  t h e  s i m u l a t i o n  model  r e l e v a n t  to  subsequent  3 g e - s t r u c t u r e  

a n a l y s e s .  The s e c o n d  p r e s e n t s  p r o p e r t i e s  o f  s u s t a i n e d  y i e l d s .  The 

t h i r d  i s  a g e n e r a l  t r e a t m e n t  o f  a g e - s t r u c t u r e s ,  bo t h  of  s t a b l e  anc 

d e c l i n i n g  p o p u l a t i o n s ,  as s een both i n  t h e  s t a n d i n g  p o p u l a t i o n  anc i n  

t h e  h a r v e s t .  In t h e  f i n a l  s e c t i o n ,  a d i s c r i m i n a n t  index i s  d e v e l o p e d , 

and i t s  s e n s i t i v i t y  i s  e s t i m a t e d  under a v a r i e t y  o f  c i rcumst ances .

Behavior  o f  the  Model

Experiments performed on t h e  s i m u l a t e d  p o p u l a t i o n  were  v a l i a  

o n l y  to  t h e  degree  t ha t  the  s i m u l a t i o n  behaved l i k e  a r e a l  g r i z z l y  b e a r  

p o p u l a t i o n .  T h i s  s e c t i o n  d e s c r i b e s  t h e  b e h a v i o r  o f  t he  s i m u l a t e d  

p o p u l a t i o n  when n o t  e x p l o i t e d .  A v e r a g e  l i f e - h i s t o r y  r a t e s  o f  t h e  

u n e x p l o i t e d  p o pul a t i on  are  p r e s e n t e d  and compared t o  p u b l i s h e d  v a l u e s  

f rom s t u d i e d  p o p u l a t i o n s .  L a t e r ,  I d e s c r i b e  some g e ne r a l  dynamics o£ 

t h e  m o d e l e d  p o p u l a t i o n s  t h a t  h a v e  i m p l i c a t i o n s  f o r  t he  s u b s e q u e n t  

s e c t i o n s  on h a r v e s t e d  p o p u l a t i o n s .

N a t a l i t V  and S u r v i v a 1 Rates  a t  E o u i l i b r i u m

At  e q u i l b r i u m ,  n a t a l i t y  and s u v i v a l  r a t e s  o f  t h e  s i m u l a t e d  

p o p u l a t i o n  were s i m i l a r  t o  p u b l i s h e d  f i g u r e s  from s o u t h e r n  i n t e r i o r  

g r i z z l y  bear p o p u l a t i o n s .

58

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



N a t a l i t y  R a t e s .  Mean l i t t e r  s i z e  a t  ap p ro x i ma te ly  e q u i l i b r i u m  

c o n d i t i o n s  was 2 . 0 6 6  cubs ,  computed as the we i ght ed  mean:

Noj / E bj  

where :

^ 0  * t o t a l  number o f  cubs in  year  j 

b * t o t a l  number o f  b i r t h  e v e n t s  i n  y e a r

j

P u b l i s h e d  mean l i t t e r  s i z e s  f o r  s o u t h e r n  i n t e r i o r  g r i z z l y  

p o p u l a t i o n s  vary  f rom 1 . 7  ( M a r t i n k a  1 9 7 4 )  t o  2 . 2 6  (Aune and S t i v e r s  

1 9 6 3 ) .  B u n n e l l  and T a i t  ( 1 9 8 1 ) ,  in summarizing g r i z z l y  bear n a t a l i t y  

from a l l  3 s u b - p o p u l a t i o n s , found a mean o f  2 . 1 2  cubs amoung 1042 f a mi l y  

g r o u p s .  The d i s t r i b u t i o n  o f  1 - ,  2 -  and 3-cub l i t t e r s  i n  t he  s i m u l a t i o n  

was a l s o  s i m i l a r  to  p u b l i s h e d  f i g u r e s  (Table  3 ) .

Mean b r e ed i n g  i n t e r v a l  a t  approximate  e q u i l i b r i u m  was 3 .091 y e a r s ,  

computed as  the  w e ig h t e d  mean:

E y /  E S

where :

y = y e a r s  b e t w e e n  s u c c e s s i v e  breed i ngs  

o f  f e m a l e s  t h a t  g a v e  b i r t h  m o r e  t h a n  

once during a s i m u l a t i o n

B “ s u c c è s i v e  b r e e d i n g s  by t h e  same  

f ema 1 e
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T ab le  3 .  L i t t e r  s i z e s  i n  t h i s  s i m u l a t i o n  and o t h e r  p u b l i s h e d  f i g u r e s .
A l l  v a l u e s  are  p e r ce n t  f r e q u e n c y .

L i t t e r  s i z e

1 2 3 Source

19% 55% 26% This  s i m u l a t i o n
24% 52% 24% Mundy and Flook
43% 46% 1 1 % Martinka 197 41
33% 53% 14% Martinka 19742

1 C u b s - o f - t h e - y e a r  on l y
2 Y e a r l i n g s ;  g r e a t e r  numbers o f  l a r g e r  l i t t e r s  a re  a pp are nt l y  due to  
sampl ing  e rr o r .

Tabl e  4 .  Breeding i n t e r v a l s  i n  t h i s  s i m u l a t i o n  and o t h e r  p u b l i s h e d  
f i g u r e s .  A l l  f i g u r e s  ar e  p e r ce n t  f r e q ue n c y .

Breeding I n t e r v a l  (Years )

2 3 4 5 6 Source

14% 63% 2 0 % 2% This  s i m u l a t i o n
26% 47% 15% 6 % 2 % Craighead e t  a l .  1974
32% 45% 2 1 % 3% — Knight  and Eberhardt  ( i n
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Most p u b l i s h e d  r e p o r t s  of  mean breed ing  i n t e r v a l  are  about 3 years  

( B u n n e l l  and ' f a i t  1 9 8 1 ) .  The mean d i s t r i b u t i o n  of  breeding  i n t e r v a l s  

was a l s o  s i m i l a r  to  p u b l i s h e d  r e p o r t s  (Table  4 ) .

The s i m u l a t e d  a g e - a t - f i r s t - r e p r o d u c t  i o n  f o r  f emales  averaged  

5 . 5 0 2 ,  c a l c u l a t e d  as the  unweighted mean:

where :

a ■ t h e  mean a g e - a t - f i r s t - r e p r c d u c t i o n  

f o r  a l l  f e ma l e s  i n  year  j 

j = number o f  y e a r s  i n  t h e  s i m u l a t i o n

Mean a g e - a t - f  1 r s t - r e p r o d u e t i o n  f o r  e a c h  y e a r  r a n g e d  f rom 5 . 0  t o  6 . 2  

( T a b l e  3 ) .  K n i g h t  and  E b e r h a r d t  ( i n  p r e s s )  c a l c u l a t e d  mean  

a g e - a t - f i r s t - r e p r o d u c t i o n  i n  Y e l l o w s t o n e  N a t i o n a l  Park as  5 . 6 2  d u r i n g  

1 95 9- 1 9 7 0 ,  and 6 . 0 6  during 1974-1980 .  Bunnel l  and T a i t  (1961)  conc luded  

t h a t  mean a g e - a t - f i r s t - r e p r o d u c t i o n  was commonly b e t w e e n  5 and 6  y e a r s  

o f  age .

The  p e r c e n t a g e  o f  t h e  t o t a l  p o p u l a t i o n  i n  t h e  cub c l a s s  a t  

e q u i l i b r i u m  c o n d i t i o n s  averaged 16.4%, c a l c u l a t e d  u s i n g  t he  u n w e i g h t e d  

mean :
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Table  5 .  Ages ac f i r s t  r e p r o d u c t io n  in  t h i s  s i m u l a t i o n  and o t h e r
p u b l i s h e d  f i g u r e s .  A l l  f i g u r e s  are  p e r ce n t  f r eq u en cy .

Ages a t  f i r s t  r e p r o d u c t i o n  ( f e m a l e s )

5 6 7 8 Source

65% 26% 9% 1 % This  s i m u l a t i o n
69% 6 % 19% 6 % Craighead e t  a l .  19/6
15% 62% 1 )'. ;. h t  a n d  l iberhardt  ( l u  - c - : .
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z (K oj /N j)  / j

where:  Nq » number o f  cubs i n  year j 

H = c o t a l  p o p u l a t i o n  i n  year j

P e r c e n t  cubs  was a h i g h l y  v a r i a b l e  s t a t i s t i c .  Due l a r g e l y  to synchrony  

o f  b r e e d i n g  ( s e e  b e l o w ) ,  t h e  m o d e l  g e n e r a l l y  p r o d u c e d  “s t r o n g "  ana  

"weak" c o h o r t s ,  c a us i ng  the  p e r ce n t a g e  cubs t o  vary  from 8 . 6 % t o  26.6%.  

P u b l i s he d  f i g u r e s  f o r  p e r c e n t  c ub s  i n c l u d e  17% ( M a r t i n k a  1 9 7 4 ) ,  18% 

(Mundy and Flook 1973) ,  and 19% (Craighead e t  a l .  1 97 4 ) .

S u rv iv a l  Rates .  Simulated  mean s u r v i v a l  r a t e s  were  s i m i l a r  t o  

t h o s e  r e p o r t e d  by K n i g h t  e t  a l .  ( 1 9 8 3 )  ana Craighead e t  a l .  ( 1 97 3 )  . 

Mean male s u r v i v a l  was l e s s  than mean f emal e  s u r v i v a l ,  a s  r e f l e c t e a  i n  

t he  s u r v i v a l  curves  a t  e q u i l i b r i u m  ( F i g .  1 1 ) .

Al though the  mean age d i s t r i b u t i o n  ( F i g .  1 2 )  a p p e a r s  smooch and  

s t a b l e ,  y e a r l y  d i f f e r e n c e s  i n  t h e  d i s t r i b u t i o n  o f  a g e s  w e r e  g r e a t .  

Older a g e - c l a s s e s  f r e q u e n t l y  outnumbered the  a d j a c e n t  younger a g e - c l a s s  

a s  s t r o n g  and weak c o h o r t s  a l t e r n a t e l y  made t h e i r  way t h r o u g h  t h e  

p o p u l a t i o n  ( F i g .  1 3 ) .

P o p u l a t i o n  V a r i a b i l i t y  and E a ui l i br i um

U n e x p l o i t e d  p o p u l a t i o n s  were v a r i a b l e ,  but always e q u i l i b r a t e d  

n e a r  t h e i r  c a r r y i n g  c a p a c i t i e s ,  K ( F i g .  1 4 ) .  F e m a l e s  u s u a l l y  

outnumbered males  because  they were a s s i g n e d  lower m o r t a l i t y  r a t e s .  Tne 

number o f  males  i n  a p o p u l a t i o n  was s l i g h t l y  more v a r i a b l e  t h a n  t h e
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F i g .  11 .  Mean s u r v i v a l  r a t e s  o f  males  and f e m a l e s  i n  t h e  s i m u l a t e d  
p o p u l a t i o n  a t  u n h a r v e s t e d  e q u i l i b r i u m  (K) .
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F i g .  12 .  The mean a g e - s t r u c t u r e  o f  t h e  s i m u l a t e d  p o p u l a t i o n  a t  K.
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F i g ,  1 3 ,  A g e - s t  r u e  t u  r e s  from 2 c o n s e c u t i v e  y e a r s ,  s e l e c t e d  
randomly.  Note that  p a r t i c u l a r l y  l arge  and smal l  cohorts  i n  year 1 
( e , g .  female cubs ,  a g e - c l a s s  4)  can be seen a year o ld e r  in year 2 , 
Note a l s o  that  s trong  and weak cohort s  r e s u l t  in  o l de r  a g e - c l a s s e s  
f r eq u e nt l y  outnumbering younger a g e - c l a s s e s .
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SIMULATION RUN
Normal environmental variability

800-1

600
<
2
Z<

I
S ,..'

200-

0 30 40 5010 20

Legend
AM B#or* 

htal«s

YEAR

F i g ,  1 4 .  A t y p i c a l  5 0 - y e a r  s i m u l a t i o n  r u n  a t  K * 6 0 0  w i t h  
e n v i r o n m e n t a l  v a r i a b i l i t y .
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number o f  f e m a l e s .  I n  a s e t  o f  s i m u l a t i o n s  w i t h  K=600 and. no added  

e n v i r o n m e n t a l  v a r i a t i o n ,  number o f  ma l e s  had a c o e f f i c i e n t  o f  v a r i a t i o n  

(CV) o f  4.7%; t h e  CV f o r  f e ma l e s  was 3.8%.

The amount o f  f l u c t u a t i o n  w h i l e  a t  u n e x p l o i t e d  e q u i l i b r i u m  was a 

f u n c t i o n  o f  b o t h  d e m o g r a p h i c  a n d  e n v i r o n m e n t a l  s t o c h a s t i c i t y .  

V a r i a b i l i t y  was  s i g n i f i c a n t l y  r e d u c e d  ( p < 0 . 0 1 )  when e n v i r o n m e n t a l  

v a r i a b i l i t y  was removed  by h o l d i n g  K c o n s t a n t  ( Ta bl e  6 ) .  The r e l a t i v e  

m a g n i t u d e  o f  f l u c t u a t i o n s  c a u s e d  by e n v i r o n m e n t a l  v a r i a b i l i t y  w a s  

s i m i l a r  a t  a l l  c a r r y i n g  c a p a c i t i e s  t e s t e d  ( F i g .  1 5 ) .

G i v e n  t h e  s a m e  m a g n i t u d e  o f  e n v i r o n m e n t a l  v a r i a b i l i t y ,  

f l u c t u a t i o n s  w e r e  r e l a t i v e l y  g r e a t e r  ( p < C . 0 1 )  a t  s m a l l e r  p o p u l a t i o n s  

than a t  l a r g e r  p o p u l a t i o n s  ( F i g ,  1 6 ) .  The most  v a r i a b l e  p o p u l a t i o n s  a t  

u n e x p l o i t e d  e q u i l i b r i u m  were t h o s e  t h a t  were  both s m a l l ,  and s u b j e c t  to  

e n v i r o n m e n t a l  s t o c h a s t i c i t y  ( F i g .  17,  Tabl e  6 ) .

V a r i a b i l i t y  i n  number o f  c u b s  was  f a r  g r e a t e r  than i n  o f  any  

o t h e r  segment  o f  the  p o p u l a t i o n  ( F i g .  1 8 ) .  C o e f f i c i e n t s  o f  v a r i a t i o n  

f o r  cubs a t  e q u i l i b r i u m  v a r i e d  from 16% a t  K=600 t o  40% a t  K»100,  and t o  

71% a t  K=50.  I n t e r e s t i n g l y ,  e n v i r o n m e n t a l  s t o c h a s t i c i t y  a c c o u n t e d  f o r  

l i t t l e  o f  t he  v a r i a b i l i t y  in  cub numbers ( F i g .  1 9 ) .  Keeping K c o n s t a n t  

r e s u l t e d  i n  o n l y  a s l i g h t  d e c r e a s e  i n  t h e  CV o f  c u b s ,  t o  1 5  % a t  K=600  

an d  t o  3 4% a t  K = 1 0 Q .  At  K = 3 0 ,  c u b  v a r i a b i l i t y  was e s s e n t i a l l y  

u n a f f e c t e d  by e n v i r o nm e n t a l  s t o c h a s t i c i t y ;  CVs from s i m u l a t i o n s  w i t h  no 

e n v i o r n m e n t a l  v a r i a t i o n  w e r e  o f t e n  h i g h e r  than t h o s e  from s i m u l a t i o n s  

w i t h  e n v i r o n m e n t a l  v a r i a b i l i t y .

The h i g h  v a r i a b i l i t y  o f  t h e  c ub  c l a s s  was  a f u n c t i o n  o f  t h e  

f e m a l e  r e p r o d u c t i v e  c y c l e .  Numbers o f  c u b s  f o l l o w e d  r o u g h l y  a 3 - y e a r
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T a b l e  6 . V a r i a b i l i t y  o f  p o p u l a t i o n  e q u i l i b r i u m  as  a f u n c t i o n  o f  
e n v i r o n m e n t a l  s t o c h a s t i c i t y  and p o p u l a t i o n  s i z e  a t  K.

a .  Average  c o e f f i c i e n t s  o f  v a r i a t i o n  a t  2  p o p u l a t i o n  s i z e s  ( e x p e c t e d  
K ) , w i t h  and w i t h o u t  e n v i r o nm e nt a l  s t o c h a s t i c i t y .  Each v a l u e  i s  a 
mean o f  3 r e p l i c a t e s ,  each  r e p l i c a t e  c o n t a i n i n g  75 y e a r s .

C o e f f i c i e n t s  o f  V a r i a t i o n  

K V a r i a b i l i t y  o f  K (CV)

0% 13%

50
100

11.31%
7.75%

13.53%
10 . 20%

b.  ANOVA t a b l e

Source df MS F P

P o p u l a t i o n  S i z e 1 3 5 . 3 9 1 2 . 2 <0 . 0 1

V a r i a b i l i t y  o f  K 1 16 .31 5 . 6 < 0 . 05
I n t e r a c t i o n 1 0 . 0 4 0 . 1 os
Error 8 2 . 9 1
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SIMULATION RUN
No environmental variability
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F i g ,  1 5 .  A t y p i c a l  5 û - y e a r  s i m u l a t i o n  r un  a t  K= 6 0 0  v L t r  
e n v i r o n m e n t a l  v a r i a b i l i t y  removed.  The f l u c t u a t i o n s  r e m a i n i n g  a r e  
due t o  demographic  s t o c h a s t i c i t y .
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SIMUUTION RUN
No environmental variability
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F i g .  1 6 .  A t y p i c a l  5 0 - y e a r  s i m u l a t i o n  r u n  a t  K = 2 0 0  w i t h  
e n v i r o n m e n t a l  v a r i a b i l i t y  removed .  The  f l u c t u a t i o n s  a r e  due  t o  
d e m o g r a p h i c  s t o c h a s t i c i t y ;  n o t e  t h a t  t h e y  a r e  r e l a t i v e l y  g r e a t e r  
than s e e n  i n  F i g ,  15 .
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f i g .  1 7 ,  A t y p i c a l  5 0 - y e a r  s i m u l a t i o n  r u n  a t  K = 2 0 0  w i t h  
e n v i r o n m e n t a l  v a r i a b i l i t y .  N o t e  t h a t ,  a t  1 p o i n t ,  m a l e s  o u t n u m b e r  
f  ema 1 e s .
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COHORT STRENGTH, CUBS-OF-YEAR 
Normal environmental variability
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F i g .  1 8 .  A t y p i c a l  5 0 - y e a r  s i m u l a t i o n  r u n  a t  K = 2 0 0  w i t h  
e n v i r o n m e n t a l  v a r i a b i l i t y ,  s h o w i n g  t h e  number o f  c u b s  e a c h  y e a r .  
Highs  and lows a r e  most  o f t e n  a t  3 - y e a r  i n t e r v a l s .
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COHORT STRENGTH, CUBS-OF-YEAR 
No environmental variability
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F i g .  1 9 .  A t y p i / c a l  5 0 - y e a r  s i m u l a t i o n  r u n  a t  K = 2 0 0  w i t h  
e n v i r o n m e n t a l  v a r i a b i l i t y  removed,  showing t h e  number o f  cubs  each  
y e a r .  F l u c t u a t i o n s  a r e  o n l y  s l i g h t l y  l e s s  s e v e r e  t h a n  w i t h  
e n v i r o n m e n t a l  v a r i a b i l i t y .
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c y c l e  i n  r e s p o n s e  to  mature  f e m a l e s '  synchronous  b r e e d i n g .  Th i s  can be 

s e e n  i n  F i g .  18 and F i g ,  1 9 ,  and more  c l e a r l y  when t h e  c o r r e l a t i o n  

c o e f f i c i e n t s  o f  cub nu mbe rs  b e t w e e n  y e a r s  a r e  p l o t t e d  a g a i n s t  year  

i n t e r v a l s  i n  a c o r r e l o g r a m  ( F i g ,  2 0 ) ,  The h i g h e s t  c o r r e l a t i o n  was  a t  3 

y e a r s .  Low c o r r e l a t i o n s  a l s o  o c c u r r e d  i n  3 year  i n t e r v a l s ,  a t  2 , 5 , 8  and 

1 1  y e a r s .

C o l e  ( 1 9 5 1 )  d e m o n s t r a t e d  t h a t  a s e r i e s  o f  random nu mbe rs  

e x h i b i t e d  " cyc l es* ' ,  w i t h  a mean l e n g t h  o f  about  3 y e a r s .  H o w e v e r ,  t h e  

3 - y e a r  c y c l e s  o f  cub a b u n d a n c e  i n  t h i s  m o d e l  w e r e  much more r e g u l a r  

chan p r e d i c t e d  by C o l e ' s  random mo de l .  The CV o f  cub c y c l e  l e n g t h  was  

a b o u t  15%; C o l e ' s  random m o d e l  p r e d i c t e d  a c y c l e  l e n g t h  w i t h  a CV o f  

about  37%, I t  s h o u l d  be n o t e d  t h a t  s ynchronous  b r e e d i n g  was n o t  modeled  

d e l i b e r a t e l y ;  r a t h e r  i t  r e s u l t e d  i n e v i t a b l y  from t h e  i n t e r a c t i o n  o f  t h e  

a g e - a t - f i r s t  b r e e d i n g  and b r e e d i n g  c y c l e  l e n g t h  f u n c t i o n s .

Mean e q u i l i b r i u m  v a l u e s  a t t a i n e d  by p o p u l a t i o n s  r e l a t i v e  t o  t h e i r  

e x p e c t e d  v a l u e s  ( i . e . ,  m e d i a n  K ) w e r e  a l s o  f u n c t i o n s  o f  b o t h  

e n v i r o n m e n t a l  and d e m o g r a p h i c  s t o c h a s t i c i t y .  A d d i n g  e n v i r o n m e n t a l  

v a r i a b i l i t y  s i g n i f i c a n t l y  r e d u c e d  ( p < 0 , Ü l )  mean p o p u l a t i o n  l e v e l s .  

P o p u l a t i o n s  t h a t  e q u i l i b r a t e d  a t  K i n  t h e  a b s e n c e  o f  e n v i r o n m e n t a l  

s t o c h a s t i c i t y  e q u i l i b r a t e d  r o u g h l y  5% lower  when K was  a l l o w e d  t o  v a r y  

l o g - n o r m a l l y  wi th  a CV o f  about  13% ( T a b l e  7 ) .

With e n v i r o n m e n t a l  v a r i a b i l i t y  r e m o v e d  o r  k e p t  c o n s t a n t ,  mean  

e q u i l i b r i u m  v a l u e s  r e l a t i v e  to  t h e i r  e x p e c t e d  v a l u e s  were weak l y  r e l a t e d  

t o  t h e  magni t ude  o f  t h e i r  e x p e c t e d  K, The r a t e  f u n c t i o n s  u s e d  i n  t h e  

m o d e l  w e r e  c a l i b r a t e d  u s i n g  p o p u l a t i o n s  w i t h  K=200.  P o p u l a t i o n s  w i t h  

K=900 e q u i l i b r a t e d  a t  s l i g h t l y  a b o v e  K ( mean  9 0 5 , 0 ,  s t a n d a r d  e r r o r  =
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F i g .  2 0 .  C o r r e l a t i o n  c o e f f i c i e n t s  ( r )  o f  t h e  number o f  cubs i n  
y e a r  0  w i t h  t he  number o f  c u b s  a s p e c i f i e d  t i m e  i n t e r v a l  l a t e r ,  
p l o t t e d  a g a i n s t  t h e  t i me  i n t e r v a l .  The h i g h e s t  c o r r e l a t i o n  i s  a t  3 
y e a r s ;  low c o r r e l a t i o n s  a l s o  o c c u r  i n  3 y ea r  i n t e r v a l s .
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T a b l e  7 .  Mean e q u i l b r i u m  v a l u e s  o f  6  s i m u l a t i o n s  w i t h  e x p e c t e d  
K=100,  3 w i t h  13% c o e f f i c i e n t  o f  v a r i a t i o n  f o r  K, 3 w i t h  no 
e n v i r o n m e n t a l  s t o c h a s t i c i t y .  Each v a l u e  r e p r e s e n t  75 y e a r s .

R e p l i c a t e  V a r i a b i l i t y  o f  K (CV)

0% 13%

J 1 0 0 . 4 9 3  9 6 . 1 2 0
2 1 0 1 . 8 9 3  9 3 . 4 8 0
3 1 0 0 . 0 5 3  9 6 . 4 9 3

Grand Mean 1 0 0 . 8 1 3  9 5 . 3 6 4

t  » 4 . 9 5 9 4 ,  d f  * 8 , p<0 . 01
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1 . 7 4 ) ;  p o p u l a t i o n s  w i t h  K=50 e q u i l i b r a t e d  a t  s l i g h t l y  below K (mean = 

4 8 . 7 5 ,  s t a n d a r d  e r r o r  = 1 . 3 9 ) .  No r e l a t i o n s h i p s  b e t w e e n  r e l a t i v e  

e q u i l i b r i u m  v a l u e  and t h e  magni tude  o f  K were  s t a t i s t i c a l l y  s i g n i f i c a n t ,  

b u t  s a m p l e  s i z e s  w e r e  s m a l l ,  v a r i a b i l i t y  w a s  g r e a t ,  a n d  

h e t e r o s c e d a s t i c i t y  a mo n g  p o p u l a t i o n s  w i t h  d i f f e r e n t  K v a l u e s  

n e c e s s i t a t e d  u s i n g  a c o n s e r v a t i v e  t e s t ,  t h e  Games and H o w e l l  m e t h o d  

( S o k a l  and R o h l f  1 9 8 1 ) .  However,  p l o t t i n g  r e l a t i v e  e q u i l i b r i u m  v a l u e s  

a g a i n s t  t h e  magni t ude  o f  e x p e c t e d  K s u g g e s t s  t h a t  a h i g h l y  n o n - l i n e a r  

r e l a t i o n s h i p  a p p l i e d  ( F i g .  2 1 ) .  R e l a t i v e  e q u i l i b r i u m  v a l u e s  were f a i r l y  

c o n s t a n t  i n  t he  range  K*100 t o  900,  but  dropped o f f  s h a r p l y  be low 100 as  

d e m o g r a p h i c  s t o c h a s t i c i t y  became t h e  dominant  i n f l u e n c e  in  t h e  dynamics  

o f  t he  p o p u l a t i o n .

Growth Form o f  U n e x p l o i t e d  P o p u l a t i o n s

When i n i t i a t e d  a t  an a r b i t r a r y  s m a l l  l e v e l ,  p o p u l a t i o n s  grew 

g r a d u a l l y  u n t i l  they  r ea c he d  t h e i r  u n e x p l o i t e d  e q u i l i b r i a  ( F i g .  2 2 ) .  

O c c a s i o n a l  d e c l i n e s  o c c u r r e d  d u r i n g  t h e  g r o w t h  p h a s e  d e s p i t e  t h e  

f a v o r a b l e  c o n d i t i o n s  t h a t  p r e v a i l e d  a t  l e v e l s  w e l l  b e l o w  K. Growth  

c u r v e s  w e r e  a p p r o x i m a t e l y  s i g m o i d - s h a p e d ,  w i t h  t h e  i n f l e c t i o n  p o i n t  a t  

g r e a t e r  than 2 / 3  K. D e n s i t y - d e p e n d e n t  f a c t o r s  w e r e  weak  u n t i l  n u mb e rs  

app ro a che d e q u i l b r i u m ,  r e s u l t i n g  i n  n e a r l y  e x p o n e n t i a l  growth a t  low and 

i n t e r m e d i a t e  d e n s i t i e s ,  A p l o t  o f  the n a t u r a l  l o g a r i t h m  o f  p o p u l a t i o n  

a g a i n s t  t i m e  was  n e a r l y  l i n e a r  o v e r  a br oa d  range  o f  d e n s i t i e s  ( F i g .  

2 3 ) .

D u r i n g  g r o w t h  f r o m  an a r b i t r a r y ,  i n i t i a l  p o p u l a t i o n ,  y e a r l y  

i n c r e m e n t s  were  v a r i a b l e  ( F i g .  2 4 ) ,  b u t  w e r e  g e n e r a l l y  s m a l l  a t  l o w
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F i g .  2 1 .  R e l a t i v e  e q u i l i b r i u m  v a l u e s  a t t a i n e d  by s i m u l a t e d  
p o p u l a t i o n s  p l o t t e d  a g a i n s t  e x p e c t e d  c a r r y i n g  c a p a c i t i e s .  S o l i d  
c i r c l e s  a r e  means;  b a r s  r e p r e s e n t  1 s t an d ard  e r r or  from the  mean.

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Growth curve: Model DDALL
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F i g .  22 ,  A t y p i c a l  s i m u l a t i o n  run w i t h  K * 6 0 0 ,  s t a r t i n g  f rom an 
a r b i t r a r y  p o p u l a t i o n  o f  50 a n i m a l s .  Thi s  i l l u s t r a t i o n  used Model  
DDALL.
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GROWTH CURVE, LOG SCALE
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F i g .  2 3 .  The s i m u l a t i o n  run i n  
a n i m a l s  on a l o g a r i t h m i c  s c a l e .

F i g .  22 p l o t t e d  w i t h  number of
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Increment curve, Model DMADM
100

5 0 -
c
<D
E
g
c

I
-5 0 -

-100

++

100 300
“ I—  
400

T T
200
Number in population

500  600 700

F i g .  2 4 .  A t y p i c a l  i n c r e m e n t  c u r v e ,  a s  g e n e r a t e d  by a growing  
p o p u l a t i o n .  Th i s  i l l u s t r a t i o n  us ed  Model DMADM w i t h  K=600.
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d e n s i t i e s ,  l a r g e s t  a t  p o p u l a t i o n s  s l i g h t l y  below K, and averaged  Ü at  K. 

The r e s u l t i n g  increment  curve  t e n d ed  t o w a r d  t h e  a s y m m e t r i c a l  s h a p e  a s  

p r e s e n t e d  i n  F i g .  I ( a n d  i n  F o w l e r  1 9 8 1 ) ,  bu t  z e r o  and n e g a t i v e  

i n c r e m e n t s  oc c u rr e d  d ur i n g  a l l  ph ases  o f  p o p u l a t i o n  growth.

S u s t a i n e d  Y i e l d  Curves

S u s t a i n e d  y i e l d  c u r v e s  r e p r e s e n t  a l l  t he  p o s s i b l e  e q u i l i b r i u m  

c o m b i n a t i o n s  o f  p o p u l a t i o n  s i z e  and h a r v e s t  r a t e .  D e t e r m i n i s t i c  m o d e l s  

s u g g e s t  t h a t  t h e  p o r t i o n  o f  t h e  SYC s e p a r a t i n g  d e c l i n i n g  p o p u l a t i o n s  

from t h o s e  r e c o v e r i n g  toward s t a b l e  e q u i l i b r i u o ;  i s  a l i n e  o f  r e l e a s e  

p o i n t s  ( F i g .  2 ) .  The c u r v e  h a s  a l w a y s  b e e n  p o r t a y e d  as  a s h a r p l y  

d e f i n e d  d i v i d i n g  l i n e .  H o w e v e r ,  s u s t a i n a b l e  y i e l d s  o f  g r i z z l y  b e a r  

p o p u l a t i o n s  w e r e  n o t  a c c u r a t e l y  p o r t r a y e d  by 1 - d i m e n s i o n a l  c u r v e s .  

R a t h e r ,  a t  each c r o s s - s e c t i o n  p o p u l a t i o n ,  s u s t a i n e d  y i e l d s  f ormed  b r o a d  

p r o b a b i l i t y  b a nds  ( F i g  2 3 )  t h a t  b r a c k e t e d  t h e  h i g h  and low h a r v e s t s  

l e a d i n g  toward d e c l i n e  and s t a b l e  e q u i l i b r i u m  ( d e f i n e d  here  a s  a s t a b l e  

h a r v e s t ) .  A b o v e  t h e  p r o b a b i l i t y  b a n d s ,  h a r v e s t s  were  e x c e s s i v e  and 

a l ways  ca us ed  d e c l i n e s ;  b e lo w  the  bands ,  h a r v e s t s  w e r e  s u s t a i n a b l e  and 

p o p u l a t i o n s  a l w a y s  moved t o w a r d  s t a b l e  e q u i l i b r i a .  H a r v e s t  l e v e l s  

w i t h i n  t he  p r o b a b i l i t y  bands were  s o m e t i m e s  s u s t a i n a b l e  and s o m e t i m e s  

n o t .  The a m b i g u i t y  u s u a l l y  peaked  in  t h e  c e n t e r  o f  t he  band; h a r v e s t  

l e v e l s  near  the  top  or bot tom o f  t he  bands r e s u l t e d  i n  more p r e d i c t a b l e  

p o p u l a t i o n  t r a j e c t o r i e s  ( F i g .  25 ,  i n s e t ) .

P r o b a b i l i t y  o f  s t a b i l i t y  f o r  a g i v e n  h a r v e s t  l e v e l  was  

q u a n t i f i e d  as  t h e  number o f  t i m e s  t h e  p o p u l a t i o n  moved toward s t a b l e
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F i g .  2 5 .  A g e n e r a l i z e d  s u s t a i n e d  y i e l d  c u r v e ,  s h o w i n g  t h e  
p r o b a b i l i t y  band o f  s u s t a i n e d  y i e l d s .  The band i s  m o s t  d e n s e  a t  
i t s  c e n t e r ,  g r a d u a l l y  b e c o m i n g  more  d i f f u s e  a t  more  e x t r e m e  
h a r v e s t s  f o r  any g i v e n  N/K l e v e l .  The i n s e t  shows t he  p r o b a b i l i t y  
d i s t r i b u t i o n  o f  s u s t a i n e d  y i e l d  c u r ve  l o c a t i o n  a t  a c r o s s - s e c t i o n  
o f  t he  c u r v e ,  r o t a t e d  90 d e g r e e s .
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e q u i l i b r i u m  o u t  o f  t h e  1 0  r e p l i c a t e s  a t  t h a t  h a r v e s t  l e v e l  ( n o t  

i n c l u d i n g  r e p l i c a t e s  i n  w h i c h  p o p u l a t i o n  t r a j e c t o r y  was a mb i guous )  

( T a b l e s  8  -  1 1 ) .  When p l o t t e d ,  p r o b a b i l i t i e s  o f  t h e  d i v i d i n g  l i n e  

b e t w e e n  s t a b i l i t y  and d e c l i n e  f o r  e a c h  o f  1 0  h a r v e s t  l e v e l s  formed 

g e n e r a l l y  b e l l - s h a p e d  d i s t r i b u t i o n s  ( F i g .  2 6 ) .

F a c to rs  in f lu e n c in g  t r a j e c t o r i e s  o f  in d iv id u a l p o p u la tio n s .

At any  g i v e n  c r o s s - s e c t i o n  and h a r v e s t  l e v e l ,  an e x p e c t e d  

t r a j e c t o r y  e x i s t e d  t h a t  w a s  a f u n c t i o n  o f  t h e  h a r v e s t  r a t e  and 

s t o c h a s t i c  e v e n t s .  Four s t o c h a s t i c  f a c t o r s  i n f l u e n c e d  an i n d i v i d u a l  

p o p u l a t i o n ' s  t r a j e c t o r y :  ( i )  t h e  p r e c i s e  number o f  a n i m a l s  i n  t h e  

c r o s s - s e c t i o n  p o p u l a t i o n  p r i o r  t o  t h e  t r i a l  h a r v e t s ,  ( i i )  t h e  

a g e - s t  r u c t u r e  o f  t h e  c r o s s - s e c t i o n  p o p u l a t i o n  p r i o r  t o  t h e  t r i a l  

h a r v e s t s ,  ( i i i )  t h e  a g e - s t r u c t u r e  o f  the  an i mal s  t aken  dur i ng  t h e  t r i a l  

h a r v e s t s ,  and ( i v )  random v a r i a t i o n  i n  n a t u r a l  b i r t h  and s u r v i v a l  r a t e s  

r e s u l t i n g  from v a r i a t i o n  i n  K d u r i n g  t h e  t r i a l  h a r v e s t s .  The f i r s t  3 

w e r e  e s s e n t i a l l y  d e m o g r a p h i c  e f f e c t s ,  t h e  4 t h  was an e n v i r o n m e n t a l  

e f f e c t .

A s p e c i f i c  c a s e  h i s t o r y ,  i n  w h i c h  e a c h  o f  t h e s e  f a c t o r s  came 

i n t o  p l a y ,  w i l l  h e l p  t o  c l a r i f y  t h e i r  i n f l u e n c e .  To r e v i e w  t h e  

c o m p o n e n t s  w i t h i n  t h e  4 S p e c i f i c  Model s :  DDALL - £ e n s i t y - £ e p e n d e n t  ALL 

( b o t h  n a t a l i t y  and s u r v i v a l ) ;  DM -  £ e n s i t y - d e p e n d e n t  M o r t a l i t y  o n l y ;  ADM 

-  A D u l t  Male  dominated s u r v i v a l  f u n c t i o n s  f o r  s u b - a d u l t  m a l e s ,  n a t a l i t y  

d e n s i  t - d e  pendent  ; DMADM -  D e n s i t y - d e p e n d e n t  M o r t a l i t y  o n l y ,  ^ u l t  Males  

dominate  s u r v i v a l  f u n c t i o n s  o f  s u b - a d u l t  m a l e s .
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F i g ,  2 6 .  A t y p i c a l  f r e q u e n c y  d i s t r i b u t i o n  o f  s u s t a i n a b l e  y i e l d ,  as 
s e e n  s c h e m a t i c a l l y  i n  t h e  i n s e t  o f  F i g .  2 5 .  I l l u s t r a t e d  i s  t h e  
p r o b a b i l i t y  t h a t  t h e  s u s t a i n e d  y i e l d  c u r v e  i s  l o c a t e d  a t  e a c h  
h a r v e s t  ( 4 - 1 2 )  f o r  t h e  0 . 4K c r o s s - s e c t i o n  o f  M o d e l  DMADM 
p o p u l a t i o n s  w i t h  a t h e o r e t i c a l  K*200,  as  c a l c u l a t e d  o v e r  30 y e a r s .
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Ta bl e  8 . S t a b i l i t y  o f  s u s t a i n e d  h a r v e s t s ,  as  c a l c u l a t e d  o v e r  a 
1 0 - y e a r  p e r i o d .  F i g u r e s  a re  t he  p e r c e n t a g e  o f  t he  10 r e p l i c a t e s  in  
which p o p u l a t i o n  t r a j e c t o r y  was p o s i t i v e ,  e x c l u d i n g  t h o s e  r e p l i c a t e s  
i n  which t r a j e c t o r y  was ambiguous .  A l l  s i m u l a t i o n s  used a c a r r y i n g  
c a p a c i t y  o f  2 0 0 .

P e r c e n t a g e  o f  r e p l i c a t e s  r e s u l t i n g  i n  s t a b i l i t y

P r o p o r t i o n
Ha r ves te d

S p e c i f i c Model

Hunt DDALL DM ADM DMADH

> s s - S e c t i o n  0 

. 0 62

.4K

5 1 0 0 1 0 0 1 0 0 1 0 0

. 075 6 1 0 0 7 1 . 4 1 0 0 7 1 . 4

. 087 7 75 0 70 57 . 1

. 1 0 0 8 1 0 0 16.7 75 2 2 . 2

. 1 1 2 9 8 7 . 5 0 40 0

. 12 5 1 0 0 0 3 7 . 5 0

. 137 1 1 0 0 1 1 . 1 0

. 150 1 2 0 0 1 0 0

. 1 62 13 0 0 0 0

. 1 75 14 0 0 0 0

Z r o s s - S e c t i o n

. 057

0.7K

8 1 0 0 90 1 0 0 1 0 0

. 0 6 4 9 1 0 0 90 1 0 0 1 0 0

. 071 1 0 1 0 0 SO 1 0 0 7 7 . 8

. 0 7 9 1 1 1 0 0 8 8 . 9 1 0 0 8 7 . 5

. 086 1 2 1 0 0 50 90 6 2 . 5

. 093 13 1 0 0 57.1 1 0 0 5 5 . 6

. 1 0 0 14 8 7 . 5 1 1 . 1 8 8 . 9 1 0

. 107 15 3 3 . 3 1 2 . 5 75 1 1 . 1

. 1 1 4 16 2 2 . 2 1 2 . 5 6 6 . 7 1 1 . 1

. 1 2 1 17 2 5 . 0 0 2 8 . 6 0
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T ab le  9 .  S t a b i l i t y  o f  s u s t a i n e d  h a r v e s t s ,  as  c a l c u l a t e d  o v e r  a 
3 0 - y e a r  p e r i o d .  F i g u r e s  are  the  p e r c e n t a g e  o f  t he  10 r e p l i c a t e s  in  
which p o p u l a t i o n  t r a j e c t o r y  was p o s i t i v e ,  e x c l u d i n g  t h o s e  r e p l i c a t e s  
i n  which  t r a j e c t o r y  was ambiguous .  A l l  s i m u l a t i o n s  us ed  a c a r r y i n g  
c a p a c i t y  o f  2 0 0 .

P e r c e n t a g e  o f  r e p l i c a t e s  r e s u l t i n g  i n  s t a b i l i t y

S p e c i f i c  Model
P r o p o r t i o n     —
Ha r ves te d  Hunt DDALL DM ADM DMADM

C r o s s - s e c t i o n  0.4K

. 0 6 2 5 1 0 0 1 0 0 1 0 0 1 0 0

. 0 7 5 6 1 0 0 70 1 0 0 8 6

. 087 7 1 0 0 1 2 . 5 70 5 5 . 5

. 1 0 0 8 5 5 . 5 1 1 . 1 60 1 0

. 1 1 2 9 1 0 0 30 0

. 1 2 5 1 0 2 0 0 0 0

. 137 1 1 0 0 1 0 0

. 1 5 0 1 2 0 0 1 0 0

. 162 13 0 0 0 0

. 175 14 0 0 0 0

C r o s s - s e c t i o n

. 057

0.7K

8 1 0 0 90 1 0 0 90
. 0 6 4 9 1 0 0 60 1 0 0 90
.071 1 0 90 70 1 0 0 70
. 0 7 9 1 1 70 3 0 . 9 90 60
.086 1 2 80 1 0 90 30
.093 13 40 0 70 2 0

. 1 0 0 14 30 0 6 6 . 7 1 0

. 107 15 0 0 0 0

. 1 1 4 16 0 0 0 0

. 1 2 1 17 0 0 0 0
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Ta b l e  10 .  S t a b i l i t y  o f  s u s t a i n e d  h a r v e s t s ,  as c a l c u l a t e d  o v e r  a 
l O - y e a r  p e r i o d .  F i g u r e s  ar e  t he  p e r c e n t a g e  o f  the  10 r e p l i c a t e s  in  
which p o p u l a t i o n  t r a j e c t o r y  was p o s i t i v e ,  e x c l u d i n g  t h o se  r e p l i c a t e s  
i n  which t r a j e c t o r y  was ambiguous .  A l l  s i m u l a t i o n s  used  a c a r r y i n g  
c a p a c i t y  o f  6 00 .

P r o p r t i o n

P e r c e n t a g e  o f  r e p l i c a t e s  r e s u l t i n g  i n  s t a b i l i t y  

S p e c i f i c  Model

Ha rv es te d Hunt DDALL DM ADM DMADM

: r o s s - s e c t i o n

. 0 7 0

0.4K

15 1 0 0 1 0 0 1 0 0 1 0 0

. 0 6 4 18 1 0 0 6 6 . 7 1 0 0 80

. 0 9 8 2 1 6 2 . 5 5 7 . 1 8 7 . 5 40

. 1 1 2 24 0 0 3 7 . 5 2 2 . 2

. 126 27 0 0 1 1 . 1 0

. 1 4 0 30 1 0 0 0 0

. 1 5 5 33 0 0 0 0

. 1 6 9 36 0 0 0 0

.183 39 0 0 0 0

. 197 42 0 0 0 0

C r o s s - s e c t i o n

. 0 6 1

0.7K

24 1 0 0 1 0 0 1 0 0 1 0 0

. 0 6 9 27 1 0 0 90 1 0 0 1 0 0

. 0 76 30 1 0 0 1 0 0 1 0 0 1 0 0

. 0 8 4 33 1 0 0 60 1 0 0 1 0 0

. 092 36 90 60 1 0 0 80

. 0 9 9 39 50 1 0 1 0 0 30

.107 42 50 0 70 2 0

, 115 45 1 0 0 2 2 . 2 0

. 1 2 2 48 0 0 1 1 . 1 0

. 1 3 0 51 0 0 1 1 . 1 0
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T a b l e  11 .  S t a b i l i t y  o f  s u s t a i n e d  h a r v e s t s ,  as c a l c u l a t e d  o v e r  a 
3 0 - y e a r  p e r i o d .  F i g u r e s  a r e  t h e  p e r c e n t a g e  o f  t he  10 r e p l i c a t e s  in  
which p o p u l a t i o n  t r a j e c t o r y  was p o s i t i v e ,  e x c l u d i n g  t h o s e  r e p l i c a t e s  
i n  whi ch  t r a j e c t o r y  was ambiguous .  A l l  s i m u l a t i o n s  used a c a r r y i n g  
c a p a c i t y  o f  6 0 0 .

P e r c e n t a g e  o f  r e p l i c a t e s  r e s u l t i n g  in  s t a b i l i t y

P r o p o r t i o n
Ha rv es te d

S p e c i f i c  Model

Hunt DDALL DM ADM DMADM

C r o s s - s e c t i o n  0 

. 0 703

.4K

15 1 0 0 90 1 0 0 1 0 0

. 0843 18 90 5 4 . 5 1 0 0 60

. 0 9 8 4 2 1 4 4 . 4 0 80 2 2 . 2

. 1 1 2 4 24 0 0 40 0

. 1 2 6 5 27 0 0 0 0

. 1 4 0 5 30 0 0 0 0

. 1546 33 0 0 0 0

, 1686 36 0 0 0 0

. 1827 39 0 0 0 0

. 1967 42 0 0 0 0

C r o s s - s e c t i o n  0 

. 0 6 1 2

.7K

24 1 0 0 1 0 0 1 0 0 1 0 0

. 06  8 8 27 1 0 0 90 1 0 0 1 0 0

. 0 76 5 30 1 0 0 40 1 0 0 1 0 0

. 0841 33 70 1 0 1 0 0 60

. 0 9 1 8 36 70 0 70 2 0

. 0 9 9 4 39 1 0 0 50 1 0

. 1071 42 0 0 2 0 0

. 1147 45 0 0 0 0

. 1 2 2 4 48 0 0 0 0

. 1 30 0 51 0 0 0 0
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“ ( i ) .  For Model ADM s i m u l a t i o n s  w i t h  K=200,  9 o f  10 p o p u l a t i o n s  

d e c l i n e d  o v e r  30  y e a r s  when h a r v e s t e d  f ro m 0 . 4 K  a t  12 a n i m a l s / y e a r  

( T ab l e  9 ) .  The 9 t h a t  d e c l i n e d  averaged  76 i n d i v i d u a l s  ( S . E . = 0 . 9 7 2 )  a t

0 .  4K . The 1 r e p l i c a t e  t h a t  moved toward a s t a b l e  e q u i l i b r i u m  during  

the  3 0 - y e a r  p e r i o d  began a t  a p o p u l a t i o n  s i z e  o f  8 6 , F u r t h e r ,  t h e  9 

d e c l i n i n g  p o p u l a t i o n s  a v e r a g e d  42 . 11  f e ma l e s  a t  0.4K ( S . E . * 2 . 3 7 ) ,  but  

the  s t a b l e  p o p u l a t i o n  c o n t a i n e d  55 a t  t h e  i n i t i a t i o n  o f  e x p e r i m e n t a l  

h a r v e s t i n g .  C l e a r l y ,  t h e  l a r g e r  t h e  number  a t  t h e  o u t s e t  o f  t r i a l  

h a r v e s t s ,  t h e  h i g h e r  t he  p r o b a b i l i t y  o f  s t a b i l i t y .

- ( i i ) .  Only  1 o f  t h e  10 Model DDALL K=600 0.4K r e p l i c a t e s  was 

s t a b l e  o v e r  10 y e a r s  when h a r v e s t e d  a t  30 a n i m a l s / y e a r  ( T a b l e  1 0 ) .  I t  

B e n e f i t e d  f ro m a f a v o r a b l e  s e x  r a t i o  a t  t he  i n i t i a t i o n  o f  h a r v e s t i n g :  

58.9% f e m a l e s ,  compared t o  an a v e ra g e  o f  j u s t  50% f e m a l e s  among t h e  9 

p o p u l a t i o n s  t h a t  d e c l i n e d .  The u n u s u a l l y  l a r g e  c o h o r t  produced i n  the  

2 na y e ar  o f  e x p e r i m e n t a l  h a r v e s t i n g  s u g g e s t s  t h a t  many o f  t he  f e m a l e s  in  

t h e  3 : _ _ i  a C 0  u vrerc  o f  b r e e d i n g  a g e .  T h u s ,  t h e  1 s t a b l e

p o p u l a t i o n  had a g r e a t e r  t h a n  a v e r a g e  p r o p o r t i o n  o f  r e p r o d u c t i v e  

f e m a l e s .

- ( i i i ) .  E i g h t  o f  9 Model DM K=200 p o p u l a t i o n s  w i t h  unambiguous  

t r a j e c t o r i e s  d e c l i n e d  d u r i n g  t h e  f i r s t  1 0  y e a r s  o f  h a r v e s t i n g  a t  6  

a n i m a l s / y e a r  f ro m 0 . 4 K  ( T a b l e  8 ) .  The 1 r e p l i c a t e  t h a t  was s t a b l e  

b e n e f i t e d  from a f a v o r a b l e  s e x  r a t i o  i n  t h e  h a r v e s t .  A l t h o u g h  t h e  

s t a n d i n g  p o p u l a t i o n  s e x  r a t i o  a p p r o x i m a t e d  1 : 1  a t  t h e  i n i t i a t i o n  of  

e x p e r i m e n t a l  h a r v e s t s ,  15 o f  the  16 a n i m a l s  h a r v e s t e d  d u r i n g  t h e  1 s t  2  

y e a r s  w e r e  m a l e s .  T h i s  u n u s u a l l y  s k e w e d  h a r v e s t  s e x  r a t i o  e na b l ed

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a l m o s t  a l l  o f  the young f e m a l e s  to  s u r v i v e  and p r o d u c e  y o u n g .  In y e a r  

3 ,  a f t e r  t h e  2 y e a r s  o f  f a v o r a b l e  h a r v e s t s ,  25 c u b s  were born.  The 

f l u s h  o f  r e c r u i t s  s w e l l e d  t h e  t o t a l  n u m b e r s ,  a n d  t h e  p o p u l a t i o n  

i n c r e a s e d  s i g n i f i c a n t l y  d u r i n g  y e a r s  7 , 8 ,  and 9 ,  when t he  f e mal e s  among 

t h o s e  25 cubs  had young o f  t h e i r  own.

- ( i v ) .  At  0 . 7  o f  K=600, 9 o f  10 Model DM p o p u l a t i o n s  e x h i b i t e d

s t a b i l i t y  over  the  1 s t  10 y e a r s  when h a r v e s t e d  a t  27 a n i m a l s / y e a r  (Table  

1 0 ) .  The p o p u l a t i o n  t h a t  d e c l i n e d  s u f f e r e d  f rom 1 p a r t i c u l a r l y  bad 

y e a r :  d u r i n g  y e a r  8 , 53 o f  t h e  3 5 9  a n i m a l s  ( a l m o s t  15%) d i e d  f r o m  

n a t u r a l  c a u s e s  i n  a d d i t i o n  t o  t h e  27 k i l l e d  by h u n t i n g .  The c a r r y i n g  

c a p a c i t y  d u r i n g  y e a r  8  was  o n l y  47 2 ,  o r  7 9% o f  t h e  me di an  c a r r y i n g

c a p a c i t y ,  an e x t r e m e l y  p o o r  y e a r .  T h i s  p o p u l a t i o n  n e v e r  f u l l y

r e c o v e r e d .

F a c to rs  in f lu e n c in g  a v era g e  s u s ta in a b le  h a r v e s ts .

D i f f e r e n c e s  i n  p r o b a b i l i t y  d i s t r i b u t i o n  l o c a t i o n  and shape ( i . e .  

h e i g h t  and wi dt h  o f  t h e  p r o b a b i l i t y  band) were c a u s e d  by 4 f a c t o r s .

1.  The w i d t h  o f  t he  p r o b a b i l i t y  d i s t r i b u t i o n  was r e l a t e d  t o  the  

c r o s s - s e c t i o n  a t  w h i c h  i t  was  examined.  P r o b a b i l i t y  d i s t r i b u t i o n s  a t  

0 .7K w e r e  w i d e r  t h a n  t h o s e  a t  0 . 4 K  ( c o m p a r e  F i g .  27 w i t h  F i g .  2 6 ) .  

U n d e r  c o n s t a n t  h a r v e s t s ,  t r a j e c t o r i e s  w e r e  h o r i z o n t a l .  B e c a u s e  

p o p u l a t i o n s  a t  0 .7K were near  t h e  peak o f  t h e  SYC, t h e i r  t r a j e c t o r i e s  

n e c e s s a r i l y  p a s s e d  t h r o u g h  more  o f  t h e  p r o b a b i l i t y  band t h a n  d i d  

p o p u l a t i o n s  a t  0 .4K ( F i g .  2 8 ) .  A d d i t i o n a l l y ,  the  shape o f  t h e  SYC n e a r  

0 . 7 k r e s u l t e d  i n  c l o s e  p r o x i m i t y  t o  t he  band,  p r od u c i n g  r e l a t i v e l y  s l ow
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Frequency distribution 

0.7K

0 .8 -

^  0.8 -
5
g-
•® 0 .4 -

0.2 -

8 1612 1810 14
Sustained yield

F i g .  27 .  The f r e q u e n c y  d i s t r i b u t i o n  o f  s u s t a i n e d  y i e l d  f o r  t h e  
0 . 7 K  c r o s s - s e c t i o n  o f  Mode l  DMADM p o p u l a t i o n s  w i t h  a t h e o r e t i c a l  
K»200,  as  c a l c u l a t e d  o v e r  30 y e a r s .
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1.0N / K

F i g .  2 8 .  T r a j e c t o r i e s  o f  h a r v e s t e d  p o p u l a t i o n s  a l o n g  t h e  s u s t a i n e d  
y i e l d  c u r v e ,  a .  T r a j e c t o r i e s  f ro m 0 . 4 K .  b .  T r a j e c t o r i e s  f rom  
0 . 7 K ,  N o t e  t h a t  t r a j e c t o r i e s  a t  0 . 7 K  p a s s  t h r o u g h  more o f  t he  
p r o b a b i l i t y  band than do t h o s e  a t  0 . 4K.
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t r a j e c t o r i e s .  P o p u l a t i o n s  a t  0 . 4K moved away f r o m  t h e  b an d  m o r e  

q u i c k l y .  The combined e f f e c t  was t h a t  p o p u l a t i o n s  moving from Û.7K ncd 

a l o n g e r  e x po s ur e  to  the  p r o b a b i l i t y  band,  i n c r e a s i n g  the  c ha n c e  t h a t  a 

random e ve nt  c o u l d  r e v e r s e  an i n i t i a l  t r a j e c t o r y .

2 .  S u s t a i n a b l e  y i e l d  was  i n v e r s e l y  r e l a t e d  t o  t h e  l e n g t h  o f  

t i m e  s i m u l a t i o n s  w e r e  run ( p < C . 0 1 ,  Ta bl e  1 2 ) .  P o p u l a t i o n s  exposed  to  

t he  same h a r v e s t  l e v e l  were  more l i k e l y  t o  d e c l i n e  when c o n s i d e r e d  o v e r  

3 0  y e a r s  t h a n  w h e n  c o n s i d e r e d  o v e r  10  y e a r s  ( F i g .  2 9 ) .  Of 673  

p o p u l a t i o n s  t h a t  a p p e a r e d  s t a b l e  d u r i n g  t h e  10 y e a r  a n a l y s i s ,  143  

d i s p l a y e d  downward t r a j e c t o r y  f o r  t h e  30 year  a n a l y s i s .  However,  none 

of  t he  870 p o p u l a t i o n s  e x h i b i t i n g  s i g n i f i c a n t  d e c l i n e  d u r i n g  t h e  1 s t  10 

y e a r s  r e v e r s e d  t h e i r  t r a j e c t o r y  toward s t a b i l i t y  i n  t he  s ubsequent  2 0  

y e a r s .  The d i f f e r e n c e  i n  r a t e s  o f  r e v e r s a l  was  s i g n i f i c a n t  (McNamer  

t e s t  f o r  t h e  s i g n i f i c a n c e  o f  c h a n g e s  G = 1 9 8 . 2 ,  p < < 0 . 0 0 1 ) .  Thus,  the  

h e i g h t  o f  a SYC was a f u n c t i o n  o f  t ime .  The l o n g e r  a h a r v e s t  c o n t i n u e d ,  

the  g r e a t e r  the  p r o b a b i l i t y  t h a t  a random e v e n t  would pe r t ur b  the  system  

out  o f  t he  p r o b a b i l i t y  band i n t o  d e c l i n i n g  s p a c e .

3 .  The S p e c i f i c  M o d e l s  u s e d  i n  t h e  s i m u l a t i o n s  r e s u l t e d  in  

d i f f e r e n t  s u s t a i n a b l e  y i e l d s  ( T a b l e  1 2 ) .  The Model s  d i f f e r e d  i n  t h e i r  

m e c h a n i s m s  o f  p o p u l a t i o n  r e g u l a t i o n  and hence  i n  t h e i r  r e s i l i e n c e  to  

h a r v e s t .

The 2 M o d e l s  t h a t  i n c o r p o r a t e d  d e n s i t y - d e p e n d e n t  b i r t h  r a t e s .  

Models  DDALL and ADM, were  a b l e  t o  s u s t a i n  h e a v i e r  h a r v e s t s  t h a n  t h e  2 

w i t h  d e n s i t y - i n d e p e n d e n t  b i r t h  r a t e s  ( F = 7 9 . 3 ,  d f = l , 3 ,  p<C.005,  Table  

1 2 ) .  P r o b a b i l i t y  bands g e n e r a t e d  w i t h  M o d e l s  w i t h  d e n s i t y - d e p e n d e n t  

n a t a l i t y  w e r e  h i g h e r  ( i . e .  h i g h e r  h a r v e s t s  w e r e  n e e d e d  t o  i n c u c e
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T a b l e  12.  Mean s u s t a i n a b l e  y i e l d ,  comparing c a l c u l a t i o n s  o v e r  1 0  

y e a r s  and 30 y e a r s .  A l l  v a l u e s  ar e  e x p r e s s e d  as  p r o p o r t i o n s  o f  t he  
c r o s s - s e c t i o n  p o p u l a t i o n ,  0 .7K,  and a l l  4 S p e c i f i c  Models  have  
t h e o r e t i c a l  K«600.

a .  Mean s u s t a i n a b l e  y i e l d ,  e x p r e s s e d  as  a p r o p o r t i o n  o f  p r e - h u n t  
p o p u l a t i o n

Years  o f  S p e c i f i c  Model
C a l c u l a t i o n  -------------------------------------------------------------

DDALL m  ADM DMADM

10 . 0 9 8 6  . 0806  . 1 1 2 2  . 09 59
30 . 0887  . 0721  . 0967 . 0875

b.  ANOVA t a b l e .

Source  o f  V a r i a t i o n  df  MS F p

Years  o f  C a l c u l a t i o n  1 . 0 00 2 2 5  3 9 . 5  <0.01
S p e c i f i c  Model 3 . 0 0 02 6 8  4 7 . 0  <0,01

D e n s i t y - d e p e n e n t  or
- i n d e p e n d e n t  b i r t h s  1 . 00 04 52  7 9 . 3  <0 . 00 5
Adul t  mal e  m o r t a l i t y
f u n c t i o n  1 . 000341 5 9 . 8  <0 . 00 5

Remainder 3 . 000006
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Sustained yield frequency distribution 
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F i g .  2 9 .  S u s t a i n e d  y i e l d  f r e q u e n c y  d i s t r i b u t i o n ,  s h o w i n g  t h e  
d i f f e r e n c e  be tween  y i e l d s  r e s u l t i n g  i n  s t a b i l i t y  o ve r  1 0  y e a r s  and  
30  y e a r s .  I l l u s t r a t e d  a r e  t h e  s u s t a i n a b l e  y i e l d s  from the  G.7K 
c r o s s - s e c t i o n  o f  Model DDALL p o p u l a t i o n s  w i t h  a t h e o r e t i c a l  K*600.
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d e c l i n e s )  than p r o b a b i l i t y  bands g e n e r a t e d  w i t h  the  l a t e r  2 .

The  i n c l u s i o n  o f  a s e p a r a t e ,  a d u l t  m a l e - d e p e n d e n t  m o r t a l i t y  

f u n c t i o n  f o r  s u b - a d u l t  m a l e s  had a s i m i l a r ,  a l t h o u g h  w e a k e r  e f f e c t .  

The Models  w i t h  t h e  a d u l t  m a l e - d ep e n d e n t  f u n c t i o n .  Models  ADM and DMADM, 

had g e n e r a l l y  h i g h e r  s u s t a i n a b l e  y i e l d s  than d i d  t h e i r  r e s p e c t i v e  Models  

w i t h o u t  t h e  a d u l t  m a l e - d e p e n d e n t  m o r t a l i t y  f u n c t i o n  ( F = 5 9 . 8 ,  d f = l , 3 ,  

p < 0 . 0 0 5 ,  Tabl e  1 2 ) .  C o n s e q u e n t l y ,  t h e  l a r g e s t  d i f f e r e n c e s  o c c u r r e d  

b e t w e e n  M o d e l s  ADM and DM ( F i g .  3 0 ) .  Model ADM had d e n s i t y - d e p e n d e n t  

b i r t h  r a t e s  and t he  a d u l t  ma le - d e p e n d e n t  m o r t a l i t y  r a t e s  f o r  s u b - a d u l t  

m a l e s .  Mode l  DM had n e i t h e r  o f  t h e s e  m e c h a n i s m s ,  r e s u l t i n g  in low 

a b i l i t y  t o  w i t h s t a n d  h a r v e s t s .

4 .  S u s t a i n a b l e  y i e l d ,  c a l c u l a t e d  as  a p e r c e n t a g e  o f  t h e  

s t a n d i n g  p o p u l a t i o n  a t  t h e  i n i t i a t i o n  o f  h a r v e s t ,  i n c r e a s e d  w i t h  

e q u i l i b r i u m  p o p u l a t i o n  s i z e  ( T a b l e  1 3 ) .  Mean s u s t a i n e d  p e r c e n t a g e  

h a r v e s t s  w e r e  s i g n i f i c a n t l y  l o w e r  (F  = 1 3 . 3 ,  d f  = l , l ,  p < 0 . 0  5 )  f o r  

p o p u l a t i o n s  w i t h  K = 2 0 0  t h a n  f o r  t h o s e  w i t h  K = 6 0 0 .  T h u s ,  a s  t h e  

m a g n i t u d e  o f  d e m o g r a p h i c  s t o c h a s t i c i t y i n c r e a s e d  w i t h  s m a l l e r  

p o p u l a t i o n s ,  r e s i l i e n c e  to  t h e  same p r o p o r t i o n a l  h a r v e s t  d e c r e a s e d .
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F i g .  3 0 .  S u s t a i n e d  y i e l d  f r e q u e n c y  d i s t r i b u t i o n s  f o r  Models  DM and 
ADM, s h o w i n g  t h e  d i f f e r e n c e  b e t w e e n  t h e  2 ,  I l l u s t r a t e d  a r e  
s u s t a i n a b l e  y i e l d s  f rom 0 . 7 K  o f  K=600 p o p u l a t i o n s ,  as  c a l c u l a t e d  
o v e r  30 y e a r s .
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Ta bl e  13 .  Mean s u s t a i n a b l e  y i e l d ,  comparing p o p u l a t i o n s  wi th  
t h e o r e t i c a l  K*200 and K=600.  Y i e l d s  a r e  c a l c u l a t e d  f o r  each o f  the  4 
S p e c i f i c  Models  o v e r  30 y e a r s ,  and a l l  v a l u e s  a r e  e x p r e s s e d  as  
p e r c e n t a g e s  o f  the  c r o s s - s e c t i o n  p o p u l a t i o n ,  0 . 7K,

a .  Mean s u s t a i n a b l e  y i e l d ,  e x p r e s s e d  a s  a p r o p o r t i o n  o f  pr e - hu nt  
p o p u l a t i o n

Carry i ng
c a p a c i t y

S p e c i f i c  Model

DDALL CM ADM DMADM

2 0 0 . 0823 . 0 6 2 2  . 0883 . 0705
600 . 0887 . 0721  .0967 .0875

b .  ANOVA t a b l e .

S ou rce  o f  V a r i a t i o n df MS F P

Ca r ry i n g  C a pa c i t y 1 . 0 0 0 1 7 8 13 . 3 < 0 . 05
S p e c i f i c  Model 3 . 000197 1 4 . 7 < 0 . 05

D e n s i t y - d e p e n e n t or
- i n d e p e n d e n t  b i r t h s  1 . 0 0 0 4 4 5 3 3 . 2 <0 .025
Ad u l t  male  m o r t a l i t y
f u n c t i o n 1 . 0 0 0 1 4 2 1 0 . 6 < 0 . 05

Remainder 3 . 000013
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C a u t i o n  must  be  u s e d  i n  i n t e r p r e t i n g  T a b l e s  12 and 13.  They 

app ear  t o  i n d i c a t e  t h a t  h a r v e s t i n g  a s  much a s  1 0 % o f  a g r i z z l y  b e a r  

p o p u l a t i o n  can  l e a d  t o  a s t a b l e  e q u i l i b r i u m .  However,  t h e s e  h a r v e s t  

r a t e s  a r e  not  c o m p a t i b l e  w i t h  s t a b l e  management.  A l l  h a r v e s t  r a t e s  i n  

T a b l e s  8 - 1 1  w e r e  a p p l i e d  t o  p o p u l a t i o n s  in  t h e  u n s t a b l e  r e g i o n  c f  the  

SYC; t h e  r e g i o n  prudent  management a t t e m p t s  t o  a v o i d .  To c a l c u l a t e  t he  

p r o p o r t i o n  o f  t h e  p o p u l a t i o n  t h a t  can be h a r v e s t e d  i n d e f i n i t e l y ,  t r i a l  

h a r v e s t s  would have been a p p l i e d  t o  c r o s s - s e c t i o n s  i n  the  s t a b l e  p o r t i o n  

o f  t h e  SYC, to  t he  r i g h t  o f  N^gy.  These c r o s s - s e c t i o n  p o p u l a t i o n s  would  

have  b e e n  l a r g e r  t h a n  t h o s e  u s e d  h e r e ,  and h e n c e  s u s t a i n e d  h a r v e s t  

r a t e s ,  v i ewed as  p e r c e n t a g e s ,  would have been s m a l l e r .
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D e s c r i p t i o n  o f  G r i z z l y  Bear A g e - s t r u c t u r e s

H arvested  P o p u la tio n s  I n i t i a l l y  a t  K.

S t a n d i n g  P o p u l a t i o n  A a e - S t r u c t u r e s . The mean a g e - s t r u c t u r e  for  

modeled g r i z z l y  bear p o p u l a t i o n s  a t  u n e x p l o i t e d  e q u i l i b r i u m  i s  p r e s e n t e d  

i n  F i g .  1 2 .  Under  an i n i t i a l ,  s t a b l e  h a r v e s t ,  mean a g e - s t r u c t u r es  

s h o we d  s u b t l e  changes  from t h i s  e q u i l i b r i u m  c o n d i t i o n  ( F i g .  3 1 ) .  Males  

predomi nated  i n  t h e  h u nt ,  i n c r e a s i n g  t h e  b i a s  t o w a r d s  f e m a l e s  i n  t h e  

s t a n d i n g  a g e - s t r u c t u r e .  The a g e - d i s t r i b u t i o n  o f  f e ma l e s  showed l i t t l e  

change  from t he  u n e x p l o i t e d  d i s t r i b u t i o n .  Among m a l e s  h o w e v e r ,  t n e  

s h a r p  d r o p - o f f  a f t e r  a g e  2 b e ca me  s l i g h t l y  more  a c c e n t u a t e d .  When 

o v e r h a r v e s t e d  from an i n i t i a l l y  u n e x p l o i t e d  s t a t e ,  t h e  same 2  c h a n g e s  

o c c u r r e d ,  b u t  w i t h  g r e a t e r  m a g n i t u d e  ( F i g .  3 2 ) .  In  g e n e r a l ,  mean 

a g e - s t r u c t u r e s  o f  o v e r h a r v e s t e d  p o p u l a t i o n s  d i f f e r e d  o n l y  s l i g h t l y  from  

mean a g e - s t r u c t u r e s  o f  p o p u l a t i o n s  under s t a b l e  h a r v e s t .

Changes i n  p o p u l a t i o n  a g e - s t r u c t u r e s  t h a t  o c c u r r e d  w i t h  c h r o n i c  

o v e r h a r v e s t  were  most  c l e a r l y  s ee n  i n  p l o t s  o f  d e s c r i p t i v e  a g e - s t r u c t u r e  

s t a t i s t i c s  a g a i n s t  the  number i n  the  p o p u l a t i o n  when the  p o p u l a t i o n  was  

d r i v e n  f rom K t o  e x t i n c t i o n .  These  p l o t s  a r e  p r e s e n t e d  here  in  a form 

o f t e n  us ed  t o  c a l i b r a t e  an i n d e x  o f  abundance w i t h  known p o p u l a t i o n  s i z e  

( C a u g h l e y  1 97 7  ) ,  b u t  t h e y  s h o u l d  n o t  be  i n t e r p r e t e d  s t r i c t l y  as  

c a l i b r a t i o n s .  As w i l l  be d i s c u s s e d  be low,  numerous f a c t o r s  o t h e r  t han  

p o p u l a t i o n  s i z e  de t e r m i n e  t h e  v a l u e  o f  a d e s c r i p t i v e  a g e - s t r u c t u r e  

s t a t i s t i c .  The p l o t s  s e r v e  h e r e  t o  i n d i c a t e  t h e  g e n e r a l  t r e n d  o f
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F i g .  3 1 .  The  mean a g e - s t r u c t u r e  o f  t h e  s t a n d i n g  p o p u l a t i o n  when 
s u b j e c t e d  t o  an i n i t i a l ,  s t a b l e  h a r v e s t .  A g e - c l a s s e s  5 - 9 ,  1 0 - 1 4 ,  
1 5 - 1 9  and 2 0 - 2 4  a r e  lumped t o  show t he  d i f f e r e n c e s  more c l e a r l y .  
A l l  v a l u e s  a r e  p r o p o r t i o n s  o f  the  t o t a l  number.
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F i g .  3 2 .  The mean a g e - s t r u c t u r e  o f  t he  s t a n d i n g  p o p u l a t i o n  when 
s u b j e c t e d  t o  o v e r h a r v e s t i n g  from K.
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a g e - s t r u c t u r e s  on  p o p u l a t i o n  s i z e  u n d e r  t n e  p a r t i c u l a r  s e t  o f  

c i r c u m s t a n c e s  s p e c i f i e d .

As p o p u l a t i o n s  o f  a b o u t  600 d e c l i n e d  toward e x t i n c t i o n  because  

o f  o v e r h a r v e s t ,  m a l e s  i n  t h e  p o p u l a t i o n  b e c a m e ,  on a v e r a g e ,  y o u n g e r  

( F i g .  3 3 ) .  From r o u g h l y  4 1 / 2  y e a r s  a t  e q u i l i b r i u m ,  mean m a l e  age  

d e c r e a s e d  t o  about  1 1 / 2  y e a r s  a t  a p o p u l a t i o n  s i z e  o f  5 0 ,  a t  w h i c h  

p o i n t  t h e  p o p u l a t i o n  was  c o n s i d e r e d  e x t i n c t  b e c a u s e  o n l y  f e m a l e s  

remained .  N o t e ,  however,  t h a t  s u b s t a n t i a l  v a r i a b i l i t y  c h a r a c t e r i z e d  

mean mal e  a g e ,  e s p e c i a l l y  d u r i n g  t he  e a r l y  s t a g e s  o f  p o p u l a t i o n  d e c l i n e .  

F o r  e x a m p l e ,  a t  p o p u l a t i o n  l e v e l  50 0  ( o r  r o u g h l y  83% o f  c a r r y i n g  

c a p a c i t y ) ,  mean m a l e  a g e  v a r i e d  f ro m a bo u t  2 1 / 2  t o  a lmos t  5 1 / 2 .  A 

mean age  o f  3 c h a r a c t e r i z e d  a p o p u l a t i o n  l e v e l s  f rom 1 / 3  t o  a l m o s t  ^ / 5 

o f  c a r r y i n g  c a p a c i t y  (2 0 0  t o  a l mos t  5 0 0 ) .

C o n v e r s e l y ,  mean f ema le  a ge  i n c r e a s e d  s l i g h t l y  as  the  p o p u l a t i o n  

was d r i v e n  t o  e x t i n c t i o n ,  p r i ma r ly  b e c a u s e  a few v e r y  o ld  f e ma l e s  were  

r e t a i n e d  i n  t h e  p o p u l a t i o n  d e s p i t e  t h e  o v e r a l l  d e c l i n e .  The t r e n d  

t o w a r d  o l d e r  f e m a l e s  was weak,  and t h e  d i f f e r e n c e s  between mean f emal e  

a g e  i n  d e c l i n i n g  and s t a b l e  p o p u l a t i o n s  was not  e v i d e n t  u n t i l  many y e a r s  

f o l l o w i n g  i n i t i a t i o n  o f  h a r v e s t i n g  ( F i g .  3 4 ) .

F e m a l e s  made up a c o n t i n u a l l y  i n c r e a s i n g  p r o p o r t i o n  o f  t h e  

a g e - s t r u c t u r e  a s  t h e  e q u i l i b r i u m  p o p u l a t i o n  was d r i v e n  t o  e x t i n c t i o n .  

Among a d u l t s  ( a g e  4 + ) ,  t h i s  t r e n d  ( F i g .  3 5 )  was  p a r t i c u l a r l y  c l e a r .  

( I n  F i g .  3 5 ,  a s  w e l l  as  a l l  s ub s eq u e nt  c a l i b r a t i o n - l i k e  p l o t s ,  much of  

t h e  a c t u a l  v a r i a t i o n  h a s  b e e n  r e m o v e d  by p l o t t i n g  o n l y  t h e  mean  

s t a t i s t i c  from 1 0  r e p l i c a t e  s i m u l a t i o n s ) .

As i n  u n e x p l o i t e d  p o p u l a t i o n s ,  a g e - s t r u c t u r e s  o f  h a r v e s t e d
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F i g .  3 3 .  Mean m a l e  a g e  i n  t h e  s t a n d i n g  p o p u l a t i o n  a g e - s t r u c t u r e ,  
a s  a p o p u l a t i o n  a t  K=600 was o v e r h a r v e s t e d  t o  e x t i n c t i o n .
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F i g .  3 4 .  Mean f e m a l e  a g e  i n  c h e  s t a n d i n g  p o p u l a t i o n  f rom 2 
d i f f e r i n g  s e t s  o f  s i m u l a t i o n s ,  p l o t t e d  a g a i n s t  t i m e .  Each l i n e  
r e p r e s e n t s  t h e  m e a n  o f  1 0  i n d e p e n d e n t  s i m u l a t i o n s ;  a l l  2 0  
s i m u l a t i o n s  had a common i n i t i a l  p o p u l a t i o n  s t r u c t u r e .  H a r v e s t

a n i m a l s  (most  o f  which were  m a l e s ) .  
1 0  s i m u l a t i o n s  t o  e x t i n c t i o n ;  

h a r v e s t i n g  1 0 / y e a r  a l l o w e d  a l l  1 0  s i m u l a t i o n s  t o  a c h i e v e  s t a b l e  
e q u i l i b r i a .

r a t e s  a r e  t h e  t o t a l  number o f  
H a r v e s t i n g  4 0 / y e a r  d r o v e  a l l
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F i g .  3 5 .  The p r o p o r t i o n  m a l e s  among a d u l t s  i n  t h e  s t a n d i n g  
a g e - s t r u c t u r e  a s  a p o p u l a t i o n  a t  K»600  was o v e r h a r v e s t e d  t o  
e x t i n c t i o n .
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g r i z z l y  b e a r  p o p u l a t i o n s  r e t a i n e d  s t r o n g  and weak c o h o r t s  f o r  many 

y e a r s .  A l s o ,  the  e f f e c t  on t h e  a g e - s t r u c t u r e  p r o d u c e d  by an a b r u p t  

c h a n g e  i n  h a r v e s t  l e v e l  was s u b j e c t  t o  a p r o n o u n c e d  t i m e - l a g .  For 

example ,  f emal e  a g e - s t r u c t u r e s  showed g r e a t  s i m i l a r i t i e s  t o  e a c h  o t h e r  

d e s p i t e  a 4 - f o l d  d i f f e r e n c e  i n  o v e r a l l  h a r v e s t  l e v e l  ( F i g .  3 4 ) .  Mean 

f e m a l e  age peaked i n  y e a r s  2 and 5 i n  bot h  s e t s  o f  s i m u l a t i o n s  d e s p i t e  

t h e  i ndependence  among a l l  20 runs  a f t e r  year  0 .  The c o i n c i d e n t a l  h i gh s  

and l o w s  i n  a l l  r u n s  r e f l e c t e d  t h e  p e r s i s t e n c e  o f  s t r o n g  and w e a k  

c o h o r t s  f rom w i t h i n  t h e  common i n i t i a l  p o p u l a t i o n  p r i o r  t o  t he  f i r s t  

y e a r  o f  d i f f e r e n t i a l  h a r v e s t i n g .  O v e r h a r v e s t i n g  ( 4 0  a n i m a l s / y e a r )  d i d  

l i t t l e  t o  " s mo o t h  o u t "  t h e s e  r i p p l e s  i n  f e m a l e  p o p u l a t i o n  s t r u c t u r e .  

Not u n t i l  year  7 d i d  t h e  marked d i f f e r e n c e  i n  h a r v e s t  r a t e s  o v e r s h a d o w  

t he  s i m i l a r i t i e s  among a g e - s t r u c t u r e s .

T a b l e  1 4  s u m m a r i z e s  t h e  s t r e n g t h  a n d  d i r e c t i o n  o f  t h e  

r e l a t i o n s h i p s  be twe en  a l l  1 0  a g e - s t r u c t u r e  s t a t i s t i c s  and p o p u l a t i o n  

s i z e ,  a s  p o p u l a t i o n s  were o v e r h a r v e s t e d  from K t o  e x t i n c t i o n .  The use  

o f  l i n e a r  r e g r e s s i o n  s t a t i s t i c s  i s  f o r  d e s c r i p t i v e  p u r p o s e s  o n l y ;  t h i s  

i s  n o t  p r o p e r l y  a Model I  r e g r e s s i o n  problem.  The r e l a t i o n s h i p s  a r e  not  

n e c e s s a r i l y  l i n e a r ,  v a r i a n c e s  a r e  o f t e n  n o t  h o m o s c e d a s t i c , e a c h  d a t a  

p o i n t  i s  a mean o f  1 0  r e p l i c a t e s  ( t h u s  i n f l a t i n g  t he  v a l u e s  o f  r 2 ) ,  and 

p o p u l a t i o n  s i z e  i s  n o t  an i n d e p e n d e n t  v a r i a b l e  i n  the  pure s e n s e  ( S o k a l  

and R o hl f  1 9 8 1 ) .  T h e r e f o r e ,  s i g n i f i c a n c e  t e s t s  and c o n f i d e n c e  i n t e r v a l s  

a r e  i n a p p r o p r i a t e *  However,  c o m p a r i s o n s  among v a r i a b l e s  c a n  be  made  

r e g a r d i n g  t h e  s i g n s  and m a g n i t u d e s  o f  s l o p e s  (^ ) , and t h e  r e l a t i v e  

" t i g h t n e s s "  o f  t he  f i t s  ( r 2 ) .  In  comparing s l o p e s ,  n o t e  t h a t  means and 

m e d i a n s  a r e  e x p r e s s e d  i n  y e a r s ,  b u t  ( a r c - s i n e d )  p r o p o r t i o n s  a r e
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e x p r e s s e d  in  d e g r e e s .

In  a l l  c a s e s ,  d e s c r i p t i o n s  o f  male  age  had s t r o n g e r  r e l a t i o n s  to  

p o p u l a t i o n  s i z e  than d i d  the  c o r r e s p o n d i n g  s t a t i s t i c s  f o r  f e ma le s  (Tabl e  

l A ) . Mal e  ages  (MXBAR, MMED) d e c l i n e d  w i t h  t h e  p o p u l a t i o n ;  f ema l e  ages  

(FXBAR,FMED) showed the  o p p o s i t e  t r e nd .  For both s e x e s ,  means c h a n g e d  

mo r e  w i t h  p o p u l a t i o n  t h a n  d i d  m e d i a n s .  S u b - a d u l t s  o f  b o t h  s e x e s  

c o n s t i t u t e d  l a r g e r  p r o p o r t i o n s  o f  t h e  a g e - s t r u c t u r e s  a s  o v e r - h a r v e s t  

p r o c e e d e d .  A l s o  f o r  both s e x e s ,  t h e  r a t i o  o f  pr ime-aged a ni mal s  t o  cubs  

d e c r e a s e d  as  the  p o p u l a t i o n  d e c l i n e d .  F i n a l l y ,  the  p r o p o r t i o n  m a l e s  i n  

t h e  p o p u l a t i o n  d e c l i n e d  w i t h  o v e r h a r v e s t ;  t h e  r e l a t i o n s h i p  b e i n g  

s t r o n g e r  when c o n s i d e r i n g  o n l y  a d u l t s .

A g e - S t r u c t u r e s  o f  Hunted S a m p l e s . Mal e  a g e  s t r u c t u r e s  from 

s t a b l e  h a r v e s t s  were  dominated by the  v u l n e r a b l e  s u b - a d u l t  a g e - c l a s s e s .  

H a r v e s t e d  a g e - s t r u c t u r e s  a p p e a r e d  t r u n c a t e d  b e c a u s e  c u b s ,  and t o  a 

l e s s e r  e x t e n t  y e a r l i n g s ,  w e r e  g e n e r a l l y  p r o t e c t e d  from h u n t i n g .  With 

i n c r e a s e d  h a r v e s t  p r e s s s u r e ,  t h e  l e s s  v u l n e r a b l e  o l d e r  a g e - g r o u p s  

a p p e a r e d  i n  t h e  h a r v e s t  more f r e q u e n t l y  ( F i g .  3 6 ) .  However,  o l d  males  

were  e v e n t u a l l y  d e p l e t e d  e n t i r e l y  w i t h  o v e r h a r v e s t ,  r e s u l t i n g  i n  t h e  

a pp ea r an c e  o f  more v e r y  young males  ( F i g .  3 7 ) .

The 10 a g e - s t r u c t u r e  s t a t i s t i c s  computed from h a r v e s t e d  s a m p l e s  

s h o w e d  t h e  same g e n e r a l  r e l a t i o n s h i p s  t o  p o p u l a t i o n  s i z e  as  t h ey  did  

when computed from s t a n d i n g  p o p u l a t i o n  d a t a .  However,  the s m a l l  s i z e  o f  

hunted sampl es  r e s u l t e d  i n  g r e a t e r  v a r i a b i l i t y  w i t h i n  a l l  1 0  s t a t i s t i c s .  

A l l  r 2 v a l u e s  f o r  h u n t e r - k i l l  a g e - s t r u c t u r e  s t a t i s t i c s  were l e s s  than  

t h e i r  c o r r e s p o n d i n g  v a l u e s  when c o m p u t e d  f r o m s t a n d i n g  p o p u l a t i o n  

s t r u c t u r e s  (Ta bl e  1 5 ) .
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T ab l e  14 .  Summary o f  t he  r e l a t i o n s h i p s  between 10 d e s c r i p t i v e  
s t a t i s t i c s  o f  s t a n d i n g  a g e - s t r u c t u r e  and p o p u l a t i o n  s i z e  as  e q u i l i b r i u m  
p o p u l a t i o n s  a r e  o v e r h a r v e s t e d  t o  e x t i n c t i o n .  Each s t a t i s t i c  i s  
r e g r e s s e d  a g a i n s t  t o t a l  p o p u l a t i o n  s i z e .  See  Ta bl e  2 f o r  f u l l  
e x p l a n a t i o n  o f  s t a t i s t i c s ;  s e e  t e x t  f o r  i n t e r p r e t a t i o n  o f  r e g r e s s i o n  
s t a t i s t i c s .

S t a t i s t i c U n i t s 6 r 2

MXBAR Years 0 . 0 0 0 5 8 . 9 33
HMMED Years 0 . 0 0 0 3 2 .853
FXBAR Years - 0 . 0 0 0 2 3 . 7 2 8
FMED Years - 0 . 0 0 0 0 5 . 0 4 0
MSUBAD Degrees - 0 . 0 5 4 5 8 .967
M58JÜV De grees 0 . 053 44 . 915
FSÜBAD Degrees - 0 . 0 0 0 3 3 . 2 5 9
F58JUV Degrees 0 . 0 1 9 6 1 .750
MFALL Degrees 0 . 0 1 3 6 2 .880
MFAD Degrees 0 . 0 4 9 7 4 .976
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Mean maie age structure 
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Age

F i g .  3 6 .  Mean a g e —d i s t r i b u t i o n  o f  males  i n  h a r v e s t s  t h a t  caused  
d e c l i n e ,  p i c t u r e d  d ur i n g  the  y e a r s  1-3 o f  the  h a r v e s t .  A g e - c l a s s e s  
5 - 9  a n d  1 0 - 1 4  a p p e a r  i n  t h e  h a r v e s t  d e s p i t e  t h e i r  l o w e r  
v u l n e r a b i l i t y  b e c a u s e  a g e —c l a s s e s  2 and 3 a r e  b e g i n n i n g  t o  be  
d e p l e t e d .
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Mean m de age structure 
Overharvest, later years
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Age

F i g .  3 7 .  Mean a g e - d i s t r i b u t i o n  o f  males  i n  h a r v e s t s  t h a t  ca u s ed  
d e c l i n e ,  p i c t u r e d  d u r i n g  y e a r s  8 - 1 0  o f  t h e  h a r v e s t .  A g e - c l a s s e s  
5 - 9  and 1 0 - 1 4  ar e  l e s s  abundant  than i n  F i g .  36 because  o l d e r  males  
have  now become d e p l e t e d .  Cubs and y e a r l i n g s  appear  i n  i n c r e a s i n g  
n u m b e r s  d e s p i t e  t h e i r  p r o t e c t i o n ,  b e c a u s e  t h e y  a r e  r e l a t i v e l y  
numerous compared t o  t he  d e p l e t e d  o l d e r  a g e - c l a s s e s .
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T a b l e  15 .  Summary o f  t h e  r e l a t i o n s h i p s  be tween 10 d e s c r i p t i v e  
s t a t i s t i c s  o f  h a r v e s t  a g e - s t r u c t u r e  and p o p u l a t i o n  s i z e  as e q u i l i b r i u m  
p o p u l a t i o n s  a r e  o v e r h a r v e s t e d  t o  e x t i n c t i o n .  Each s t a t i s t i c  i s  
r e g r e s s e d  a g a i n s t  t o t a l  p o p u l a t i o n  s i z e .  See  T ab l e  2 f o r  f u l l  
e x p l a n a t i o n  o f  s t a t i s t i c s ;  s e e  t e x t  f o r  i n t e r p r e t a t i o n  o f  r e g r e s s i o n  
s t a t i s t i c s .

S t a t i s t i c U n i t s 3 r 2

MXBAR Years 0 . 0 0 0 3 4 .540
MMMED Years 0 . 0 0 0 3 2 . 7 4 8
FXBAR Years - 0 . 0 0 0 2 4 . 1 63
FMED Years - 0 . 0 0 0 2 5 . 150
MSUBAD Degrees - 0 . 0 4 9 5 4 . 7 4 5
M58JUV De grees 0 . 0 3 5 4 5 . 2 8 4
F58JUV De grees 0 . 0 0 0 0 9 . 0 0 1

MFALL Degrees 0 . 0 3 4 5 8 . 6 62
MFAD Degrees 0 . 0 7 6 6 2 . 7 7 9
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For h u n t e r - k i l L  d a t a ,  median male  age ( F i g .  38)  v a r i e d  l e s s  in  

i t ' s  r e l a t i o n s h i p  t o  p o p u l a t i o n  s i z e  than d i d  mean male age ( T a b l e  1 5 ) .  

Among s t a n d i n g  p o p u l a t i o n  a g e - s t r u c t u r e s , median male age v a r i e d  more 

(compare MXBAR w i t h  MMED; Ta bl e s  14 ,  1 5 ) .  With s ma l l  s a m p l e s ,  mean a ge  

was h i g h l y  s e n s i t i v e  t o  t he  o c c a s i o n a l  i n c l u s i o n  o f  1 or a few v ery  o l d  

a n i m a l s .  Female age  i n  t he  h u n t e d - s a m p l e  was r e l a t i v e l y  u n r e s p o n s i v e  to  

p o p u l a t i o n  d e c l i n e s .  As o v e r h a r v e s t  p r oc ee de d ,  f emales  c o n s t i t u t e d  a 

l a r g e r  p r o p o r t i o n  o f  t he  hunt ,  and t h e i r  l a r g e r  r e p r e s e n t a t i o n  i n  t h e  

h a r v e s t  r e d u c e d  t h e  v a r i a b i l i t y  i n  t h e i r  mean a g e  ( F i g .  3 9 ) .  Mean 

f e m a l e  age  i n c r e a s e d  s u b s t a n t i a l l y  o n l y  when t h e  p o p u l a t i o n  v e r g e d  on 

e x t i n c t i o n .  At  t h i s  p o i n t ,  a l m o s t  a l l  m a l e s ,  as  w e l l  as  t h e  younger ,  

more v u l n e r a b l e  f e m a l e s  had a l r e a d y  b e e n  r e m o v e d ,  l e a v i n g  m o s t l y  o l d  

f e m a l e s  f o r  the  f i n a l  h a r v e s t s .

As i n  t h e  s t a n d i n g  p o p u l a t i o n ,  t h e  p r o p o r t i o n  mal e s  d e c l i n e d  

c o n t i n u o u s l y  a s  o v e r h a r v e s t  p r o g r e s s e d  ( F i g .  4 0 ) .  A l t h o u g h  v a r i a t i o n  

was g r e a t e r ,  t h e  p r o p o r t i o n  m a l e s  s t a t i s t i c s  i n  t he  h u n t e r - k i l l  da t a  

r es po nd e d  t o  o v e r h a r v e s t  more s e n s i t i v e l y  than t h ey  did i n  t h e  s t a n d i n g  

p o p u l a t i o n  d a t a  ( c o m p a r e  F i g .  40 w i t h  F i g .  3 3 ) .  The magni tude  o f  the  

change  i n  p r o p o r t i o n  male  among a d u l t s  (MFAD) from h a r v e s t  s a m p l e s  was  

r o u g h l y  t w i c e  t h a t  s ee n  i n  t h e  s t a n d i n g  p o p u l a t i o n  d a t a .

H arvested  P o p u la tio n s  I n i t i a l l y  a t  2 C r o s s - s e c t io n s  o f  th e  SYC.

S t a n d i n g  P o p u l a t i o n  A g e - S  t r u c t u r e s . P o p u l a t i o n s  a t  

c r o s s - s e c t i o n s  0.7K and 0.4K showed t h e  e f f e c t s  o f  t he  o v e r h a r v e s t  t ha t  

had r e d u c e d  them t o  t h e s e  l e v e l s  from t h e i r  i n t i a l l y  u n h a r v e s t e d  s t a t e .
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F i g .  3 8 . Me d ia n  m a l e  a g e  i n  t h e  h a r v e s t  sample  as  a p o p u l a t i o n  
i n i t i a l l y  a t  K»600 v a s  o v e r h a r v e s t e d  t o  e x t i n c t i o n .

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Mean female age 
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F i g .  3 9 .  Mean f e m a l e  a g e  i n  t h e  h a r v e s t  sample  as  a p o p u l a t i o n  
i n i t i a l l y  a t  K=600 was o v e r h a r v e s t e d  t o  e x t i n c t i o n .
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F i g .  4 0 .  P r o p o r t i o n  males  among a d u l t s  i n  t h e  h a r v e s t  sample  as  a 
p o p u l a t i o n  i n i t i a l l y  a t  K*600 was o v e r h a r v e s t e d  t o  e x t i n c t i o n .

118

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



F e m a l e s  f a r  o u t n u m b e r e d  m a l e s ,  and f e w  o l d  i n d i v i d u a l s  o f  e i t h e r  s ex  

s u r v i v e d  ( F i g .  4 1 ) .  Thus,  a g e - s t r u c t u r e s  c h a r a c t e r i s t i c  o f  p r e v i o u s l y  

h a r v e s t e d  p o p u l a t i o n s  formed t h e  b a s e l i n e  from which d i f f e r e n c e s  between  

f u r t h e r  d e c l i n e s  and r e t u r n s  toward s t a b l e  e q u i l i b r i a  were measured.

A t  0 . 7 K ,  p o p u l a t i o n s  h a r v e s t e d  a t  24  anima I s / y e a r  r e t u r n e d  

s l o w l y  t o  s t a b l e  e q u i l i b r i a  w h i l e  t h o s e  h a r v e s t e d  a t  39  a n i m a l s / y e a r  

c o n t i n u e d  t o  d e c l i n e  toward e x t i n c t i o n  ( F i g .  4 2 ) .

Age d i s t r i b u t i o n s  were never  s t a b l e ;  r a t h e r  t h e y  w e r e  c o m p l e x  

m i x t u r e s  o f  t h o s e  t h a t  w o u l d  t h e o r e t i c a l l y  r e s u l t  f rom s u r v i v a l  

s c h e d u l e s  a p p l y i n g  d u r i n g  t h a t  y e ar  as  w e l l  as  p r e v i o u s  y e a r s .  Th u s ,  

a g e - s t r u c t u r e s  (S%) l ag g e d  behind s u r v i v a l  s c h e d u l e s  (L%).

A g e - s t r u c t u e s  o f  Hun t e d  S a m p l e s . H a r v e s t  a g e - s t r u c t u r e s  

s i m i l a r l y  l a g g e d  b e h i n d  t h e  s u v i v a l  s c h e d u l e  o f  t h e i r  p a r e n t  

p o p u l a t i o n s .  A g e - s t r u c t u r e s  from p o p u l a t i o n s  i n  which t he  hunt  had been  

r e d u c e d  t o  a s t a b l e  l e v e l  a t  0 .7K c o n t i n u e d  t o  appear o v e r h a r v e s t e d  for  

a bout  8  y e a r s  ( F i g .  4 3 ) .  By y e a r  8 , t h e s e  a g e - s t r u c t u r e s  had b e g u n  t o  

a c h i e v e  t h e  s t a t i o n a r y  c o n f i g u r a t i o n  c h a r a c t e r i s t i c  o f  s t a b l e  h u n t s .  

Between y e a r  0 and y e a r  8 , a g e - s t r u c t u r e s  r e f l e c t e d  a m i x t u r e  o f  p a s t  

o v e r h a r v e s t  and p r e s e n t  s t a b i l i t y .  T h o s e  p o p u l a t i o n s  s u b j e c t e d  t o  

c o n t i n u e d  o v e r h a r v e s t  from 0 . 7 K  a l s o  had h a r v e s t  a g e - s t r u c t u r e s  t h a t  

r e s u l t e d  from m o r t a l i t y  s c h e d u l e s  t h a t  a p p l i e d  a few y e a r s  b e f o r e - h a n d .  

However,  t h e y  d i d  not  a c h i e v e  s t a t i o n a r y  c o n f i g u r a t i o n s ;  r a t h e r  t h e y  

c o n t i n u e d  t o  s h i f t  as  t h e  o v e r h a r v e s t  e x e r t e d  i n c r e a s i n g  p r e s s u r e  on the  

s u r v i v o r s  ( F i g .  4 4 ) .

A g e - s t r u c t u r e  " i n e r t i a "  was  a l s o  r e f l e c t e d  in t he  r e s p o n s e  to
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F i g .  4 1 ,  Mean a g e - s t r u c t u r e  o f  a p o p u l a t i o n  when i t  a r r i v e s  a t  
0 . 7 K  a f t e r  b e i n g  o v e r h a r v e s t e d  f r o m  K.  I l l u s t r a t e d  i s  an  
a g e - s t r u t u r e  from a p o p u l a t i o n  w i t h  K=600,
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F i g .  42.  Mean t r a j e c t o r i e s  o f  p o p u l a t i o n s  i n i t i a l l y  a t  0 .7K from 2 
d i f f e r e n t  s e t s  o f  s i m u l a t i o n s .  P o p u l a t i o n s  h a r v e s t e d  a t  2 4 / y e a r  
g r a d u a l l y  a c h i e v e d  s t a b l e  e q u i l i b r i a ;  t h o s e  h a r v e s t e d  a t  3 9 / y e a r  
c o n t i n u e d  t o  d e l c i n e  from 0 . 7K.  Each l i n e  r e p r e s e n t s  the  mean o f  5 
s i m u l a t i o n  r u n s .
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Mde age structure in stable harvest 
Year 4
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F i g .  4 3 .  Mean male  h a r v e s t  a g e - s t r u c t u r e s  from p o p u l a t i o n s  a t  0.7K  
s u b j e c t e d  t o  s t a b l e  h a r v e s t i n g .  I l l u s t r a t e d  a r e  t h e  means  from  
y e a r s  4 , 6  and 8  o f  t h e  10 y e a r  runs .
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Mde age structure in overharvest 
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F i g .  4 4 .  Mean male  h a r v e s t  a g e - s t r u c t u r e s  from p o p u l a t i o n s  a t  0 . 7 K  
s u b j e c t e d  t o  an o v e r h a r v e s t .  I l l u s t r a t e d  a re  t h e  means from y e a r s  
4 , 6  and 8  o f  t h e  10 y e a r  r u n s .
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o v e r h a r v e s t  o f  the  10 d e s c r i p t i v e  s t a t i s t i c s .  For  K=600 p o p u l a t i o n s ,  

t h e  h a r v e s t  r a t e  u s e d  t o  b r i n g  p o p u l a t i o n s  down f r o m K was 51 

a n i r a a 1s / y e a r . T h u s ,  w h i l e  t h e  s t a b l e  h u n t  o f  2 4 / y e a r  a t  0 . 7 K  was  

c l e a r l y  an abrupt  c ha ng e ,  t h e  newly a p p l i e d  o v e r h a r v e s t  r a t e  of  3 9 / y e a r  

a l s o  ca us ed  a s u b s t a n t i a l  r e d u c t i o n  i n  a v e r a g e  m o r t a l i t y .  At y e a r  0 ,  

h a r v e s t  a g e - s t r u c t u r e s  f rom b o t h  r e g i m e s  r e s p o n d e d  s i m i l a r l y  to the  

c e s s a t i o n  o f  the  5 1 / y e a r  o v e r h a r v e s t  ( F i g .  45,  F i g .  4 6 ) .  Only l a t e r  did  

a g e - s t r u c t u r e s  r e f l e c t  t h e  f u n d a m e n t a l l y  d i f f e r e n t  t r a j e c t o r i e s  o f  t h e i r  

p o p u l a t i o n s .

A d d i t i o n a l l y ,  b e c a u s e  a g e - s t r u c t u r e s  a t  0 . 7 K  w e r e  a l r e a d y  

s i m i l a r  t o  t h o s e  c h a r a c t e r i s t i c  o f  o v e r h a r v e s t e d  p o p u l a t i o n s ,  

d e s c r i p t i v e  s t a t i s t i c s  from p o p u l a t i o n s  c o n t i n u i n g  to  d e c l i n e  had l i t t l e  

r ange  o f  v a r i a t i o n  l e f t  o p e n  t o  them.  For  e x a m p l e ,  m o s t  o f  t h e  o l d  

m a l e s  had b e e n  r e m o v e d  p r i o r  t o  r e a c h i n g  0 .7K,  so male  age s t a t i s t i c s  

w e r e  no l o n g e r  a b l e  t o  r e f l e c t  t h e  d e p l e t i o n  o f  o l d  m a l e s  w i t h  

o v e r h a r v e s t ,  as  t h ey  had done from u n ha r ve s t e d  e q u i l i b r i u m  ( F i g .  4 7 ) .

The c o m b i n e d  e f f e c t s  o f  t i m e - l a g  and t h e  l i m i t e d  r a n g e  o f  

r e s p o n s e  l e f t  open t o  i n d i c a t o r s  o f  d e c l i n e  a t  0 .7K b l u r r e d  t h e  a l r e a a y  

minor d i s t i n c t i o n s  be tween d e c l i n i n g  and s t a b l e  p o p u l a t i o n s .  Even t h e  

m o s t  p o w e r f u l  i n d i c a t o r  o f  o v e r h a r v e s t ,  t h e  p r o p o r t i o n  L.a1 _ 

a d u l t s ,  was l a r g e l y  i n s e n s i t i v e  t o  the  d i f f e r e n c e  between s t c ' ^ i l i t y  

d e c l i n e  ( F i g .  4 8 ) .

At  Û .4 K,  i n d i c e s  o f  d e c l i n e  w e r e  more  s e n s i t i v e .  However ,  

p o p u l a t i o n s  t h a t  c o n t i n u e d  t o  d e c l i n e  f r o m  Û. 4K u s u a l l y  w e n t  e x t i n c t  

w i t h i n  10 y e a r s .  Even s o ,  t h e  f i r s t  f e w  y e a r s  were c h a r a c t e r i z e d  by 

a m b i g u i t y .  Only i n  t he  f i n a l  y e a r s  o f  t h e s e  d e c l i n e s  t o  e x t i n c t i o n  d i d
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a g e - s t r u c t u r e s  u n a m b i g u o u s l y  r e f l e c t  t h e i r  p o p u l a t i o n ' s  s t a t u s  (I ' lg.  

4 9 ) .

H arvested P o p u la tion s Growing in  Response to  Increased  K.

When p o p u l a t i o n s  were a l l o we d  to  grow d e s p i t e  a smal l  h a r ve s t  by 

a b r u p t l y  i n c r e a s i n g  t h e i r  c a r r y i n g  c a p a c i t y ,  a g e - s t r u c t u r e s  d i s p l a y e d  

l i t t l e  change .  In g e n e r a l ,  t h e  a d d i t i o n  o f  h a r v e s t  m o r t a l i t y  t o  the  

e q u i l i b r i u m  p o p u l a t i o n  was  o f f s e t  by t h e  d e c r e a s e  i n  m o r t a l i t y -  

a s s o c i a t e d  wi t h  g r e a t e r  r e s o u r c e s  per c a p i t a .  A v era ge  a ge  among m a l e s  

and p r o p o r t i o n  males  d e c l i n e d  s l i g h t l y  as p o p u l a t i o n s  i n c r e a s e d  d e s p i t e  

h a r v e s t i n g  (Tab l e  1 6 ) .

However ,  e v e n  t h e s e  weak p a t t e r n s  w e r e  not  d e t e c t a b l e  in  the  

h a r v e s t  a g e - s t r u c t u r e s  (Table  1 7 ) .  As p o p u l a t i o n s  i n c r e a s e d  from a b o u t  

6Ü0 t o  o v e r  9 0 0 ,  n e i t h e r  o f  t h e  mo s t  s e n s i t i v e  i n d i c a t o r s  o f  d e c l i n e  

d i s p l a y e d  any c l e a r  t r e n d s .  Bo th  mean m a l e  a g e  and t he  p r o p o r t i o n  

m a l e s  amo n g  a d u l t s  r e m a i n e d  a t  l e v e l s  c h a r a c t e r i s t i c  o f  s t a b l e  

p o p u l a t i o n s  ( F i g .  50,  F i g .  51 ) .

D iffe r e n c e s  among th e  4  S p e c i f ic  Models

A g e - s t r u c t u r e s  from a l l  4 S p e c i f i c  Mode l s  f o l l o w e d  t h e  same  

g e n e r a l  p a t t e r n s  o f  c h a n g e  i n  r é p o n s e  t o  o v e r h a r v e s t .  A l t h o u g h  

d i f f e r e n c e s  among them were s t a t i s t i c a l l y  s i g n i f i c a n t ,  they would l i k e l y  

n o t  be d e t e c t a b l e  i n  f i e l d  d a t a .  Rather ,  the  changes in a g e - s t r u c t u r e s  

c a u s ée  by d i f f e r i n g  h a r v e s t  i n t e n s i t i e s  t ended to  overwhelm d i f f e r e n c e s
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Proportion moles, adults only
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F i g .  4 9* The  p r o p o r t i o n  m a l e  among a d u l t s  i n  t h e  h a r v e s t  as  
p o p u l a t i o n s  a t  0 . 4 K d e c l i n e  t o  e x t i n c t i o n  or  r e t u r n  t o  s t a b l e  
e q u i l i b r i a .  E a c h  l i n e  r e p r e s n t s  t h e  mean o f  5 i n d e p e n d e n t  
s i m u l a t i o n s .  D e c l i n i n g  p o p u l a t i o n s  w er e  h a r v e s t e d  a t  3 9 / y e a r ,  
s t a b l e  p o p u l a t i o n s  w e r e  h a r v e s t e d  a t  2 4 / y e a r .  The l i n e  f o r  the  
d e c l i n i n g  p o p u l a t i o n  s t o p s  a t  y e a r  9 b e c a u s e  p o p u l a t i o n s  began  
g o i n g  e x t i n c t  a t  t h a t  t ime.
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Response to differing harvests 
Mean male age
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F i g .  4 5 .  Mean m a l e  a g e  i n  t h e  h a r v e s t  a s  p o p u l a t i o n s  a t  0 . 7K  
d e c l i n e  or r e t u r n  t o  s t a b l e  e q u i l i b r i a .  Each l i n e  r e p r e s e n t s  t h e  
mean o f  5 i n d e p e n d e n t  s i m u l a t i o n s .  D e c l i n i n g  p o p u l a t i o n s  were  
h a r v e s t e d  a t  3 9 / y e a r ,  s t a b l e  p o p u l a t i o n s  were  h a r v e s t e d  a t  2 4 / y e a r ;  
c o r r e s p o n d i n g  p o p u l a t i o n  t r a j e c t o r i e s  a r e  i l l u s t r a t e d  i n  F i g .  42 .
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Response to differing harvests 
Mean female age
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F i g .  4 6 .  Mean f e m a l e  a g e  i n  t h e  h a r v e s t  as  p o p u l a t i o n s  a t  0.7K 
d e c l i n e  or r e t u rn  t o  s t a b l e  e q u i l i b r i a .  Each l i n e  r e p r e s e n t s  t h e  
mean o f  5 i n d e p e n d e n t  s i m u l a t i o n s .  D e c l i n i n g  p o p u l a t i o n s  were  
h a r v e s t e d  a t  3 9 / y e a r ,  s t a b l e  p o p u l a t i o n s  were h a r ve s t e d  a t  2 4 / y e a r ;  
c o r r e sp on d i ng  p o p u l a t i o n  t r a j e c t o r i e s  are  i l l u s t r a t e d  in  F i g .  42 .
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F i g .  47 .  Median male a g e  i n  t h e  h a r v e s t  a s  p o p u l a t i o n s  a t  0 . 7K  
d e c l i n e  or  r e t u r n  t o  s t a b l e  e q u i l i b r i a .  Each l i n e  r e p r e s e n t s  the  
mean o f  3 i n d e p e n d e n t  s i m u l a t i o n s .  D e c l i n i n g  p o p u l a t i o n s  we r e  
h a r v e s t e d  a t  3 9 / y e a r ,  s t a b l e  p o p u l a t i o n s  were h a r v es t e d  a t  2 4 / y e a r ;  
c o r r e sp o nd i n g  p o p u l a t i o n  t r a j e c t o r i e s  a re  i l l u s t r a t e d  in  F i g .  42.
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F i g .  4 8 .  P r o p o r t i o n  m a l e  among a d u l t s  i n  t h e  h a r v e s t  a s  
p o p u l a t i o n s  a t  0.7K d e c l i n e  or r e t ur n  to  s t a b l e  e q u i l i b r i a .  Each 
l i n e  r e p r e s e n t s  t h e  mean o f  5 independent  s i m u l a t i o n s .  D e c l i n i n g  
p o p u l a t i o n s  w e r e  h a r v e s t e d  a t  3 9 / y e a r ,  s t a b l e  p o p u l a t i o n s  were  
h a r v e s t e d  a t  2 4 / y e a r ;  c o r r e s p o n d i n g  p o p u l a t i o n  t r a j e c t o r i e s  a re  
i l l u s t r a t e d  i n  F i g .  42.
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F i g .  5 0 .  Mean m a l e  a g e  i n  t h e  h a r v e s t  s a m p l e  f rom p o p u l a t i o n s  
a l l o w ed  t o  i n c r e a s e  d e s p i t e  h a r v e s t i n g  by i n c r e a s i n g  t h e i r  c a r r y i n g  
c a p a c i t y .  From an i n t i a l  K o f  6 0 0 ,  K was changed to  1000.  Each 
p o i n t  r e p r e s e n t s  the  mean o f  1 0  r e p l i c a t e  s i m u l a t i o n s .
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F i g .  5 1 .  P r o p o r t i o n  males  among a d u l t s  in t he  h a r ve s t  sample from 
p o p u l a t i o n s  a l l o w e d  t o  i n c r e a s e  d e s p i t e  h a r v e s t i n g  by i n c r e a s i n g  
t h e i r  c a r r y i n g  c a p a c i t y .  From an i n t i a l  K o f  6 00 ,  K was changed to  
1000 .  Each p o i n t  r e p r e s e n t s  the  mean o f  10 r e p l i c a t e  s i m u l a t i o n s .
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£mong Che M o a e l s .

S u bt l e  d i f f e r e n c e s  t h a t  were e x h i b i t e d  in mean â g e - d i s t r i b u t i o n s  

o f  males  ( F i g .  52)  c o r r e s p o n d e d  t o  t h e  d i f f e r e n c e s  i n  r e s i l i e n c e  to  

h a r v e s t ,  d i s c u s s e d  e a r l i e r .  Model DM responded most poor ly  to h a r v e s t ,  

and had male a g e - d i s t r i b u t i o n s  c h a r a c t e r i s t i c  o f  t h e  h e a v i e s t  h a r v e s t .  

T w o - y e a r  o l d s ,  a l t h o u g h  t h e  modal  a g e - c l a s s ,  were  r e l a t i v e l y  l e s s  

abundant than i n  s i m i l a r  h a r v e s t s  from t h e  o t h e r  3 m o d e l s .  Cubs ana  

a d u l t s  a g e d  1 0 - 1 4  we re  r e l a t i v e l y  more numerous in Model DM h a r v e s t s ,  

because  the  most v u l n e r a b l e  s u b - a d u l t  a g e - c l a s s e s  had been more s e v e r  ly  

d e p l e t e d .  In c o n s t a s t ,  Model  ADM, t h e  most r e s i l i e n t  to  h a r v e s t ,  was 

c h a r a c t e r i z e d  by a p r e p o n d e r a n c e  o f  s u b - a d u l t s  among m a l e s ,  and had 

r e l a t i v e l y  fewer  a ni mal s  from the  l e s s  v u l n e r a b l e  a g e - c l a s s e s .  As wi th  

s u s t a i n e d  y i e l d s ,  Model  DOALL and DMADM w e r e  i n t e r m e d i a t e .  H a l e  

a g e - s t r u c t u r e s  f rom Model DDALL were s l i g h t l y  younger than from DMADM, 

probably  be caus e  o f  t h e  g r e a t e r  number o f  r e c r u i t s  a t  low d e n s i t i e s  

produced by d e n s i t y - d e p e n d e n t  n a t a l i t y  r a t e s .

P r o p o r t i o n  males  among the  4 models  d i f f e r e d ,  but  i n  a l l  c a s e s  

was l o w e r  w i t h  h e a v y  h a r v e s t s  than wi t h  l i g h t  h a r v e s t s  ( p < 0 . 0 0 1 ,  Table  

1 8 ) .  As w i t h  m a l e  a g e - d i s t r i b u t i o n s ,  p r o p o r t i o n  m a l e s  r e s p o n d e d  

p o s i t i v e l y  to  t h e  c o m p e n s a t i o n  a f f o r d e d  by d e n s i t y - d e p e n d e n t  n a t a l i t y  

( p < 0 . 0 0 5 ,  T a b l e  1 8 ) .  Under i n t e n s e  h a r v e s t ,  p r o p o r t i o n  m a l e s  was  

r e l a t i v e l y  h i g h er  in  the  2 Models wi t h  d e n s i t y - d e p e n d e n t  n a t a l i t y  (DDAI.L 

and ADM). However,  the  i n c l u s i o n  o f  a d i r e c t  l i n k  b e t w e n  a d u l t  male  

a b u n d a n c e  an d  s u b - a d u l t  m a l e  s u r v i v a l  s i g n i f i c a n t l y  r e d u c e d  t h e  

p r o p o r t i o n  males  a t  lower h a r v e s t  l e v e l s  ( p < 0 . 0 0 5 .  T a b l e  1 8 ) .  Lower 

h a r v e s t s  a l l o w e d  r e s t o r a t i o n  o f  the  a du l t  male  component as po p ul a t i on s
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F i g .  5 2 .  Mean m a l e  a g e - d i s t r i b u t i o n s ,  s h o w i n g  t h e  s u b t l e  
d i f f e r e n c e s  between the  4 S p e c i f i c  Models .  A l l  d i s t r i b u t i o n s  a r e  
h a r ve s t  samples  from o v e r h a r v e s t s  b e g i n n i n g  from 0.4K.
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TabLe 18.  Mean p r o p o r t i o n  males  ( v a l u e s  a r c s i n e d )  in h arves t  
a g e - s t r u c t u r e s  f o r  each o f  the  4 S p e c i f i c  Models.  Each mean i s  from 
10 r e p l i c a t e  s i m u l a t i o n s  a t  0 .7K,  p o p u l a t i o n  wi t h  t h e o r e t i c a l  K=600.  
The low h a r v e s t s  were  24 and 27,  the  2 l owe st  h a r v e s t s  at  0.7K f o r  
K»600,  The h igh  h a r v e s t s  were 48 and 51,  the  2 h i g h e s t  h a r v e s t s  a t  
0.7K f o r  K=600.

a.  Mean p r o p o r t i o n  males i ( a r c s i n e d ) .

S p e c i f i c  Model

DDALL DM ADM 1

Low Harvest  
High Harvest

5 6 . 6 5
51 . 50

5 6 . 1 4
50 .13

54 .36
51 .39

b.  ANOVA t a b l e

Source df MS F P

Harves t  l e v e l  1 
S p e c i f i c  Models 3

De n s i ty - d e p e nd e n t  v s .  
- i n de p e n d e n t  n a t a l i t y  

1
Adul t  male m o r t a l i t y  

f u n c t i o n  1 
I n t e r a c t i o n  3 
Error 72

45 9 . 7 3  1 83 . 5  
13 . 00  5 .2

14.37 5 .7

2 4 . 4 5  9 . 8  
8 . 3 6  3 . 3  
2 . 5 0

<0 . 0 0 1
<0.005

<0.025

<0.005
<0.025

T o t a l 79

DMADM

54.65
4 9 . 5 9
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r e c o v e r e d  coward e q u i l i b r i a .  Among the 2 t noae l s  w i t h  the  a i r e c t  l i n k  

(ADM a n d  DMADM), t h e  r e n e w e o  p r e s e n c e  o f  a d u l t  c a l e s  a p p a r e n t l y  

d e p r e s s e d  s u r v i v a l  o f  s u b - a d u l t  m a l e s ,  r e d u c i n g  t h e i r  a v a i l a o i l i t y  to  

t h e  h a r v e s t .  H a r v e s t  a g e - s t r u c t u r e s  from t h e s e  2 models  thus i n c l u c e c  

r e l a t i v e l y  more f e ma le s  as  p o p u l a t i o n s  r e c o v e r e a ,  a c c o u n t i n g  f o r  t h e  

s i g n f i c a n t  i n t e r a c t i o n  between the  2  components o f  p o p u l a t i o n  r e g u l a t i o n  

( Ta bl e  1 8 ) .
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Discr imina  c i o n  e t  D e c l i n i n g  ana £ Caole P o p ul a t i on s

I n  Che p r e v i o u s  s e c t i o n ,  I c h a r a c t e r i z e d  d i f f e r e n c e s  in  

a g e - s t r u c t u r e s  o f  d e c l i n i n g  and s t a b l e  g r i z z l y  bear p o p u l a t i o n s .  h e r e ,  

I q u a n t i f y  t h o s e  d i f f e r e n c e s  by ( 1 )  d e v e l o p i n g  an i n a e x  f o r  

d i s c r i m i n a t i o n  b e t w e e n  d e c l i n i n g  and s t a b l e  p o p u l a t i o n s ,  and ( 2 ) 

q u a n t i f y i n g  the  s e n s i t i v i t y  o f  the  i n d e x .  Because t h i s  i s  a management 

q u e s t i o n ,  o n l y  t h e  h a r v e s t  d a t a  ( i . e .  d a t a  t h a t  a r e  a v a i l a b l e  t o  a 

manager)  are  used .

D iscrim in an t F unction  A n a ly s is .

I u s e d  d i s c r i m i n a n t  f u n c t i o n  a n a l y s i s  (CFA) t o  s e p a r a t e  

a g e - s t r u c t u r e s  from d e c l i n i n g  and s t a b l e  p o p u l a t i o n s .  In g e n e r a t i n g  

d i s c r i m i n a n t  f u n c t i o n s ,  I used t he  l e a s t  v a r i a b l e  da t a:  p o p u l a t i o n s  wi th  

K*600,  i n  which a l l  s a m p l e s  c o n s i s t e d  o f  sums o f  f r e q u e n c i e s  from 3 

c o n s e c t i v e  y e a r s  ( * * y e a r - g r o u p s '*). To i n c r e a s e  sample  s i z e ,  data from 

a l l  4 S p e c i f i c  Models and from both c r o s s - s e c t i o n s  were p o o l e d .  L a t e r ,  

i n  t e s t i n g  t h e  b e h a v i o r  o f  t h e  d i s c r i m i n a n t  f u n c t i o n s ,  a l l  data were  

s u b d i v i d e d  i n t o  t h e i r  o r i g i n a l  components .  D i scr imi n a n t  f u n c t i o n w  we re  

g e n e r a t e d  from d a t a  f o r  e ac h  o f  t h e  3 y e a r - g r o u p s .  Of t h e  3 ,  t h e  

e q u a t i o n  g e n e r a t ed  from year - group 1 ( y e a r s  2 - 4 )  was c l e a r l y  t h e  mos t  

powerfu l  d i s c r i m i n a t o r ,  and i s  the  only  e q u a t i o n  d i s c u s s e d  f u r t h e r .  Thu 

e q u a t i o n s  f rom y e a r —g r o u p s  2 ( y e a r s  5 —7 )  and 3 ( y e a r s  S—1 0 )  a r e  

p r e s e n t e d  i n  Appendix 3,  a long  wi t h  e s t i m a t e s  o f  t h e i r  s e n s i t i v i t y .

The 10 a g e - s t r u c t u r e  s t a t i s t i c s  d e s c r i b e d  i n  T a b l e  2 w e r e

134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



c o n s i d e r e d  as a i s c r i m i n a c i n g  v a r i a b l e s .  The d i s c r i m i n a n t  f u n c t i o n  used 

7 o f  t h e  1 0 ,  l i s t e d  i n  d e c r e a s i n g  o r d e r  o f  t h e  m a g n i t u d e  o f  t i r . e i r  

s t a n d a r d i z e d  d i s c r i m i n a n t  f u n c t i o n  c o e f f i c i e n t s  ( T a b l e  1 9 ) .  Tnese  

c o e f f i c i e n t s  g i v e  t h e  r e l a t i v e  c o n t r i b u t i o n  o f  e a c h  v a r i a b l e  t o  the  

d i s c r i m i n a t i o n .

The d i s c r i m i n a n t  f u n c t i o n  was s i g n i f i c a n t  ( Wi l ks '  \  =0.7 24,  

^ 2 =  2 4 2 .  5 6 ,  d f  = 7 ,  p < 0 . 00 01 )  but f a i r l y  weak. The c a n o n i c a l  c o r r e l a t i o n  

was o n l y  0 . 5 2 6 ,  or about  27.6% o f  the t o t a l  v a r i a t i o n  e x p l a i n e d  by the 2 

groups .  Lower s c o r e s  were g i v e n  t o  d e c l i n i n g  p o p u l a t i o n s ,  h i gh e r  s co r es  

t o  s t a b l e  p o p u l a t i o n s .  Both  g r o u p s  a p p e a r e d  a p p r o x i m a t e l y  n o r m a l l y  

d i s t r i b u t e d  a l o n g  t h e  c a n o n i c a l  a x i s ,  bu t  t h e i r  v a r i a n c e - c o v a r i a n c e  

m a t r i c e s  were s i g n i f i c a n t l y  d i f f e r e n t  ( B o x ' s  M»187.4,  d f = 2 & l , 5 3 3 , 0 0 4 . 5 ,  

p < 0 . 0 0 0 1 ) .  The e q u a t i o n  c o r r e c t l y  p r e d i c t e d  222 o f  309 year- group 1 

samples  from s t a b l e  p o p u l a t i o n s  ( 7 1 . 8 % ) ,  and 316  o f  447 y e a r - g r o u p  1 

samples  from d e c l i n i n g  p o p u l a t i o n s  (70 .7%) .

I n te r p r e ta t io n  o f  the D iscrim in an t F u n ction .

V a r i a b l e s  r e f l e c t i n g  t h e  s e x  r a t i o  i n  t he  h a r v e s t  c o n t r i b u t e d  

more to  d i s c r i m i n a t i o n  than did  v a r i a b l e s  t h a t  r e f l e c t e d  p r o p o r t i o n s  o f  

y oun g  a n i m a l s  or  a v e r a g e  a g e s .  Of t h e  7 s t a n d a r d i z e d  c o e f f i c i e n t s ,  

p r o p o r t i o n s  m a l e s  among a d u l t s  (MFAD) had t h e  l a r g e s t  m a g n i t u d e ,  

p r o p o r t i o n  m a l e s  among a l l  ages  (MFALL) had t h e  3rd l a r g e s t .  The next  

most  i m p o r t a n t  d i s c r i m i n a t i n g  v a r i a b l e s  we r e  t h e  p r o p r t i o n s  o f  t h e  

h a r v e s t  c o n s i s t i n g  o f  sub—a d u l t s .  Sub—a d u l t s  among males  (MSUBAD) was 

2nd i n  magni tude and the  c o rr e sp on d i ng  p r o po r t i on  f o r  f e m a l e s  (fSUBAD)
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T a b l e  1 9 .  C o e f f i c i e n t s  f o r  the  d i s c r i m i n a n t  f u n c t i o n  d i s c u s s e d  in the  
t e x t .  See Table  2 f o r  formulae  and d e f i n i t i o n s  o f  each v a r i a b l e .

V a r i a b l e

MFAD
MSUBAD
MFALL
FSU6 AD
MMED
HXBAR
M58JUV
Constant

S t a nd a r di ze d
C o e f f i c i e n t

4 . 7 0 7 7 8  
3 .02743  

- 2 . 0 7 1 5 8  
- 1 . 7 6 2 7 9  

1 . 1 08 7 4  
- 0 . 8 1 7 0 1  
- 0  . 6  56 5 9

Unstandardized
C o e f f i c i e n t

0 . 6916965  
0 .4895483  

- 0 . 5 4 1 2 0 71  
- 0 . 3 4 3  0 5 5 8  

2 . 6227130  
- 1 . 5 7  84110 
- 0  . 066 8214 
- 1 3 . 5 3 5 1 6
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w a s  4 t h .  The 2 s t a t i s t i c s  o t  age among ma l e s ,  the  mecian (MI-iEC) aim cue 

mean (MXBAR), a l t h o u g h  i n c l u d e d  i n  t h e  d i s c r i m i n a n t  f u n c t i o n ,  were  

r e l a t i v e l y  u n i m p o r t a n t  d i s c r i m i n a t o r s  because  the  o ther  v a r i a b l e s  cooK 

t h e  r o l e  o f  i n d i c a t i n g  r e l a t i v e  m a l e  a g e .  The p r o p o r t i o n  o f  m a l e  

pr ime-aged a d u l t s  among pr ime-aged p l us  cubs (M5bJUV) c o nt r i b u t e d  l i t t l e  

t o  t he  d i s c r i m i n a n t  f u n c t i o n .

The s t a n d a r d i z e d  c o e f f i c i e n t s  (Table  19)  are  b e s t  i n t e r p r e t e d  in 

p a i r s :  MFAD and MFALL, MMED and MXBAR, and MSUBAD and FSUBAD. In so  

d o i n g ,  i t  i s  c l e a r  t h a t  the  d i s c r i m i n a n t  f u n c t i o n  i d e n t i f i e d  wnat appear  

to  be c o n t r a d i c t i o n s :  the 2  members o f  each p a i r  d i f f e r e d  i n  a l g e b r a i c  

s i g n .  T h a t  2 s t a t i s t i c s  m e a s u r i n g  s i m i l a r  t h i n g s  c o n t r i b u t e d  i n  

o p p os in g  d i r e c t i o n s  t o  t h e  d i s c r i m i n a n t  s c o r e  i s  c o u n t e r - i n t u i t i v e .  

N o t e ,  h o w e v e r ,  t h a t  t h e  p o s i t i v e  c o e f f i c i e n t  was a l w a y s  l a r g e r  i n  

a b s o l u t e  magnitude than the  n e g a t i v e  c o e f f i c i e n t .  T h u s ,  t h e  v a r i a b l e  

w i t h  t h e  p o s i t i v e  c o e f f i c i e n t  tended t o  dominate  when v a l u e s  f o r  both 

v a r i a b l e s  were s i m i l a r .  Over some range o f  raw v a l u e s ,  the 2 v a r i a b l e s  

c o u l d  c o n t r i b u t e  i n  o p p o s i t e  ways t o  the  d i s c r i m i n a n t  i n c e x ;  thus the  

i n t e r p l a y  between the  2  a l s o  p l ayed  a pa r t  i n  the  f i n a l  i nd ex .

D i s c r i m i n a n t  f u n c t i o n  s c o r e s  i n c r e a s e d  wi t h  h i gh er  MFAD v a l u e s .  

That  i s ,  h i g h e r  p r o p o r t i o n  m a l e s  among a d u l t s  l e d  t o  s c o r e  v a l u e s  

i n d i c a t i n g  s t a b i l i t y ,  w h i l e  lower p r o p o r t i o n  males  among a c u l t s  l ed tc  

s c o r e s  i n d i c a t i n g  d e c l i n e .  In seeming c o n t r a d i c t i o n ,  the  c o e f f i c i e n t  of  

MFALL was n e g a t i v e ,  i n d i c a t i n g  t h a t  lower p r o p r t i o n s  o f  males  among a l l  

a g e - c l a s s e s  r e f l e c t e d  s t a b l e  p o p u l a t i o n s .  Most  o f t e n ,  MFAD was n o t  

i n d e p e n d e n t  o f  MFALL, b e c a u s e  a d u l t s  w e r e  a s u b - s e t  of  a l l  a n i mal s .  

However,  MFAD and MFALL could be  i ndependent  t o  t he  d e g r e e  t h a t  a c u l t s
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w e r e  a s m a l l  p r o p o r t i o n  o f  t h e  t o t a l  h a r v e s t .  When most k i l l s  were c f  

a d u l t s ,  MFAD and MFALL had t o  be s i m i l a r ,  and t h e  l a r g e r  c o e f f i c i e n t  of  

MFAD d o m i n a t e d .  But when t h e  hunt c o n t a i n e d  few a d u l t s ,  MFAD and MFALL 

c o u l d  d i f f e r  f rom e a c h  o t h e r .  In t h i s  s i t u a t i o n ,  MFALL r e f l e c t e d  

p r i m a r i l y  t h e  s e x  r a t i o  among s u b - a d u l t s  and c u b s  i n  t h e  h a r v e s t .  

A g e - s t r u c t u r e s  w i t h  low MFAD and h i g h  MFALL v a l u e s  ( i n d i c a t i n g  d e c l i n e )  

c o n t a i n e d  m o s t l y  young m a l e s ,  a l o n g  w i t h  a few o l d  f e m a l e s ,  o f t e n  c i t e d  

as  an i n d i c a t o r  o f  o v e r - h a r v e s t  i n  u n g u l a t e  p o p u l a t i o n s  ( F r a s e r  1976 , 

R e i m e r s  197 5 ) .  A g e - s t r u c t u r e s  w i t h  h i gh  MFAD and low MFALL ( i n d i c a t i n g  

s t a b i l i t y )  a l s o  had many more s u b - a d u l t s  t h a n  a d u l t s  ( t o  p e r m i t  

i n d e p e n d e n c e  o f  t h e  2  v a r i a b l e s ) ,  but a r e l a t i v e l y  l a r g e r  p r o p o r t i o n  of  

t h e  f ew a d u l t s  p r e s e n t  w e r e  m a l e s .  The p r e s e n c e  o f  o l d  m a l e s  i n  a 

h a r v e s t  i s  o f t e n  c i t e d  as  e v i d e n c e  o f  a s u s t a i n a b l e  hunt ( Troyer  1 9 6 1 ) .  

Thus t he  2 s e x - r a t i o  v a r i a b l e s ,  by v i r t u e  o f  t h e i r  o p p o s i n g  c o e f f i c i e n t  

s i g n s ,  a l s o  c o n t a i n e d  i n f o r m a t i o n  a b o u t  t he  a d u l t  t o  s u b - a d u l t  r a t i o  

among b ot h  s e x e s .

The r e l a t i o n s h i p  be tween MMED and MXBAR was a n a l o g o u s  t o  t h a t  o f  

MFAD and MFALL. The median male  age  was h i gh  in  s t a b l e  p o p u l a t i o n s  and  

l o w  i n  d e c l i n i n g  p o p u l a t i o n s .  The mean m a l e  a g e ,  w h i l e  a w e a k e r  

d i s c r i m i n a t o r ,  a p p e a r e d  t o  do j u s t  t h e  o p p o s i t e .  In  g e n e r a l ,  o n e  

e x p e c t s  means and medians  t o  be h i g h l y  c o r r e l a t e d ,  but ,  in a d i s t i b u t i o n  

t h a t  i s  skewed t o  t h e  r i g h t ,  t h ey  become l e s s  so a s  t h e  d i s t r i b u t i o n ' s  

v a r i a n c e  i n c r e a s e s .  A l l  g r i z z l y  bear  h a r v e s t  a g e - d i s t r i b u t i o n s  examined  

i n  t h i s  t h e s i s  were  skewed t o  t h e  r i g h t .  T h e s e  h i g h l y  s k e w e d ,  h i g h l y  

v a r i a b l e  d i s t r i b u t i o n s  o f  m a l e s  r e s u l t e d  i n  low medians  r e l a t i v e  to  

means ,  and low ( d e c l i n i n g )  d i s c r i m i n a n t  f u n c t i o n  s c o r e s .  D e c l i n i n g
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d i s t r i b u t i o n s  r e f l e c t e d  t h e  predomi nance  o f  both v e r y  young ana o l d e r  

a d u l t  m a l e s  i n  t h e  h a r v e s t  a s  t h e  m o s t  v u l n e r a b l e  s u b - a d u l t s  w e r e  

d e p l e t e d .  C o n v e r s e l y ,  m a l e  a g e - d i s t r i b u t i o n s  from s t a b l e  p o p u l a t i o n s  

had medians  c l o s e  t o  t h e i r  means,  i n d i c a t i v e  o f  d i s t r i b u t i o n s  w i t h  l e s s  

v a r i a n c e  and more n e a r l y  s y m me t r i ca l  s ha pe .  These s t a b l e  d i s t r i b u t i o n s  

r e f l e c t e d  t h e  p r e p o n d e r a n c e  o f  t h e  h i g h l y  v u l n e r a b l e  s u b - a d u l t  a ge  

c l a s s e s .

The  d i f f e r e n c e  i n  s i g n  b e t w e e n  MSUBAD and FSUBAD was l e s s  

c o m p l e x ;  a s  n o t e d  e a r l i e r ,  m a l e  and f e m a l e  a g e - d i s t r i b u t i o n s  a c t e d  

i n d e p e n d e n t l y .  With o v e r h a r v e s t ,  age s  o f  males  and o f  f e ma l e s  moved in  

o p p o s i t e  d i r e c t i o n s .  However,  the  p o s i t i v e  s i g n  o f  MSUBAD's c o e f f i c i e n t  

r e q u i r e s  some e x p l a n a t i o n .  The e f f e c t  i s  t h a t  d e c l i n i n g  p o p u l a t i o n s  had 

f e wer  s u b - a d u l t s  i n  m a l e  h u n t e r - k i l l  a g e - d i s t r i b u t i o n s ,  and s t a b l e  

p o p u l a t i o n s  more  s u b - a d u l t s .  T h i s  s e e m s  t o  c o n t r a d i c t  t he  g e n e r a l l y  

younger  male  a g e - d i s t r i b u t i o n s  e x p e c t e d  w i t h  o v e r h a r v e s t .  C o n s i d e r ,  

however ,  t h a t  a s  d e c l i n i n g  p o p u l a t i o n s  were  d e p l e t e d  o f  s u b - a d u l t  m a l e s ,  

o l d e r  mal e s  became v u l n e r a b l e  f i r s t .  On l y  a f t e r  t h e  o v e r h a r v e s t  had  

p r o c e e d e d  l o n g  e n o u g h  t o  d e p l e t e  o l d e r  m a l e s  a s  w e l l  d i d  m a l e  

a g e - s t r u c t u r e s  s h i f t  back towards  t h e  v e r y  young m a l e s ,  who t h e n  became  

v u l n e r a b l e  d e s p i t e  t h e i r  l e g a l  p r o t e c t i o n  b ec au s e  t h e y  were r e l a t i v e l y  

so numerous .  The h a r v e s t  o f  f e m a l e s  i n t e n s i f i e d  o n l y  a f t e r  m a l e s  had  

d e c l i n e d ;  a t  t h i s  p o i n t ,  s u b - a d u l t  f e m a l e s  were h a r v e s t e d  be caus e  they  

we r e  more v u l n e r a b l e  t h a n  a d u l t - f e m a l e s . Onl y  w i t h  o v e r h a r v e s t  d i d  

f e m a l e s  c o n t r i b u t e  s u b s t a n t i a l l y  to t h e  t o t a l  h a r v e s t ,  and t h e  g r e a t e r  

v u l n e r a b i l i t y  o f  s u b - a d u l t s  l e d  t o  h i g h e r  FSUBAD v a l u e s ,  t h u s  l o w e r  

s c o r e s .
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N o t e w o r t h y  a l s o  i n  t he  d i s c r i m i n a n t  f u n c t i o n  was the  a bsence  of  

e i t h e r  o f  the  d i r e c t  measures  o f  a ve rage  f e m a l e  a g e .  V a r i a b l e s  FMED and 

FXBAR, a s  w e l l  as  F58JUV, f a i l e d  t o  improve t he  d i s c r i m i n a t i o n ,  so were  

o m i t t e d .  T h e ir  a b s e n c e  was c o n s i s t e n t  w i t h  the  v e r y  weak c o r r e l a t i o n  of  

f e m a l e  age  w i t h  p o p u l a t i o n  s i z e ,  s ee n  e a r l i e r .

Power o f  Che D iscr im in a n t F u n ction

As  p r e s e n t e d  i n  t h e  M e t h o d s  s e c t i o n ,  t h e  p o w e r  o f  t h e  

d i s c r i m i n a n t  f u n c t i o n  was d e f i n e d  as  i t ' s  a b i l i t y  t o  c o r r e c t l y  c l a s s i f y  

s t a b l e  p o p u l a t i o n s ,  g i v e n  a p r o b a b i l i t y  o f  m i s c l a s s i f y i n g  d e c l i n i n g  

p o p u l a t i o n s .  V i e w e d  a n o t h e r  w ay ,  t h e  power  s u m m a r i z e d  i n  a s i n g l e  

number t h e  o v e r a l l  d i f f e r e n c e  between a g e - s t r u c t u r e s  o f  d e c l i n i n g  and 

s t a b l e  p o p u l a t i o n s .

T h e  p o w e r  o f  t h e  d i s c r i m i n a n t  f u n c t i o n  t o  c l a s s i f y  s t a b l e  

p o p u l a t i o n s  i n  t h e  a b s e n c e  o f  any o t h e r  i n f o r m a t i o n  was g e n e r a l l y  p o o r .  

The g r e a t e s t  p o w e r  o c c u r r e d  f o r  p o p u l a t i o n s  w i t h  K=60C, where a l l  data  

c o n s i s t e d  o f  3 - y e a r  summed a g e - c l a s s  f r e q u e n c i e s  ( y e a r - g r o u p s ) .  

E s t i m a t e d  power  r a n g e d  f ro m 3 7% from Model AI Î t o  58% f o r  Model DKADM 

( T a b l e  2 0 ) .  Power was c o n s i d e r a b l y  reduced i f  the  same dat a  were  v i ewed  

a s  s e p a r a t e  d a t a  s e t s  f rom i n d i v i u d a l  y e a r s  ( T a b l e  2 1 ) ,  Viewed t h i s  

way,  t h e  most  p o w e r fu l  d i s c r i m i n a t i o n  was  a g a i n  w i t h  d a t a  f r o m Model  

DKADM, (22%),  Che l e a s t  from Model BDALL (13%).

D i s c r i m i n a t i o n  be tween  d e c l i n e  and s t a b i l i t y  in  s m a l l e r  (K = 2CiO) 

p o p u l a t i o n s  was  e v e n  l e s s  p o w e r f u l .  As w i t h  t h e  l a r g e r  p o p u l a t i o n s ,  

combin ing  age  f r e q u e n c i e s  i n t o  y e a r - g r o u p s  i m p r o v e d  t h e  power  o f  - t h e
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T ab le  2 0 .  Power o f  t h e  d i s c r i m i n a n t  f u n c t i o n  f o r  h a r v e s t  samples  
from p o p u l a t i o n s  w i t h  K=600,  Each sample  c o n s i s t e d  o f  a y e a r - g r o u p  
made up o f  t h e  summed a g e - c l a s s  f r e q u e n c i e s  from 3 c o n s e c u t i v e  y e a r s .  
The e x p e c t e d  Type I e r r o r  was 0 . 1 0 .

S p e c i f i c  Model n C r i t i c a l  Value a Power (%)

DDALL 560 1 . 0 8 4 1 5 0 . 0 9 1 4 9 . 2
DM 522 0 . 9 5 5 4 0 0 . 0 7 2 4 9 . 1
ADM 550 1 . 1 6 9 4 6 0 . 0 8 0 3 7 . 3
DMA DM 554 0 . 6 7  942 0 . 1 0 1 58 .3

T a b l e  2 1 .  Power o f  t h e d i s c r i m i n a n t  f u n c t i o n  f o r h a r v e s t samp
from p o p u l a t i o n s  w i t h  K=600.  Each sample c o n s i s t e d  o f  a s i n g l
The e x p e c t e d  Type I e r r o r  was 0 . 1 0 .

S p e c i f i c  Model n C r i t i c a l  Value . a Power (%)

DDALL 1S35 3 . 8 3 3 3 4 0 . 0 6 1 13.3
DM 1706 3 . 3 6 0 9 3 0 . 0 6 6 1 6 . 2
ADM 1809 3 . 4 3 3 7 4 0 . 0 6 4 1 6 . 0
DMADM 1817 2 . 9 4 8 4 1 0 . 0 6 2 2 2 . 2
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t e s t .  P o p u l a t i o n s  w i t h  K=200 were  d i s c r i m i n a t e d  w i t h  roughl y  the  same 

power as  t h o s e  from K=600 p o p u l a t i o n s  i n  w h i c h  i n d i v i d u a l  y e a r s  we re  

t r e a t e d  a s  samples  ( Ta b l e  2 2 ) .  Smal l  p o p u l a t i o n s  i n  which c a t a  had net  

been grouped by 3 c o n s e c u t i v e  y e a r s  were  t h e  most  d i f f i c u l t  t o  c o r r e c t l y  

c l a s s i f y  ( T a b l e  2 3 ) .  Note  t h a t  i n  t h i s  c a s e ,  even t h e s e  low e s t i m a t e s  

o f  power a r e  t o o  h i g h ,  b e c a u s e  t h e  Type  I e r r o r s  w e r e  c o n s i s t e n t l y  

h i g h e r  than the  p r e d i c t e d  ot o f  0 . 1 0 .

The amount o f  s e p a r a t i o n  be tween  a g e - s t r u c t u r e s  o f  d e c l i n i n g  ana 

s t a b l e  p o p u l a t i o n s  was g e n e r a l l y  s i m i l a r  among t h e  4 S p e c i f i c  M o d e l s .  

D i s c r i m i n a t i o n  t e n d e d  t o  be m o s t  p o w e r f u l  w i t h  d a t a  s e t s  from Model  

DMADM and l e a s t  power f u l  w i t h  d a t a  s e t s  from Model DDALL.

A g e - s t r u c t u r e s  f rom d e c l i n i n g  and s t a b l e  p o p u l a t i o n s  were more 

d i s t i n c t  -  and the  d i s c i m i n a n t  f u n c t i o n  more  p o w e r f u l l y  d e t e c t e d  t h e  

d i s t i n c t i o n s  -  i f  the  p o p u l a t i o n s  b e i n g  compared d i f f e r e d  more from each  

o t h e r  i n  h a r v e s t  i n t e n s i t y  and i n  t he  t i m e  t h e y  had b e e n  s u b j e c t e d  t o  

t h e  d i f f e r i n g  h a r v e s t  i n t e n s i t y .  S u b - d i v i d i n g  t h e  d a t a  s e t s  by 

y e a r - g r o u p ,  c r o s s - s e c t i o n ,  and h a r v e s t  p r e s s u r e  r e f l e c t e d  i m p r o v e m e n t s  

in d i s c r i m i n a t i o n  a c c u r a c y .

E a r l i e r ,  p o p u l a t i o n s  g e n e r a t e d  by Model DKADM were s ee n  to  be 

c l a s s i f i e d  wi th  a maximum o f  about  58% power.  However ,  d i s c r i m i n a t i o n  

o f  Mode l  DMADM p o p u l a t i o n s  was more p o w e r f u l  when data  were s u b - d i v i a e d  

i n t o  s i n g l e  y e a r - g r o u p s .  A d d i t i o n a l l y ,  power  i n c r e a s e d  w i t h  e a c u  

y e a r - g r o u p ,  b e c a u s e  d e c l i n i n g  p o p u l a t i o n s  c o nt i n ue d  t o  d e c l i n e  w h i l e  

s t a b l e  p o p u l a t i o n s  r e c o v e r e d  toward e q u i l i b r i a  (Table  2 4 ) .

H a r v e s t  a g e - s t r u c t u r e s  f rom d e c l i n i n g  and s t a b l e  p o p u l a t i o n s  

d i v e r g i n g  from t h e  lower  ( 0 . 4 K )  c r o s s - s e c t i o n  w e r e  more d i s t i n c t  f rom
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Ta bl e  2 2 .  Power o f  t h e  d i s c r i m i n a n t  f u n c t i o n  f o r  h a v e s t  samples  from 
p o p u l a t i o n s  w i t h  K*200.  Each sample  c o n s i s t e d  o f  a y e a r - gr ou p  made 
up o f  t h e  summed a g e - c l a s s  f r e q u e n c i e s  from 3 c o n s e c u t i v e  y e a r s .  The 
e x p e c t e d  Type I e r r o r  was 0 . 1 0 ,

S p e c i f i c  Model n C r i t i c a l  Value a Power (%)

DDALL 491 3 . 4 7  562 0 . 0 6 0 1 5 . 4
DM 531 3 . 1 8 7 4 7 0 . 0 9 4 2 2 . 8
ADM 534 2 . 7 1 27 3 0 . 0 9 4 2 2 . 9
DMADM 534 2 . 9 3 6 7 7 0 . 0 7 4 2 5 . 8

T ab l e  2 3 .  Power o f  t h e d i s c r i m i n a n t  f u n c t i o n  f o r h a r v e s t  sample
from p o p u l a t i o n s w i t h  K- 2 0 0 .  Each sample c o n s i s t e d  o f  a s i n g l e  ;
The e x p e c t e d  Type I e r r o r  was 0 . 1 0 .

S p e c i f i c  Model n C r i t i c a l  Value a Power (%)

DDALL 1611 1 2 . 1 44 9 6 0 . 1 1 1 1 7 . 4
DM 1747 1 1 . 3 5 3 2 2 0 . 1 3 9 2 0 . 0

ADM 1763 1 1 . 44 5 6 7 0 . 1 3 7 1 9 . 4
DMADM 1746 1 0 . 8 0 4 5 8 0 . 1 2 8 2 3 . 0
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Ta bl e  2 4 .  Power o f  t h e  d i s c r i m i n a n t  f u n c t i o n  as  a p p l i e d  1 y ea r - g ro u p
=600. Thea t  a t i m e .  Data a r e  from Model  

e x p e c t e d  Type I e r r o r  i s  0 . 1 0 .
DMADM, t h e o r e t i c a l

Year-group Years n a Power

1 2 - 4 193 0 . 1 1 6 5 8 . 3
2 5-7 193 0 . 1 0 7 6 2 . 5
3 8 - 1 0 1 6 8 1 ) 0 . 0 8 3 6 3 . 9

1) Sample s i z e s  i n  f i n a l  y e a r - g r o u p s  a r e  s m a l l e r  because  some 
d e c l i n i n g  p o p u l a t i o n s  h a ve  a l r e a d y  gone  e x t i n c t  and ar e  n o t  i n c l u d e d .
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each o t h e r  than were  t h ose  a t  t h e  upper (C.7K) c r o s s - s e c t i o n  (Ta bl e  2 5 ) .  

The d i f f e r e n c e  r e s u l t e d  f rom t h e  mor e r a p i d  d i v e r g e n c e  o f  t h e  2 

t r a j e c t o r i e s  a t  t he  lower  c r o s s - s e c t i o n .  At 0 .4K,  d e c l i n i n g  p o p u l a t i o n s  

were  d e p l e t e d  q u i c k l y  but s t a b l e  p o p u l a t i o n s  grew f o r  many y e a r s  u n t i l  

t h e y  r e a c h e d  s t a b l e  e q u i l i b r i a .  At  0 . 7 K ,  d e c l i n i n g  p o p u l a t i o n s  

d e c r e a s e d  s l o w l y ,  w h i l e  s t a b l e  p o p u l a t i o n s  grew l i t t l e  b e c a u s e  o f  t h e i r  

p r o x i m i t y  t o  t h e i r  e v e n t u a l  s t a b l e  e q u i l i b r i a .

At  b o t h  c r o s s - s e c t i o n s ,  d e c l i n i n g  a n d  s t a b l e  h a r v e s t  

a g e - s t r u c t u r e s  d i f f e r e d  more  f r o m  e a c h  o t h e r  i f  o nl y  the  extremes  o f  

h a r v e s t  i n t e n s i t i e s  were  compared t h a n  i f  a l l  h a r v e s t s  w e r e  i n c l u d e d  

( T a b l e  2 5 ) .  D i s c r i m i n a t i o n  w a s  w e a k  w he n  e x a m i n i n g  o n l y  t h o s e  

p o p u l a t i o n s  whose h a r v e s t  l e v e l s  w e r e  i n  t h e  p r o b a b i l i t y  band o f  t h e  

SYC. D i s c r i m i n a t i o n  power was g r e a t e s t  (about  8 6 %) when comparing o n l y  

p o p u l a t i o n s  a t  0 .4K t ha t  were s u b j e c t e d  t o  e i t h e r  v e r y  high o r  v e r y  l o w  

h a r v e s t  l e v e l s .  The weakes t  d i s c r i m i n a t i o n  (about  31%) was among 0.7K 

p o p u l a t i o n s  whose h a r v e s t  l e v e l s  w e r e  i n  t h e  p r o b a b i l i t y  band o f  t h e  

SYC.

I n  a d d i t i o n  t o  d i f f e r e n t i a t i n g  d e c l i n i n g  and s t a b l e  s y s t e ms  

i n i t a l l y  a t  t h e  same c r o s s - s e c t i o n ,  t h e  d i s c r i m i n a n t  f u n c t i o n  a l s o  

d i f f e r e n t i a t e d  d e c l i n i n g  from s t a b l e  p o p u l a t i o n s  t h a t  were s u b j e c t e d  t c  

t h e  i d e n t i c a l  h a r v e s t  l e v e l  but from d i f f e r e n t  c r o s s - s e c t i o n s  ( F i g .  5 3 ) .  

P o w e r  w a s  g e n e r a l l y  g r e a t e r  when c o n t r a s t i n g  p o p u l a t i o n s  a c r o s s  

c r o s s - s e c t i o n s  than a c r o s s  h a r v e s t  l e v e l s  ( T a b l e  2 6 ) .  The c l e a r e s t  

d i s c r i m i n a t i o n  f o u n d  i n  any  t e s t  (96%,  w i t h  = 0 . 1 Ü )  was be tween  

c r o s s - s e c t i o n  0 .4K and 0.7K p o p u l a t i o n s  i n  w h i c h  a l l  p o p u l a t i o n s  w e r e  

s u b j e c t e d  t c  a h a r v e s t  l e v e l  o f  33 or 36 a n i ; . i a l s / y e a r ,
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1.0N / K

F i g ,  53.  A s c h e m a t i c  diagram o f  a s u s t a i n e d  y i e l d  c u r v e ,  s h o w i n g  
t h e  c o m p a r i s o n s  made b e t w e e n  a g e - s t r u c t u r e s  o f  p o p u l a t i o n s  a t  
d i f f e r e n t  c r o s s - s e c t i o n s  s u b j e c t e d  t o  the  same h a r v e s t  l e v e l .  a .  
P o p u l a t i o n s  a b o v e  p r o b a b i l i t y  band a t  0.4K but w i t h i n  i t  a t  0 . 7K.  
b.  P o p u l a t i o n s  a b o v e  p r o b a b i l i t y  band a t  0 . 4 K  and b e l o w  i t  a t
0 . 7 K .  c .  P o p u l a t i o n s  w i t h i n  p r o b a b i l i t y  band a t  0 . 4 k  and be low i t  
a t  0 . 7K.  Comparisons  a t  p o i n t  ' b '  were t he  most  s e n s i t i v e .
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T a b l e  2 5 .  Power o f  t h e  d i s c r i m i n a n t  f u n c t i o n ,  comparing 0.4K anc  
0 . 7K ,  and h a r v e s t  i n t e n s i t i e s .  Data a r e  from Model DMADM, 
t h e o r e t i c a l  K=600.  The e x p e c t e d  Type I e r r o r  i s  0 . 1 0 .

C r o s s - S e c t i o n Harves t  l e v e l  n a Power (%)

Q.4K A l l  254 0 . 1 0 3 73 . 3
<=18,  >=30 182 0 . 0 8 4 86.3
>18,  <30 72 0 . 2 8 6 55 . 6

0.7K A l l  300 0 . 1 1 1 50 .6
<=33,  >=45 210 0 . 1 0 8 64 . 1
>33,  <45 90 0 . 1 1 8 3 0 . 8

Ta bl e  26.  Power o f  t h e  d i s c r i m i n a n t f u n c t i o n  t o  d i f f e r e n t i a t e
h a r v e s t  samples from p o p u l a t i o n s  w i t h i d e n t i c a l h a r v e s t s  a t
c r o s s - s e c t i o n s 0.4K and 0 .7 K .  Data a r e  from Model DMADM, t h e o r e t i c a l
K=600,  and t h e e x p e c t e d  Type I e r r o r i s  0 . 1 0 . Codes r e f e r  t o  F i g .
53.

Ha r ve s t s n Code Power

27-30 1 2 0  0 . 1 0 0 a 6 6 . 7
3 3- 3 6 113 0 . 1 0 1 b 9 6 . 2
3 9-42 102 0 . 0 7 1 c 4 4 . 4
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a bove  t h e  p r o b a b i l i t y  band a t  Ü. 4K ana b e l o w  i t  a t  U . 7::. J o c r  

r ed u c e d  when t h e  h a r v e s t e d  l e v e l  o c cu r re d  w i t h i n  the  p r o b a b i l i t y  bana a t  

e i t n e r  c r o s s - s e c t i o n .

D is c r im in a t io n  U sing  S in g le  V a r ia b le s

None o f  t he  7 v a r i a b l e s  d i s c r i m i n a t e d  as p o w e r f u l l y  when a p p l i e a  

s e p a r a t e l y  a s  d i d  a l l  7 when c o n s i d e r e d  t o g e t h e r  i n  the  d i s c r i m i n a n t  

f u n c t i o n .  Us i ng  t h e  same Model DMADM dat a  t h a t  r e s u l t e d  in an e s t i m a t e a  

d i s c r i m i n a t i o n  po we r  o f  58% when u s i n g  the  d i s c r i m i n a n t  f u n c t i o n ,  the  

maximum power o b t a i n e d  u s i n g  a s i n g l e  s t a t i s t i c  was about  42% w i t h  MFALL 

( T a b l e  2 7 ) .  The o t h e r  6  s t a t i s t i c s  v a r i e d  in t h e i r  power from 39% to  

none  a t  a l l .

T h e  r e l a t i v e  a b t i l i t i e s  o f  t h e  7 v a r i a b l e s  t o  s e p a r a t e l y  

d i f f e r e n t i a t e  d e c l i n e  f r o m  s t a b i l i t y  ( i . e .  t h e i r  r a n k  o r d e r  o f  

e f f e c t i v e n e s s )  was  n o t  t h e  same as  t h e i r  r e l a t i v e  c o n t r i b u t i o n s  t o  t he  

d i s c r i m i n a n t  f u n c t i o n s  as  i n d i c a t e d  by t h e i r  s t a n d a r d i z e d  c o e f f i c i e n t s .  

The d i s c r e p a n c y  r e s u l t s  from t he  m u l t i v a r i a t e  n a t ur e  o f  t he  d i s c r i m i n a n t  

f u n c t i o n .  B e c a u s e  s i m i l a r  i n f o r m a t i o n  a b o u t  an a g e - s t r u c t u r e  i s  

c o n t a i n e d  i n  more  t h a n  1 v a r i a b l e ,  t h e  importance  t o  t he  d i s c r i m i n a n t  

f u n c t i o n  o f  any 1 i s  o n l y  what  new i n f o r m a t i o n  i t  c o n t r i b u t e s  i n  t h e  

p r e s e n c e  o f  a l l  t h e  o t h e r s .  W i t h  e a c h  v a r i a b l e  d i s c r i m i n a t i n g  

i n d e p e n d e n t l y ,  the  o r d e r  o f  v a r i a b l e s  i n  Tabl e  27 i s  a b e t t e r  r e f l e c t i o n  

o f  t h e i r  r e l a t i v e  u s e f u l n e s s  f o r  d i s c r i m i n a t i n g  Model DKADM p o p u l a t i o n s .

U sin g  th e  D isc r im in a n t F u n ction  a s  an Index to  D e c lin e
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Tabl e  2 7 ,  Power o f  i n d i v i d u a l  d i s c r i m i n a t i n g  v a r i a b l e s .  Data are  
t i o n  Model  DMADM, t h e o r e t i c a l  K=600; e x p e c t e d  Type I e r r o r  i s  0 . 1 0 .

C r i t i c a l  Value

V a r i a b l e Transformed Untransformed a Power

MFALL 4 7 . 6 0 0 . 5 4 5 0 . 0 6 8 4 1 . 7
MFAD 5 0 . 0 0 0 . 5 8 7 0 . 0 9 8 3 8 . 9
FSUBAD 4 7 . 2 2 0 . 5 3 8 0 . 0 9 2 15 .3
MMED 2 . 6 2 2 . 6 1 5 0 . 0 9 2 1 4 . 4
M58JUV 1 6. 27 0 . 0 7 9 0 . 1 5 7 1 0 . 2

MXBAR 3 . 5 8 3 . 5 8 1 0 . 0 9 5 4 . 2
MSUBAD 5 9 . 4 9 0 . 7 4 2 0 . 0 9 5 0 . 0

(%)
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A g e - s t r u c t u r e s  from 3 c o n s e c u t i v e  y e a r s  o f  data s hou l d  be sunneu  

t o  c r e a t e  y e a r - g r o u p s .  The l o s s  i n  t empora l  s e n s i t i v i t y  t o  d e c l i n e  by 

l u m p i n g  d a t a  i s  more  t h a n  c o m p e n s a t e d  by t h e  r e d u c e d  v a r i a b i l i t y  

a s s o c i a t e d  w i t h  l a r g e r  sample  s i z e s ,  and by the  b e t t e r  r e p r e s e n t a t i o n  o f  

t h e  3 - y e a r  c y c l e s  c h a r a c t e r i s t i c  o f  g r i z z l y  bear r e p r o d u c t i v e  b i o l o g y .  

The 7 summary s t a t i s t i c s  are  then computed,  as  shown i n  T a b l e  2 .  Each  

i s  m u l t i p l i e d  by i t s  u n s t a n d a r d i z e d  c o e f f i c i e n t ,  and t he  p r od u ct s  a r e  

summed and t he  c o n s t a n t  i s  added.  The r e s u l t i n g  ind ex  i s  the  c a n o n i c a l  

s c o r e  f o r  t h a t  p o p u l a t i o n .

T h e  c r i t i c a l  p o i n t  t o  d i f f e r e n t i a t e  d e c l i n e  v s .  s t a b i l i t y  

depends  on the  p o p u l a t i o n  s i z e ,  t yp e  o f  p o p u l a t i o n  r e g u l a t i o n  o p e r a t i n g  

( i . e .  S p e c i f i c  M o d e l ) ,  y e a r s  o f  h a r v e s t ,  and o t h e r  f a c t o r s  d e s c r i b e d  

e a r l i e r .  Knowing a l l  t h e s e  f a c t o r s  i s  i m p o s s i b l e ;  i f  a b i o l o g i s t  knew  

t h em ,  an a g e - s t r u c t u r e  i n d e x  t o  d e c l i n e  would n o t  be n e c e s s a r y .  As a 

r o u g h  g u i d e  t o  i n s u r e  t h a t  t h e  p r o b a b i l i t y  o f  m i s i d e n t i f y i n g  a 

p o p u l a t i o n  a c t u a l l y  i n  d e c l i n e  i s  10% o r  l e s s ,  I s u g g e s t  a c r i t i c a l  

p o i n t  o f  0 , 8 5  f o r  h a r v e s t  s a m p l e  s i z e s  i n  t h e  r a n g e  1 5 - 5 1 / y e a r  ( t h e  

m o d e l e d  p o p u l a t i o n  w i t h  an u n h a r v e s t e d  e q u i l i b r i u m  l e v e l  o f  about  600)  

and 3 . 0  f o r  h a r v e s t  s a m p l e  s i z e s  i n  t h e  r a n g e  5 - 1 7 / y e a r  ( m o d e l e d  

p o p u l a t i o n  w i t h  an  u n h a r v e s t e d  e q u i l i b r i u m  l e v e l  o f  a b o u t  2 0 0 ) .  

C l e a r l y ,  t h e o r e t i c a l l y  o p t i m a l  c r i t i c a l  p o i n t s  v a r y  c o n t i n u o u s l y  w i t h  

s a m p l e  s i z e ,  b u t  b e c a u s e  s i m u l a t i o n s  w e r e  c o n d u c t e d  a t  o n l y  2  

e q u i l i b r i u m  p o p u l a t i o n  s i z e s ,  t h e s e  c r i t i c a l  p o i n t s  ar e  the o n l y  2 I can 

q u a n t i f y .

The power o f  t h i s  t e s t  i s  low.  For the  l a r g e r  sample  s i z e s ,  the
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e s t i m a t e d  power  a t  #  = 0 . 1 0  i s  j u s t  o v e r  50% ( T a b l e  2 b ) .  For t h e  

s m a l l e r  samples  s i z e s ,  power i s  o n l y  about  22% ( T a bl e  2 9 ) ,

Conf irm at ion  T e s t s

To f u r t h e r  t e s t  t h e  p r o c e d u r e ,  I u s e d  i t  t o  p r e d i c t  group  

membership f o r  3 a d d i t i o n a l  s i m u l a t e d  d a t a  s e t s  t h a t  w e r e  n o t  u s e d  in  

d e v e l o p i n g  t h e  d i s c r i m i n a n t  f u n c t i o n .

1 .  Mode l  DM p o p u l a t i o n s  w i t h  K=600,  3 c r o s s - s e c t i o n s ,  3 hunt  

l e v e l s .  The d a t a  were  c r e a t e d  by the  same p r o c e d u r e  u s e d  t o  g e n e r a t e  

SYCs.  For  s i m p l i c i t y ,  p o p u l a t i o n s  w e r e  s u b j e c t e d  t o  o n l y  3 h arves t  

l e v e l s :  2 4 ,  30 and 39 .  U n l i k e  t h e  SYC d a t a ,  a g e - s t r u c t u r e  d a t a  we re  

c o l l e c t e d  f o r  25 y e a r s  ( a s  o p p o s e d  t o  o n l y  10 in  t h e  SYC r u n s ) ,  ana a 

3rd c r o s s - s e c t i o n ,  0 .95K -  w e l l  t o  t h e  r i g h t  o f  N^gy,  was used .

R e l i a b i l i t y  o f  d i s c r i m i n a t i o n  was  g e n e r a l l y  s i m i l a r  t o  t h e  

e a r l i e r  t e s t s  f o r  Model  DM ( T a b l e  3 0 ) .  Type  I e r r o r s  t e n d e d  to  be 

h i g h e r  than e x p e c t e d  f o r  p o p u l a t i o n s  a t  0 . 9 5 K .  Many 0 . 9 5 K  p o p u l a t i o n s  

t h a t  d e c l i n e d  w e r e  m i s - c l a s s i f i e d  as  s t a b l e  w h i l e  t h e y  we r e  s t i l l  

r e l a t i v e l y  c l o s e  t o  0 . 95K.

T h i s  t e s t ,  a s  w e l l  a s  a l l  t h e  p r e c e e d i n g  c a l c u l a t i o n s  o f  

d i s c r i m i n a n t  f u n c t i o n  p o w e r ,  c o n s i d e r e d  e a c h  y e a r - g r o u p  a s  an  

i n d e p e n d e n t  s a m p l e .  H o w e ve r ,  some y e a r - g r o u p s  came f ro m t h e  same  

s i m u l a t i o n  run,  w h i l e  o t h e r s  were  c o m p l e t e l y  u n r e l a t e d .  An a l t e r n a t i v e  

a p p r o a c h  was  t r e a t i n g  c o m p l e t e  s i m u l a t i o n  r u n s  a s  “s a m p l e s " ,  w h i l e  

c o n t i n u i n g  t o  s c o r e  e a c h  y e a r - g r o u p  s e p a r a t e l y .  T h i s  w a y ,  s a m p l e s  

r e c e i v e d  as  many s c o r e s  as  y e a r - g r o u p s  i n  t h e  s i m u l a t i o n .  Of t en ,  some
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T ab l e  28 .  Bes t  e s t i m a t e  o f  power o f  t he  d i s c r i m i n a n t  f u n c t i o n  f o r  
h a r v e s t  samples  o f  24 - 51  ( K»600) .  Each sample  i s  a y e a r - gr ou p  o f  3 
c o n s e c u t i v e  y e a r s .  The c r i t i c a l  v a l u e  f o r  each i s  0 . 8 5 .

(%)S p e c i f i c  Model a Power

DDALL 0 . 1 3 3 5 7 . 1
DM 0 . 0 8 5 5 0 . 9
ADM 0 . 1 0 8 4 9 . 0
DMADM 0 . 0 7 1 5 0 . 9

Unweighted mean 0 . 0 9 9 5 2 . 0

Ta b l e  29* B e s t  e s t i m a t e  o f  power o f  the  d i s c r i m i n a n t  f u n c t i o n  f o r  
h a r v e s t  samples  o f  5-17  ( K*200) .  Each sample  i s  a y e ar - gr ou p  o f  3 
c o n s e c u t i v e  y e a r s .  The c r i t i c a l  v a l u e  f o r  each i s  2 . 0 0 .

S p e c i f i c  Model  ot Power (%)

DDALL 0 , 0 7 1  2 4 . 7
DM 0 . 0 8 9  2 0 . 3
ADM 0 . 0 9 4  2 5 . 6
DMADM 0 . 0 8 3  1 9 . 0

Unweighted mean 0 . 0 8 4  2 2 . 4
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T a b l e  30 .  Power o f  t h e  d i s c r i m i n a n t  f u n c t i o n  f o r  h a r v e s t  samples  
from i n d e p e n d e n t l y  g e n e r a t e d  Model DM p o p u l a t i o n s ,  K=600,  u s i n g  the  
c r i t i c a l  p o i n t  0 . 8 5 .

( %)C r o s s - S e c t i o n n a Power

0 . 4K and 0.7K 2 1 1 0 . 1 9 8 6 3 . 6
0 .95K 99 0 . 4 1 0 7 0 . 0
A l l 300 0 . 2 5 7 6 5 . 6

T a b l e  3 1 .  Power o f  t he  d i s c r i m i n a n t  f u n c t i o n  where  d i s c r i m i n a t i o n  
was made f o r  a c o mp l e t e  s i m u l a t i o n  run;  d e c l i n e s  a r e  c o n s i d e r e d  o n l y  
t h o s e  runs  i n  whi ch  2  c o n s e c u t i v e  y e a r - g r o u p s  were  be low the  c r i t i c a l  
p o i n t .  Data a r e  from i n d e p e n d e t l y  g e n e r a t e d  Model  DM p o p u l a t i o n s ,  
t h e o r e t i c a l  K=600,  u s i n g  t he  c r i t i c a l  p o i n t  0 . 8 5 .

C r o s s - S e c t i o n n a Power

0.4K and 0.7K 32 0 . 0 5 3 5 3 . 8
0 .95K 1 2 0 . 0 0 0 85 . 7
A l l 44 0 . 0 4 2 6 5 . 0
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s c o r e s  i n d i c a t e d  d e c l i n e  w h i l e  o t h e r s  i n d i c a t e d  s t a b i l i t y .  I c l a s s i f i e o  

t h e  e n t i r e  sample  ( i . e .  an e n t i r e  s i m u l a t i o n  run)  as  d e c l i n i n g  o n l y  i f  2  

c o n s e c u t i v e  y e a r - g r o u p s  r e c i e v e d  d i s r i m i n a n t  i n d e x  s c o r e  b e l o w  t h e  

c r i t i c a l  p o i n t .  For t h i s  Model DM d a t a ,  each  sample  c o n s i s t é e  o f  up t o  

8  y e a r - g r o u p s  o f  3 y e a r s  each  ( y e a r  1 was a lways  i g n o r e d  to produce  2 ^ / 3  

= 8  g r o up s ,  however some runs  ended b e f o r e  year  25 b e c a u s e  o f  p o p u l a t i o n  

e x t i n c t i o n ) .  Viewed t h i s  way ,  e n t i r e  p o p u l a t i o n s  w e r e  c l a s s i f i e d  as  

d e c l i n i n g  i f  2  c o n s e c u t i v e  y e a r - g r o u p s '  d i s c r i m i n a n t  i n d e x '  ( o u t  c f  the  

8  p o s s i b l e )  f e l l  b e l o w  t h e  c r i t i c a l  p o i n t ,  0 . 8 5 .  T h i s  t r e a t m e n t  

s a c r i f i c e d  s a m p l e  s i z e  ( a s  w e l l  as  t empora l  s e n s i t i v i t y )  but  r e t a i n e d  

power w h i l e  d e c r e a s i n g  t he  f r e q u e n c y  o f  Type I e r r o r s  ( Ta b l e  3 1 ) .

2 .  U n e x p l o i t e d  Mode l  DMADM p o p u l a t i o n s  s u b j e c t e d  t o  i n i t i a l  

h a r v e s t i n g .  Al though d e v e l o p e d  p r i m a r i l y  t o  c l a s s i f y  t r a j e c t o r i e s  o f  

p o p u l a t i o n s  i n i t i a l l y  i n  t h e  u n s t a b l e  r e g i o n  o f  t h e  SYC,  t h e  

d i s c r i m i n a n t  f u n c t i o n ' s  u s e f u l n e s s  d e p e n d s  on  i t s  a b i l i t y  t o  c l a s s i f y  

t r a j e c t o r i e s  e l s e w h e r e  i n  p o p u l a t i o n - h a r v e s t  s p a c e .  These  Model DMADM 

s i m u l a t i o n s  were run t o  t e s t  the  power o f  the  ind ex  on p o p u l a t i o n s  t h a t  

had n o t  p r e v i o u s l y  been  e xpos ed  t o  h a r v e s t .  Data were  t he  same as  t he  

u n e x p l o i t e d  p o p u l a t i o n s  d e s c r i b e d  i n  the  D e s c r i p t i o n  o f  A g e - s t r u c t u r e s  

s e c t i o n .  Harves t  l e v e l s  40 and 50 were  known t o  be g r e a t e r  than a v era ge  

MSY ( f rom t he  p r e v i o u s  q u a n t i f i c a t i o n s  o f  t h e  SYC),  and p o p u l a t i o n s  were  

l a b e l e d  a s  d e c l i n i n g  when h a r v e s t e d  a t  t h e s e  l e v e l s .  Harves t  l e v e l s  10 

and 2 0  were  known t o  l e a d  t o  s t a b l e  e q u i l i b r i a .

The d i s c r i m i n a n t  f u n c t i o n  performed w i t h  g r e a t e r  power f o r  t h e s e  

i n i t i a l l y  u n h a r v e s t e d  p o p u l a t i o n s  t h a n  i t  d i d  f o r  c r o s s - s e c t i o n
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p o p u l a t i o n s ,  but  Type I e r r o r s  o c cu r r e d  more f r e q u e n t l y  than e x p e c t e c  

( T a b l e  3 2 ) .  As s ee n  e a r l i e r ,  d i s c r i m i n a t i o n  w a s  c l e a r e r  when c o m p a r i n g  

o n l y  the  2  most d i s t i n c t  h a r v e s t  l e v e l s .

Viewing  c o m p l e t e  s i m u l a t i o n  r u n s  a s  s a m p l e s  and c l a s s i f y i n g  

p o p u l a t i o n s  a s  d e c l i n i n g  o n l y  i f  t h e y  c o n t a i n e d  2  c o n s e c u t i v e  

y e a r - g r o u p s  w h o s e  s c o r e s  f e l l  b e l o w  t h e  c r i t i c a l  p o i n t ,  p o w e r  was  

i m p r o v e d  a n d  T y p e  I e r r o r s  w e r e  r e d u c e d  ( T a b l e  3 3 ) .  A g a i n ,  

d i s c r i m i n a t i o n  was more r e l i a b l e  when o n l y  t h e  e x t r e m e  h a r v e s t  v a l u e s  

were c o n s i d e r e d .

3 .  R a p i d l y  g r o w i n g  h a r v e s t e d  Mode l  DDALL p o p u l a t i o n s .  As a 

f i n a l  i n d i c a t i o n  o f  the  r o b u s t n e s s  o f  the  d i s c r i m i n a n t  f u n c t i o n ,  i t  w a s  

t e s t e d  a g a i n s t  i n t i a l l y  u n e x p l o i t e d  p o p u l a t i o n s  known t o  be i n c r e a s i n g  

r a p i d l y  d e s p i t e  a s u s t a i n a b l e  h a r v e s t .  I  us ed  Model DDALL and a h a r v e s t  

l e v e l  o f  2 4 / y e a r .  P o p u l a t i o n s  w e r e  a l l o w e d  t o  r e a c h  u n e x p l o i t e a  

e q u i l i b r i u m  o f  ab o u t  6 0 0 ,  then were run under a new c a r r y i n g  c a p a c i t y  o f  

1 0 0 0  f o r  20 y e a r s .  B e c a u s e  n on e  o f  t h e  s i m u l a t i o n s  d e c l i n e d .  Type I 

e r r o r s  were not  p o s s i b l e .  T e s t i n g  the  d i s c r i m i n a n t  f u n c t i o n ' s  power was 

e q u i v a l e n t  t o  a s k i n g  how o f t e n  a g e - s t r u c t u r e s  from growing p o p u l a t i o n s  

a pp ear ed  l i k e  t h o s e  from d e c l i n i n g  p o p u l a t i o n s .

P o w e r  w a s  h i g h  ( T a b l e  3 4 ) ,  i n d i c a t i n g  t h a t  h a r v e s t  

a g e - s t r u c t u r e s  from growi ng  p o p u l a t i o n s  most c l o s e l y  r e s emb l ed  t h o s e  o f  

s t a b l e  p o p u l a t i o n s ,  not  d e c l i n i n g  p o p u l a t i o n s .  Viewing each s i m u l a t i o n  

run as  a sample  and c l a s s i f y i n g  o n l y  t h o s e  chat  c o n t a i n e d  2  c o n s e c u t i v e  

“d e c l i n e "  y e a r - g r o u p s  a s  a d e c l i n i n g  p o p u l a t i o n  r e s u l t e d  i n  s i m i l a r  

power.
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T a b l e  3 2 ,  Power o f  t h e  d i s c r i m i n a n t  f u n c t i o n  f o r  h a r v e s t  samples  
from p o p u l a t i o n s  t h a t  were  i n t i a l l y  a t  K=600.  Data were  
i n d e p e n d e n t l y  g e n e r a t e d  Model DMADM r un s ,  and d i s c r i m i n a t i o n  used  the  
c r i t i c a l  p o i n t  0 , 8 5 .

H a r v e s t  L e v e l s  n a  Power i t )

10 ,  50 117 0 . 1 0 5  7 5 . 0
1 0 , 2 0 , 4 0 , 5 0  237 0 . 2 0 5  7 2 . 5

T a bl e  3 3 .  Power o f  t h e  d i s c r i m i n a n t  f u n c t i o n  f o r  h a r v e s t  samples  
from p o p u l a t i o n s  t h a t  were  i n i t i a l l y  a t  K=600,  where d i s c r i m i n a t i o n  
was made f o r  an e n t i r e  s i m u l a t i o n  run.  Data were  i n d e p e n d e n t l y  
g e n e r a t e d  Model DMADM p o p u l a t i o n s ,  and d i s c r i m i n a t i o n  used t he  
c r i t i c a l  p o i n t  0 . 8 5 ,  D e c l i n e s  were  c o n s i d e r e d  o n l y  t h os e  runs  w i t h  2 
c o n s e c u t i v e  y e a r - g r o u p s  b e l ow t h e  c r i t i c a l  p o i n t .

H a r v e s t  L e v e l s  n ct Power (%)

10 ,  50 20 0 . 1 0 0  9 0 . 0
1 0 , 2 0 , 4 0 , 5 0  40 0 . 1 0 0  7 0 . 0
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Tabl e  3 4 .  The power o f  t h e  d i s c r i m i n a n t  f u n c t i o n  as  a p p l i e d  to  
Model DMADM p o p u l a t i o n s  growing  from a p p r o x i m a t e l y  600 i n  r e s p o n s e  t o  a 
K o f  1 0 0 0 ,  u n d e r  a c o n s t a n t  h a r v e s t  o f  2 4 / y e a r ,  and u s i n g  0 . 8 5  as  the  
c r i t i c a l  p o i n t .

Sample n Power

Year-groups 61 0 . 8 1 4
E n t i r e  s i m u l a t i o n 1 0 0 . 8 0 0
( 2  c o n s e c u t i v e  <0 . 85  
s c o r e s  * " d e c l i n e " )
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a p p l ic a t io n  of the index  to f i e l d  data

The d i s c r i m i n a t i n g  i n d e x  f o r  d e c l i n i n g  and s t a b l e  p o p u l a t i o n s  

was a p p l i e d  t o  d a t a  from 4 s e p a r a t e  a r e a s ,  3 from B r i t i s h  Columbia and 1 

f rom Montana.

B r i t i s h  Columbia Data

Age s t r u c t u r e  d a t a  a r e  c o l l e c t e d  on a l l  g r i z z l y  bear  k i l l s  in  

B r i t i s h  Columbia.  The d a t a  e x a m i n e d  h e r e  c o n s i s t e d  o f  c h e c k - s t a t i o n  

r e c o r d s  from 3 w i d e l y  d i s p a r a t e  a r e a s ,  2 o f  which were  c o n s i d e r e d  t o  be 

s t a b l e  or  i n c r e a s i n g ,  t h e  o t h e r  was  t h o u g h t  t o  be  o v e r h a r v e s t e d  ( F . 

Tompa, B r i t i s h  Columbia F i s h  and W i l d l i f e  Branch,  p e r s .  comm.) .  Each o f  

t he  3 d a t a  s e t s  were b l o c k s  o f  12 c o n t i g u o u s  management  u n i t s ,  1 f rom  

t h e  N o r t h e r n  R o c k i e s ,  1 f rom a c o a s t a l  a r e a ,  and 1 f rom a S ou th e rn  

R o c k i e s  a r e a .  The l a s t  a r e a  i n c l u d e d  t h e  F l a t h e a d  r i v e r  d r a i n a g e ,  

a d j a c e n t  t o  Montana and G l a c i e r  N a t i o n a l  Park.  Data were from y e a r s  

1976 through 1982,  and i n c l u d e d  o n l y  known, l e g a l  k i l l s .

The Northern R oc k i e s  a r e a  was b e l i e v e d  t o  have  lower d e n s i t y  and 

l ower  p r o d u c t i v i t y  than t he  o t h e r  2 .  A d d i t i o n a l l y ,  t h e  a r e a  was  e a s i l y  

a c c e s s i b l e  by r o a d s ,  and a s u b s t a n t i a l  i l l e g a l  and wounding k i l l  was 

s u s p e c t e d  (F .  Tompa, p e r s .  comm.) .  P r o d u c t i v i t y  was thought  t o  be  h i g h  

i n  t h e  c o a s t a l  b l o c k ,  w i t h  n a t a l i t y  e s t i m a t e d  a t  0 . 7 6  c ub s  p e r  

r e p r o d u c t i v e  f ema l e  per y e a r .  H u n t i n g  p r e s s u r e  a p p e a r e d  t o  be  b e l o w  

t h a t  w h i c h  c o u l d  be  s u p p o r t e d .  The Southern  R oc k i e s  b l o c k  was thought  

t o  be  s t a b l e  o r  i n c r e a s i n g  s l i g h t l y  f o l l o w i n g  t h e  i m p o s i t i o n  o f
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s t r i n g e n t  r e g u l a t i o n s .  T h i s  a r e a  was  b e l i e v e d  t o  have been h e a v i l y  

h a r v e s t e d  i n  t h e  p a s t ,  b u t  d u r i n g  t h e  1 9 7 6 - 1 9 8 2  p e r i o d  had s p r i n g  

h u n t i n g  s e a s o n s  o n l y ,  and r e g u l a t i o n s  t h a t  p r o t e c t e d  a l l  f a m i l y  groups  

( n o t  j u s t  c u b s ) ,  and t h a t  r e q u i r e d  a s u c c e s s f u l  g r i z z l y  hunt er  t o  w a i t  5 

y e a r s  b e f o r e  a p p l y i n g  f o r  a n o t h e r  p e r m i t .

T h e s e  B . C .  p o p u l a t i o n s  d i f f e r e d  i n  s e v e r a l  w a y s  f r o m  t h e  

s i m u l a t e d  p o p u l a t i o n s  t h a t  g e n e r a t e d  t h e  d i s c r i m i n a t i o n  i n d e x .  The 

v i t a l  r a t e s  used  i n  t he  s i m u l a t i o n s  u s e d  " t y p i c a l " S o u t h e r n  i n t e r i o r  

g r i z z l y  b e a r  r a t e s .  T h e s e  w e r e  probabl y  a p p r o p r i a t e  f o r  t he  Southern  

r o c k i e s  a r e a ,  b u t  w e r e  l e s s  s o  f o r  t h e  o t h e r  2 .  N a t a l i t y  r a t e s  i n  

p a r t i c u l a r  w e r e  p r o b a b l y  g r e a t e r  than modeled i n  t h e  c o a s t a l  a r e a ,  and 

l ower  than modeled i n  t h e  N o r t h e r n  R o c k i e s  a r e a .  A l l  a r e a s  f e a t u r e d  

s p r i n g  h u n t i n g  s e a s o n s ;  t h e  c o a s t a l  and No rt he rn  R oc k i e s  a r e a  a l s o  had 

f a l l  s e a s o n s .  S i m u l a t e d  p o p u l a t i o n s  w e r e  s u b j e c t e d  o n l y  t o  f a l l  

h a r v e s t s .  R e g u l a t i o n s  f o r  t h e  Nor the rn  R oc k ie s  hunt  a l l o w e d  t h e  t a k i ng  

o f  j u v e n i l e s  o l d e r  than 1 y e a r  o l d ;  t h e  model  assumed p r o t e c t i o n  o f  a l l  

j u v e n i l e s  w h i l e  under  t h e i r  m o t h e r ' s  c a r e .  F i n a l l y ,  a few bears  i n  t he  

d a t a  s e t s  were  aged a t  o v e r  24 y e a r s ;  s i n c e  t h e  a n a l y t i c a l  p r o c e d u r e s  

w e r e  d e s i g n e d  t o  h a n d l e  b e a r s  o n l y  t o  age  2 4 ,  age s  o f  t h e s e  o l d e r  bears  

were t r u n c a t e d  a t  24 .  T h e se  d i f f e r e n c e s  b e t w e e n  s i m u l a t e d  and r e a l  

l i f e - h i s t o r y  r a t e s  s h o u l d  c o n t r i b u t e  t o  an added d e g r e e  o f  c a u t i o n  when 

i n t e r p r e t i n g  the  a n a l y s i s .

As  e x p e c t e d  f r o m  t h e  e x t e m e l y  c o n s e r v a t i v e  n a t u r e  o f  t h e  

d i s c r i m i n a t i o n  t e s t ,  mos t  i n d i c e s  were be low 0 . 8 5 ,  the  c r i t i c a l  d e c i s i o n  

p o i n t  f o r  d e c l i n e .  In g e n e r a l ,  t he  Southern R oc ki e s  a r e a  appeared t o  be 

t h e  l e a s t  h e a v i l y  hunted  ( T a b l e s  3 5 - 3 7 ) .
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Ta b l e  3 5 .  D i s c r i m i n a n t  i n d e x  s c o r e s  f o r  3 p o p u l a t i o n s  i n  B r i t i s h  
Columbia ,  1 9 7 6 - 1 9 8 2 .  S c o r e s  i n d i c a t i n g  s t a b i l i t y  would be 
g r e a t e r  than 0 . 8 5 .

Area Sample s i z e I nd e x  S c o r e

N or th e rn R o c k i e s 3 93 - 1 . 6 0 8 2 3
C o a s t a l 266 - 2 . 5 2 2 3 4
Sou t hern R o c k i e s 204 0 . 3 0 9 1 9

T ab le  3 6 .  D i s c r i m i n a n t  i n d e x  s c o r e  f o r  each p o p u l a t i o n ,  by y e a r s  
1 9 7 6 - 1 9 7 8 ,  1 9 7 9 - 1 9 8 1 ,  and 1 9 8 2 - 1 9 8 3 .  One s c o r e s  i s  g r e a t e r  than  
0 . 8 5 ,  i n d i c a t i n g  s t a b i l i t y .

Area Years Index  S c o re

N or th e rn R o c k i e s
1 9 7 6 - 1 9 7 8 - 0 . 8 2  585
197 9-1981 - 1 . 7 0 8 6 7
1982- 1983 - 2 . 7 1 3 5 8

C o a s t a l
1 9 7 6 - 1 9 7 8 0 . 3 6 0 7 9
197 9-1981 - 2 . 0 3 7  87
1982-1983 - 2 . 1 5 4 6 2

S o u t he r n R o c k i e s
1 9 7 6 - 1 9 7 8 - 0 . 1 2 9 4 7
1979-1981 1 . 1 0 1 8 8
1 9 8 2- 1983 - 0 . 7 0 3 0 6
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D a t a  w e r e  a l s o  e x a m i n e d  i n  3 y e a r - g r o u p i n g s , and by s i n g l e  

y e a r s .  The 8  y e a r s  o f  d a ta  d i d  not  p e r m i t  3 y e a r - g r o u p i n g  o f  3 y e a r s  

e a c h ,  s o  t h e  f i n a l  2 y e a r s  were  grouped t o g e t h e r .  The Northern Rockies  

and c o a s t a l  a r e a s  showed d e c l i n i n g  t r e n d s .  The S o u t h e r n  R o c k i e s  a r e a  

was s c o r e d  as  s t a b l e  d u r i n g  y e a r s  197 9 - 1 9 8 1 .

When examined y e a r - b y - y e a r ,  t he  Sou th e rn  R o c k i e s  a r e a  a p p e a r e d  

more  s t a b l e  t h a n  when examined i n  y e a r - g r o u p s .  The f i r s t  y e a r ' s  index  

was much lower than the  o t h e r s ,  c o n s i s t e n t  w i t h  the  h y p o t h e s i s  t h a t  t h e  

p o p u l a t i o n  was r e c o v e r i n g  from o v e r h a r v e s t .  In t he  subs equent  7 y e a r s ,  

3 s c o r e s  i n d i c a t e d  s t a b i l i t y  and 2 o t h e r s  were  near  t h e  c r i t i c a l  p o i n t  

f o r  s t a b i l i t y .

The i n d e x  v a l u e s  f o r  t h e  c o a s t a l  a r e a  w e r e  u n e x p e c t e d l y  low.  

One i n t e r p r e t a t i o n  i s  t h a t  the  v i t a l  r a t e s  used i n  the  s i m u l a t i o n s  w e r e  

s o  d i f f e r e n t  f r o m  t h o s e  a p p l i c a b l e  t o  t h e  c o a s t a l  p o p u l a t i o n  t h a t  the  

i n d e x  i s  m e a n i n g l e s s .  An a l t e r n a t i v e  i n t e r p r e t a t i o n  i s  t h a t  t he  c o a s t a l  

p o p u l a t i o n  had been h a r v e s t e d  more h e a v i l y  than was b e l i e v e d .

I n  a l l  c a s e s ,  t h e  p r e p o n d e r a n c e  o f  v a l u e s  i n d i c a t i n g  d e c l i n e  

must  be  i n t e r p r e t e d  w i t h  f u l l  k n o w l e d g e  o f  t h e  low power o f  t h e  t e s t  

b e i n g  a p p l i e d .  The d i s c r i m i n a t i o n  i n d e x  i s  d e s i g n e d  t o  be c o n s e r v a t i v e .  

T h a t  s o  many d a t a  s e t s  w e r e  c l a s s i f i e d  as  d e c l i n i n g  s u p p o r t s  t h e  v i e w  

t h a t  d e c l i n i n g  and s t a b l e  a g e - s t r u c t u r e s  a r e  so s i m i l a r  t h a t  many s t a b l e  

p o p u l a t i o n s  must  be  w r o n g l y  c l a s s i f i e d  t o  a s s u r e  t h a t  few d e c l i n i n g  

p o p u l a t i o n s  a r e  wrongl y  c l a s s i f i e d .

Montana Data
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G r i z z l y  b e a r  a g e - s t r u c t u r e  data have been c o l l e c t e d  in Montana 

s i n c e  1967.  The data  examined here  a r e  f rom 1970 t h r o u g h  1 9 8 1 .  They  

w e r e  c o m p i l e d  by t h e  Montana D e pa r tm e n t  o f  F i s h ,  W i l d l i f e  and Parks 

(Greer  1970 through 1 98 2) .  B i o l o g i s t  Bob Klaver  a s s i s t e d  i n  a n a l y z i n g  

t h e s e  d a t a .

A l l  d a t a  came f rom t h e  area  known as  the  "Northern C o nt i ne n t a l  

D i v i d e  G r i z z l y  Bear Ecosystem" (USFWS 198 1) .  Ye ar l y  s a m pl e  s i z e s  were  

s m a l l e r  t h an  f o r  t h e  B r i t i s h  Co l um b i a  d a t a .  A d d i t i o n a l l y ,  hunt ing

r e g u l a t i o n s  w e r e  c h a n g e d  i n  1 9 7 5  when t h e  g r i z z l y  w a s  l i s t e d  a s

T h r e a t e n e d  u n de r  t h e  U.S.  Endangered S p e c i e s  Ac t .  Greer (1970 through

1982)  d e t a i l e d  the  h a r v e s t s  and r e g u l a t i o n s .

D i s c r i m i n a n t  i n d i c e s  w e r e  s u r p r i s i n g l y  low ( T a b l e  3 8 ) .  The 

s c o r e  when a l l  12 y e a r s  w e r e  c o n s i d e r e d  t o g e t h e r  w a s  - 3 . 1 7 1 5 1 ,  

c o n s i d e r a b l y  lower than t he  s c o r e  from t h e  e c o l o g i c a l l y  s i m i l a r  Southern  

R o c k i e s  a r e a  i n  B r i t i s h  C o l u m b i a .  The  s c o r e  g e n e r a t e d  by d a t a  

i n c l u d i n g  o n l y  l e g a l  k i l l s  was lower ( - 4 . 4 1 4 2 3 )  than t h a t  g e ne r a t ed  by 

dat a  i n c l u d i n g  o n l y  o t h e r  t y p e s  o f  recorded  m o r t a l i t y ,  such a s  n u i s a n c e  

b e a r s ,  a c c i d e n t s  and known i l l e g a l  k i l l s  ( - 1 . 7 5 6 5 7 ) .

The d i s c r i m i n a n t  i n d ex  d i d  not  respond e x c l u s i v e l y  to  any s i n g l e  

i n d i c a t o r ,  but  r a t h e r  t o  t h e  c o m p l e x  i n t e r a c t i o n  o f  a l l  7 v a r i a b l e s  

examined.  The i n d ex  r o s e  when t he  v a r i a b l e s  wi th  p o s t i v e  c o e f f i c i e n t s  

w e r e  r e l a t i v e l y  g r e a t e r  t h a n  w e r e  t h e  c o r r e s p o n d i n g  v a r i a b l e s  wi th  

n e g a t i v e  c o e f f i c i e n t s  ( F i g .  5 5 ) .  Of i n t e r e s t  was t h e  d e c l i n e  i n  t h e  

i n d e x  b e t w e e n  t h e  2nd and 3rd t ime p e r i o d s ,  d e s p i t e  i n c r e a s e s  in both  

p e r c e n t  males  (MFAD) and a ve rage  male age  (MMED; F i g .  5 5 ) .

T h e s e  s c o r e s  s u g g e s t e d  a s i m i l a r  p a t t e r n  o f  t r e n d  i n  h a r ve s t
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Table  37 .  Di s cr imi n a nt  i nd ex  s c o r e  f o r  the  Southern Rockies  area  
f o r  each year  from 1976 through 1982.

Year Index  Score

1976 - 7 . 6 4 8 0 6
1977 0 . 47 81 6^
1978 1 .9 0 94 4 *
1979 0 . 0 8 9 9 4
1980 14 .76285*
1981 0 . 6 8 9 8 3 *
1982 - 2 . 1 9 2 3 3
1983 0 . 8 9 0 05 *

* -  s t a b l e  
^ -  n e a r l y  s t a b l e

Table  3 8 . D i s c r i mi n a n t  i n d e x  s c o r e s  f o r  Montana g r i z z l y  bear  
h a r v e s t s ,  y ea rs  1 97 0- 19 72 ,  1 9 7 3 -1 9 7 5 ,  1976-1978 ,  and 1979-1981  
(Greer  1971,  1 9 8 2 ) .  Scores  i n d i c a t i n g  s t a b i l i t y  would be g r e a t e r  
than 0 . 8 5 .

Year Index Score

1970-1972  - 3 . 2 2 2 1 1
1973-1975  - 1 . 9 1 3 5 8
1 976-1978  - 3 . 8 0 4 8 2
197 9-1981 - 3 . 5 0 3 5 4
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p r e s s u r e  ( F i g .  54 )  as d i d  a n a l y s e s  by K l a v e r  ( u n p u b l .  d a t a )  u s i n g  

m e t h o d s  o f  F r a s e r  e t  a l .  ( 1 9 8 2 ) .  Howe ver ,  w h e r e a s  t h e  p o p u l a t i o n  

e s t i m a t e s  g e ne r a t e d  through K l a v e r ' s  us e  o f  Fraser  e t  a l .  ( 1982)  s u g ge s t  

a g e n e r a l  i n c r e a s e  o v e r  t h e  e n t i r e  1 2 - y e a r  p e r i o d ,  the  d i s c r i m i n a n t  

i n d e x  s u g g e s t s  a g e n e r a l  d e c l i n e .  The d i s c r e p a n c y  between t h e s e  r e s u l t s  

and t h o s e  o f  K l a v e r  (unpubl .  d a t a )  p r o v i d e s  much food f o r  thought ,  but 

l i t t l e  grounds f o r  opt imism t h a t  a g e - s t r u c t u r e  dat a  can be i n t e r p r e t e d  

u n a m b i g u o u s l y .  The met h od  o f  F r a s e r  e t  a l .  ( 1 9 8 2 )  assumes co n s ta n t  

e f f o r t ,  w h i l e  the  s i m u l a t i o n  model  t ha t  g e n er a t e d  the  d i s c r i m i n a n t  index  

a s s u m e s  c o n s t a n t  h a r v e s t .  We p r e s e n t l y  l ac k  adequate  data t o  determine  

which o f  t h e s e  as sumpt i ons  comes c l o s e s t  t o  r e a l i t y .
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DISCUSSION

The S im u la t i o n  Mode 1

The c o m p l e x  s i m u l a t i o n  model  used i n  t h i s  t h e s i s  was deve l oped  

be caus e  e x i s t i n g  g r i z z l y  bear p o p u l a t i o n  models  were i nad eq uat e  t o  f u l l y  

a n a l y z e  h a r v e s t  a g e - s t r u c t u r e s .  By t r a c i n g  i n d i v i d a u l  animals  through  

t ime ,  i t  a vo id e d  the  b i a s e s  i n h e r e n t  i n  L e s l i e - m a t r i x  based m o d e l s  when  

a p p l i e d  to  an imal s  t h a t  have e xt ended  p a r e n t a l  care  (Wu and Bot k i n  1980;  

M, Ta y lo r ,  U n i v e r s i t y  o f  B r i t i s h  C o l u m bi a ,  p e r s ,  comm.)  U s i n g  t h i s  

s t r u c t u r e  a l s o  e l u c i d a t e d  some p r e v i o u s l y  u n do c um e nt e d  f e a t u r e s  o f  

p o p u l a t i o n  d y n a m i c s  o f  g r i z z l y  b e a r s ,  and  p r o v i d e d  n u m e r i c a l  

v e r i f i c a t i o n  o f  p r i n c i p l e s  e s t a b l i s h e d  by prev ious  a n a l y t i c a l  model s .

A g e - s t r u c t u r e  was  s e e n  t o  be  o f  paramount  i m p o r t a n c e  i n  t h e  

g r i z z l y  b e a r  p o p u l a t i o n  dynamics .  For example,  when n o n - r e p r o d u c t i v e s  

c o n s t i t u t e d  g r e a t e r  t h a n  a v e r a g e  p r o p o r t i o n s  o f  t o t a l  n u m b e r s ,

p o p u l a t i o n s  t e n d e d  t o  d e c r e a s e  e v e n  when b e l o w  K. When p o p u l a t i o n s

c o n t a i n e d  many r e p r o d u c t i v e  f e m a l e s ,  t h e y  t e n d e d  upward e v e n  wh e n  

g r e a t e r  t han  K. T h u s ,  t h e  r e s p o n s e  o f  a p o p u l a t i o n  t o  i t s  c a r r y i n g  

c a p a c i t y  was  m e d i a t e d  t h r o u g h  i t s  a g e - s t r u c t u r e .  F a v o r a b l e  

a g e - s t r u c t u r e s  b u f f e r e d  d e c l i n e s  i n d u c e d  by p o o r  e n v i r o n m e n t a l  

c o n d i t i o n s ,  u n f a vo r ab l e  a g e - s t r u c t u r e s  moderated i n c r e a s e s  p r o mp te d  by 

good env i ronment a l  c o n d i t i o n s .

S y n c h r o n y  o f  b r e e d i n g  occurred  as a a consequence  o f  the  model  

p a r ame te rs .  Most f e ma l e s  g av e  b i r t h  t o  t h e i r  f i r s t  l i t t e r  a t  a g e  5 ;

t h e r e a f t e r ,  t h e y  u s u a l l y  gave  b i r t h  at  approx i mate l y  3 year i n t e r v a l s .
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Breeding  synchrony was a major f a c t o r  i n  t h e  o c c u r r e n c e  o f  s t r o n g  and 

w e a k  c o h o r t s ,  s e e n  t h r o u g h o u t  t h e  s i m u l a t i o n s .  Cohor t  s t r e n g t h  

p e r s i s t e d  through t i me ,  c r e a t i n g  cohor t  "waves'* t r a v e l l i n g  coward t he  

o l d e r  a g e - c l a s s e s .  These c o h o r t  "waves" added v a r i a b i l i t y  to  p o p u l a t i o n  

s t r u c t u r e s  and dynamics ,  and s u g g e s t e d  that  g r i z z l y  bear p o p u l a t i o n s  are  

most a p p r o p r i a t e l y  viewed in  3 - y e a r  s e t s .

V a r i a t i o n  i n  v i t a l  r a t e s ,  a s  i n d u c e d  by v a r i a b i l i t y  i n  K, 

r e d u c e d  a v e r a g e  p o p u l a t i o n  l e v e l s  ( T a b l e  6 ) ,  T h i s  f i n d i n g  prov ided  

numer i ca l  v e r i f i c a t i o n  o f  the b i a s  i n h e r e n t  i n  d e t e r m i n i s t i c  p o p u l a t i o n  

p r o j e c t i o n  model s  (Boyce 1 9 7 7 ) .  Lewontin and Cohen (1969)  showed t h a t ,  

f o r  p o p u l a t i o n s  w i t h o u t  a g e - s t r u c t u r e ,  v a r i a t i o n  i n  t he  e n v i r o n m e n t  

r e d u c e d  g r o w t h  r a t e s  f r o m  C h a t  e x p e c t e d  u n d e r  d e t e r m i n i s t i c  

e n v i r o n m e n t s .  They d e m o n s t r a t e d  t h a t ,  i n  an u n l i m i t e d  b u t  v a r y i n g  

e n v i r o n m e n t ,  t h e  r e a l i z e d  g r o w t h  Irate r was  l e s s  t h a n  t h e  e x p e c t e d  

growth r a t e  In X by app ro x i ma te ly  o n e - h a l f  the  s q u a r e d  c o e f f i c i e n t  o f  

v a r i a t i o n  o f   ̂ :

E ( r )  * ( E [ l n  I j )  ■ In  ̂ /  2X2

where:

X ** mean f i n i t e  g r o w t h  r a t e  i n  t h e  a b s e n c e  o f  

v a r i a b i l i t y

1 « y e a r l y  f i n i t e  growth r a t e  ( v a r i a b l e )  

cr 2  » v a r i a n c e  o f  1

and t h a t  the  growth r a t e  averaged over  t ime was e q u a l  t o  t he  g e o m e t r i c

168

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



mean o f  1 , not  the  a r i t h m e t i c  mean.

L e v i n s  ( 1 9 6 9 )  e x t e n d e d  t h i s  work to  p o p u l a t i o n s  wi t h  c arr y i ng  

c a p a c i t y .  He conc l uded  t h a t  when K i t s e l f  v a r i e d ,  t h e  e x p e c t e d  number  

i n  t h e  p o p u l a t i o n  was a w e i gh t ed  harmonic mean o f  t h e  i n d i v i d u a l  va l ues  

o f  K, w i t h  g r e a t e r  we ig ht  g ive n  to  the  more r e c e n t  K v a l u e s .

T h e s e  2 f i n d i n g s  h a v e  s i m i l a r  i m p l i c a t i o n s .  S ince  ge ome tr i c  

means  and h a r m o n i c  means  a r e  b o t h  s m a l l e r  than  a r i t h m e t i c  m e a n s ,  

v a r i a b l e  environment s  produce s m a l l e r  growth r a t e s  and/or  lower e xpec t ed  

p o p u l a t i o n s  than do d e t e r m i n i s t i c  env ironment s .

B o y c e  ( 1 9 7 7 , 1 9 7 9 )  c o n d u c t e d  s i m u l a t i o n s  on a g e - s t r u c t u r e d  

p o p u l a t i o n s  and s i m i l a l r y  c o n c l u d e d  t h a t  v a r i a b i l i t y  i n  v i t a l  r a t e s  

r e d u c e d  e x p e c t e d  p o p u l a t i o n  s i z e .  Futher  r e f i n e m e n t s  a l on g  t h e s e  l i n e s  

were c o n t r i b u t e d  by l u l i j a p u r k a r  ( 1 9 8 2 )  and S l a d e  and L e v e n s o n  ( 1 9  8 2 ) .  

The c o m p l e x i t y  o f  t h e  p r e s e n t  g r i z z l y  bear  model  p r o h i b i t e d  a n a l y t i c a l  

t r e a t m e n t ,  but t he  q u a l i t a t i v e  r e s u l t s  o f  s i m u l a t i o n s  wi th  env ironment a l  

s t o c h a s c i c i t y  support  the  c o n t e n t i o n  o f  Boyce ( 1 97 7)  t ha t  d e t e r m i n i s t i c  

model s  o v e r e s t i m a t e  p o p u l a t i o n  growth r a t e s  and r e s i l i e n c e  t o  h a r v e s t s .

F u r t h e r m o r e ,  e v e n  i n  t h e  absence  o f  env ironment a l  v a r i a b i l i t y ,  

r e d u c t i o n  i n  mean p o p u l a t i o n  s i z e  r e s u l t e d  from v a r i a t i o n  in  v i t a l  races  

c a u s e d  by demographic s t o c h a s t i c i t y .  The r e d u c t i o n s  i n  mean p o p u l a t i o n  

s i z e  were  minor f o r  l a r g e  p o p u l a t i o n s ,  bu t  grew i n  r e l a t i v e  m a g n i t u d e  

f o r  p o p u l a t i o n s  be low 100 animals  ( F i g  2 1 ) .  The extreme n o n - l i n e a r i t y  

i n  r e s p o n s e  was e x p e c t e d  b e c a u s e  d e m o g r a p h i c  s t o c h a s t i c i t y  v a r i e s  i n  

m a g n i t u d e  a c c o r d i n g  t o  1 /  N (May 1 9 7 4 ) ,  w h e r e  N i s  t h e  e x p e c t e d  

p o p u l a t i o n  s i z e .

The e f f e c t  o f  e n v i r o n m e n t a l  s t o c h a s t i c i t y  on v i t a l  r a t e s  (and
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thus  on the  r .<Iuct l„„
e x e r r s H  k j Populat ion s i z e )  was g r e a t e r  than th at

. t o c h e . t u  ,r a t e s  uor-en c ^ I c i t y .  This  too was e xp e ct ed -  V i t a l
w e r e  f u n c t i o n .  ^/K .

d e n o m i n a t o r  h . , 4  ’ i d e n t i c a l  r e d u c t i o n s  i n  K, t h e
® Ureater

numerator, ** than did r e d u c t i o n s  in N, the

. h . . .
a g a i n s t  u s i n g  s i m p i ,  ^ ' ‘ « d i n g  c o n s t i t u t e  a powerful  agruiaent

be ha v o i r  o f  # « , . 1 1  i mod e l s  t o  g a i n  i n s i g h t  i n t o  t h e

P O h o U U o n . .

S u s t a i n a b l e  Y j . ; ^

p opulat ion  . f - . t r u o t u t ,  “  f o n c t i o n s  o f  h a r v e s t  r a t e ,

r e g u l a t i o n  t i  ' n&e-atructure, mechanism of populat ion
* ®e populefcl

'■ton s i z e ,  and s t o c h a s t i c  f l u c t u a t i o n s  in
c a r r y i n g  c a p a c i t y ,  t h u s ,  #«

R ath er  than a h a r p l ,  

conta ined p r o b a b i l i t y

populat ion  could  b ,  " '"bin vhich th e  t r a j e c t o r y  o f  a

. . « q u a n t i f i a b l e  p r o b a b i l i t y ,  but never
known w i t h  c e r t a i n t y .

A l t h o u g h  o n l y  2  c
e v « i «  j . r o * # - s a c c i @ o ,  o f  t h e  p r o b a b l i t y  bands were
e x p l o r e d  -  both be ing  u  t h .
_u u n s t a b l e  p o r t i o n  -  t h e  p r o b a b i l i t y  band
p h e n o m e n o n  d o u b t  I . # . ^

, ».   ̂ ®'***’« c t e r i z e d  t h e  e n t i r e  r a n g e  o f
p o p u l a t i o n / h a r v e s t  v a l u e s

. ^"'Plied by t h i s  s t o c h a s t i c  view of  s u s t a i n e d
y i e l d  c u r v e ,  i .  t h . t

. . ^  must  aim f o r  h a r v e s t s  t h a t  h a v e  low
p r o b a b i l i t i e s  o f  c a us i ng  d
.  ̂ • ® ^ t n e s .  The w i d t h  o f  t h e  p r o b a b i l i t y  band

d e t e r m i n e s  how f a r  from
® t » e  d e t e r m i n i s t i c  c u r v e  a s u f f i c i e n t l y  low

p r o b a b i U t y  u . . .  r „ ,
u  O f  a  p r o b a b i l i t y  b a n d  o f  s u s t a i n a b l e
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h a r v e s t s  e f f e c t i v e l y  reduces  the  s t a b l e  r e g i o n  o f  the  p o p u l a t i o n / h a r v e s t  

g r a p h  f rom t h a t  i m p l i e d  by a d e t e r m i n i s t i c  m o d e l  ( F i g  5 6 ) .  The  

s t o c h a s t i c  curve  i m p l i e s  t ha t  s t a b l e  p o p u l a t i o n  l e v e l s  are  c l o s e r  to K, 

and t h a t  s t a b l e  h a r v e s t s  are  f u r t h e r  from MSY.

S u s t a i n e d  y i e l d ,  as  m o d e l e d  i n  t h i s  t h e s i s ,  assumes t h a t  the  

p o p u l a t i o n s  o f  i n t e r e s t  h a v e  a g e - s t r u c t u r e s  c h a r a c t e r i s t i c  o f  

p o p u l a t i o n s  p r e v i o u s l y  s u b j e c t e d  t o  h a r v e s t i n g .  This  i s  probably  the  

c a s e  i n  m o s t  r e a l  w o r l d  s i t u a t i o n s .  M a n a g e r s  r a r e l y  h a v e  t h e  

o p p o r t u n i t y  t o  d e v e l o p  h a v e s t  r e g u l a t i o n s  f o r  p o p u l a t i o n s  t h a t  have  

n e v e r  b e e n  e x p l o i t e d .  S i m u l a t i o n s  o f  s u s t a i n a b l e  y i e l d  u s i n g  

u n e x p l o i t e d  a g e - s t r u c t u r e s  would have g e n e r a t ed  v ery  d i f f e r e n t  r e s u l t s .

M o d e l i n g  s u s t a i n a b l e  y i e l d s  a l s o  s h e d  l i g h t  o n  c ommo n  

p e r c e p t i o n s  o f  how g r i z z l y  b e a r  p o p u l a t i o n s  r e s p o n d  t o  h a r v e s t s .  

S u s t a i n a b l e  y i e l d s  were i n f l u e n c e d  by the  t yp e  o f  p o p u l a t i o n  r e g u l a t i o n  

o p e r a t i n g  ( Tab l e s  1 2 , 1 3 ) .  D e n s i t y - d e p e n d e n t  b i r t h  r a t e s  o f f e r e d  g r e a t e r  

compensat ion  t o  h a r v e s t  m o r t a l i t y  t h a n  d i d  i n c r e a s e d  s u b - a d u l t  ma l e  

s u r v i v a l  r e s u l t i n g  from t h e  d e c l i n e  i n  t h e  number o f  a d u l t  m a l e s .  

B i o l o g i s t s  a r e  n o t  i n  c o m p l e t e  a g r e e m e n t  r e g a r d i n g  t h e  n a t u r e  o f  

p o p u l a t i o n  r e g u l a t i o n  i n  b e a r s .  McCullough (1 98 1)  s t a t e d  t h a t  f o r  the  

Y e l l o w s t o n e  g r i z z l y  p o p u l a t i o n  o f  1 9 5 9 - 1 9 7 0 ,  " b i r t h . . . d e c l i n e s  as  t h e  

number o f  a d u l t s  i n c r e a s e s , . . " ,  thereby  s u g g e s t i n g  t ha t  n a t a l i t y  was 

c h a r a c t e r i z e d  by d e n s i t y - d e p e n d e n c e .  However,  Bunnel l  and T a i t  ( 1 9 8 1 )  

" . . . c o n s i d e r  t h a t  r e p r o d u c t i v e  f e a t u r e s  a r e  l a r g e l y  

d e n s i t y - i n d e p e n d e n t " .  M e a n w h i l e ,  t h e  e x a c t  r o l e  o f  a d u l t  m a l e s  i n  

r e g u l a t i n g  b e a r  p o p u l a t i o n s  c o n t i n u e s  t o  be  d e b a t e d .  One a u t h o r  

( S t r i n g h a m  1 9 8 0 )  h a s  w r i t t e n  e x t e n s i v e l y  o n  t h i s  s u b j e c t ,  and
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F i g ,  5 6 .  A g e n e r a l i z e d  s u s t a i n e d  y i e l d  curve ,  showing the  r e g i o n  
of  s t a b i l i t y  i mp l i ed  by t h e  e x i s t e n c e  o f  the p r o b a b i l i t y  band.  The 
a r e a  o f  s t a b i l i t y ,  shown by c r o s s - h a t c h i n g ,  i s  t h e  area below a 
r e a s o n a b l e  p r o b a b i l i t y  t ha t  a p o p u l a t i o n  w i l l  d e c l i n e .  C o n t r a s t  
t h i s  a r e a  wi t h  t h a t  shown i n  F i g .  8 .
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e x h a u s t i v e l y  a n a l y z e d  t h e  Y e l l o w s t o n e  d a t a  i n  a t t e m p t i n g  to  s p e c i f y  

mechanisms o f  a d u l t  ma le -media ted  m o r t a l i t y *  I t  has been p r o p o s e d  t h a t  

i f  a d u l t  m a l e s  i n h i b i t  p o p u l a t i o n  g r o w t h ,  h u nt i n g  may ac t  to  r e l e a s e  

t h i s  r e g u l a t i o n ,  t h e r e b y  e n c o u r a g i n g  p o p u l a t i o n  g r o w t h  (Kemp 1 9 76 ,  

B u n n e l l  and T a i t  1 9 8 1 } *  The r e s u l t s  o f  t h e s e  s i m u l a t i o n s  imply t h a t ,  

w h i l e  a d u l t  m a l e s '  i n f l u e n c e  i s  n o t  t r i v i a l ,  d e n s i t y - d e p e n d e n t  b i r t h  

r a t e s  may make a l a r g e r  c o n t r i b u t i o n  t o w a r d  r e s i l i e n c e  t o  h a r v e s t  

( Ta b l e s  1 2 , 1 3 ) .  T h e r e f o r e ,  o u r  u n d e r s t a n d i n g  o f  g r i z z l y  p o p u l a t i o n  

r e s p o n s e  t o  h a r v e s t  m i g h t  be  b e t t e r  s e r v e d  by r e s e a r c h  i n t o  t h e  

r e l a t i o n s h i p  between n a t a l i t y  and d e n s i t y  t h a n  i n t o  t h e  e x a c t  way i n  

w h i c h  a d u l t  m a l e s  impact  o t h e r  segments  o f  t h e  popul a t i on*  P o pu l a t i on  

r e g u l a t i o n  m e c h a n i s m s  h a v e  b e e n  f o u n d  t o  a l t e r  o p t i m u m  h a r v e s t  

s t r a t e g i e s  i n  d i f f e r e n t i a l  e q u a t i o n  m o d e l s  (Cl ark  and T a i t  1982)  and 

L e s l i e - m a t r i x  model s  (Samuel  and Foi n 1 983) .

As p r e d i c t e d  b y  B o y c e  ( 1 9 7 9 )  a n d  s h o w n  a n a l y t i c a l l y  by 

Beddington and May ( 1 9 7 7 ) ,  v a r i a b i l i t y  i n  v i t a l  r a t e s  l e d  to  r e d u c t i o n s  

i n  s u s t a i n a b l e  y i e l d s  ( T a b l e  1 3 ) .  However,  whereas  Boyce (1979)  was 

concerned p r i m a r i l y  wi t h  r e d u c t i o n  caused by c l i m a t i c  v a r i a b i l i t y ,  t h e s e  

s i m u l a t i o n s  d e m o n s t r a t e d  t h a t  r e d u c t i o n  c a u s e d  by d e m o g r a p h i c  

v a r i a b i l i t y  a s s o c i a t e d  w i t h  s m a l l  p o p u l a t i o n  s i z e  a l s o  o c c u r s  ( T a b l e  

1 3 ) .  S m a l l  p o p u l a t i o n s  w e r e  u n a b l e  t o  s u s t a i n  t h e  same p r o p o r t i o n a l  

h a r v e s t s  as  l a r g e  p o p u l a t i o n s *  T h u s ,  t h e  common n o t i o n  o f  a m a x i m u m  

s u s t a i n a b l e  r a t e  o f  h a r v e s t  ( B u n n e l l  and T a i t  1980)  as  be i ng  a c o n s t a n t  

was i n a p p r o p r i a t e  when a p p l i e d  t o  s mal l  p o p u l a t i o n s .

Harves t  a e e - s t r u c t u r e s
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H a r v e s t s  o f  g r i z z l y  b e a r s  a r e  g e n e r a l l y  a s mal l  p r op o r t i o n  o f  

t h e i r  s t a n d i n g  p o p u l a t i o n .  Mean s u s t a i n a b l e  y i e l d s  a r e  s m a l l ;  y i e l d s  

t h a t  n e v e r  r e s u l t  i n  d e c l i n e  a r e  s m a l l e r  y e t .  The s m a l l  s i z e  o f  

h a r v e s t s  h a s  2  i m p l i c a t i o n s  f o r  t h e  r e s u l t a n t  a g e - s t r u c t u r e s :  ( i )

changes  i n  a g e - s t r u c t u r e  caused by i n c r ea s e d  h a r v e s t  are  minor,  and ( i i )  

i n  any g i v e n  sample ,  random v a r i a t i o n  p l ays  a major r o l e  in  d e t e r m i n i n g  

t h e  a g e - s t r u c t u r e  a c t u a l l y  o b s e r v e d .  T h u s ,  i n  c h a r a c t e r i z i n g  

d i f f e r e n c e s  b e t w e e n  a g e - s t r u c t u r e s  f r o m  d e c l i n i n g  an d  s t a b l e  

p o p u l a t i o n s ,  o n e  i s  f a c e d  w i t h  very  s u b t l e  d i f f e r e n c e s  t h a t  a r e  o f t e n  

obscured by t h e i r  i n h e r e n t  v a r i a b i l i t y .

The o u t s t a n d i n g  c h a r a c t e r i s t i c  o f  g r i z z l y  bear  a g e - s t r u c t u r e s  i s  

i n e r t i a .  Cohorts  r e t a i n  t h e i r  i n t e g r i t y  d e s p i t e  d i f f e r e n t i a l  h a r v e s t i n g  

r e g i m e s  ( F i g .  3 4 ) ,  a n d  h a r v e s t  c h a n g e s  t h a t  do t r a n s l a t e  i n t o  

a g e - s t r u c t u r e  changes  a r e  s u b j e c t  t o  a pronounced t ime l a g .

For a p o p u l a t i o n  i n i t i a l l y  a t  e q u i l i b r i u m ,  o v e r h a r v e s t i n g  c a us e s  

c h a r a c t e r i s t i c  c h a n g e s  i n  a g e - s t r u c t u r e .  T h e s e  c h a n g e s  c a n  be  

s u mm a r iz e d  as  ( i )  c o n t i n u o u s l y  d e c r e a s i n g  p e r c e n t a g e  m a l e s ,  e s p e c i a l l y  

among o l d e r  a n i m a l s ,  ( i i )  c o n t i n u o u s l y  d e c r e a s i n g  m a l e  a g e ,  and ( i i i )  

s l i g h t l y  i n c r e a s i n g  f e m a l e  a g e  ( T a b l e s  1 4 , 1 5 ,  F i g s .  3 3 , 3 3 , 3 8 , 3 9 , 4 0 ) .  

With t he  e x c e p t i o n  o f  the t h i r d  dynamic,  t h e s e  r e s u l t s  l a r g e l y  s u p p o r t  

G i l b e r t  e t  a l .  (197 8 ) .  T h e i r  on l y  c o n c l u s i o n  e x p l i c i t l y  c o n t r a d i c t e d  by 

t h e s e  s i m u l a t i o n s  i s  t h a t  " t h e  c h a n g e  i n  a v e r a g e  a g e  i n  t h e  k i l l "  

( G i l b e r t  e t  a l .  1 9 7 8 ,  p.  2 6 1 )  i s  a u s e f u l  i n d i c a t o r  o f  p o p u l a t i o n  

s t a t u s .  This  s t a t e m e n t  cou l d  (perhaps  e r r o n e o u s l y )  be  i n t e r p r e t e d  as  

s u g g e s t i n g  an a v e r a g e  a g e  w i t h o u t  r e g a r d  t o  s e x .  These s i m u l a t i o n s  

a r g u e  a g a i n s t  a n a l y z i n g  s e x e s  t o g e t h e r .  M a l e  a n d  f e m a l e
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a g e - d i s t r i b u t i o n s  h a v e  d i s t i n c t  d y n a m i c s ,  and combining the  2  in  the  

i n t e r e s t s  o f  i n c r e a s i n g  s a m pl e  s i z e  s i m p l y  o b s c u r e s  t he  d y n a m i c s  o f  

each.

A g e - s t r u c t u r e s  f r o m  p o p u l a t i o n s  w i t h  a p r i o r  h i s t o r y  o f  

o v e r h a r v e s t  a l s o  respond c h a r a c t e r i s t i c a l l y  to  o v e r h a r v e s t ,  but  c h a n g e s  

a r e  more s u b t l e  and v a r i a b l e .  At t h e  o u t s e t  o f  t h i s  r e s e a r c h ,  i t  was 

hoped t h a t  h a r v e s t  a g e - s t r u c t u r e s  m i g h t  p r o v i d e  an e a r l y  d e t e c t i o n  

s y s t e m  f o r  m a r g i n a l l y  o v e r -  o r  u n d e r - h a r v e s t e d  p o p u l a t i o n s  near  the  

u n s t a b l e  p o r t i o n  o f  the  SYC. However,  the s i m i l a r i t y  o f  e v e n  t h e  mo s t  

s e n s i t i v e  i n d i c e s  under t he  2 o p p o s i t e  dynamics ( F i g s .  4 7 , 4 8 ) ,  s u g g e s t s  

t h a t  o n l y  extreme d i f f e r e n c e s  can l i k e l y  be d e t e c t e d  q u i c k l y .

In  g e n e r a l ,  t h e s e  r e s u l t s  support  the  s en t i me nt s  o f  G i l b e r t  e t  

a l .  ( 1 9 7 8 )  t ha t  " Ca ta s t r op h i c  changes  i n . . . a g e  s t r u c t u r e  n e e d  l i t t l e  

t h e o r y  f o r  i n t e r p r e t a t i o n .  I f  o n l y  j u v e n i l e  mal e s  a r e  be ing  k i l l e d ,  i t  

does  not  take  a model  t o  t e l l  managers t h a t  t h e i r  bear p o p u l a t i o n  i s  i n  

t r o u b l e " .  U n f o r t u n a t e l y ,  i n t e r p r e t i n g  "more s u b t l e  changes" i s  plagued  

w i t h  problems o f  sample s i z e  and v a r i a b i l i t y .

One c o n s o l a t i o n  i s  t h a t ,  w h i l e  h a r v e s t  a g e - s t r u c t u r e s "  res pon se  

t o  d e c l i n e  was s u b t l e  and o f t e n  o v e r w h e l m e d  by w h i t e  n o i s e ,  t h e y  

r e s p o n d e d  q u a l i t a t i v e l y  d i f f e r e n t l y  t o  a sharp and sudden p o p u l a t i o n  

i n c r e a s e .  This  c o n c l u s i o n ,  s ee mi n g l y  at  odds w i t h  Caughley ( 1 9 7  4 ) ,  can  

be  r e c o n c i l e d  by e x a m i n i n g  d i f f e r e n c e s  i n  a s s u m p t i o n s  b e t w e e n  t h e  

p r e s e n t  model  and h i s .

C a u g h l e y  ( 1 9 7 4 )  p e r f o r m e d  an i m p o r t a n t  s e r v i c e  by c l a r i f y i n g  

some i n h e r e n t  l i m i t a t i o n s  i n  i n t e r p r e t i n g  a g e - r a t i o s  g a t h e r e d  from  

s t a n d i n g  p o p u l a t i o n s .  He s h o w e d ,  f o r  e x a m p l e ,  t h a t  age r a t i o s  were
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u n a f f e c t e d  when m o r t a l i t y  r a t e s  were i n c r e a s e d  or decreased  e q u a l l y  over  

a l l  a g e - c l a s s e s ,  Mor? s i g n i f i c a n t l y ,  he showed t h a t  r a t i o s  o f  j u v e n i l e s  

t o  a d u l t s  w e r e  i n d i s t i n g u i s h a b l e  i n  d e c l i n i n g  and i n c r e a s i n g  

p o p u l a t i o n s .  By r e d u c i n g  a d u l t  s u r v i v a l  r a t e s ,  h i s  modeled p o p u l a t i o n  

d e c l i n e d  w i t h  r = - 0 , 2 ; by i n c r e a s i n g  f e c u n d i t y  r a t e s  or  j u v e n i l e  

s u r v i v a l ,  h i s  m o d e l e d  p o p u l a t i o n  i n c r e a s e d  wi t h  r * 0 . 2 .  In both c a s e s ,  

age r a t i o s  behaved s i m i l a r l y .  He t h u s  c o n c l u d e d  t h a t  i n c r e a s e s  and  

d e c l i n e s  could  cause  i d e n t i c a l  c a - . i:i p o p u l a t i o n  a g e - s t r u c c u r w.

While  h i s  paper caused a w e l l  needed r e - e v a l u a t i o n  or r a t i o

a n a l y s e s  by game b i o l o g i s t s ,  i t  n e e d n ' t  h a v e  s t o p p e d  a g e - s t r u c t u r e  

a n a l y s i s  a l t o g e t h e r .  As shown h e r e ,  under  t h e  a s s u m p t i o n  o f  c o n s t a n t  

h a r v e s t  wi t h  unchanging r e l a t i v e  v u l n e r a b i l i t i e s ,  h arves t  a g e - s t r u c t u r e s  

r e s p o n d  b o t h  t o  t h e  s t a n d i n g  p o p u l a t i o n  a g e - s t r u c t u r e  a n d  t o  t h e  

a v a i l a b i l i t y  o f  t h e  mos t  v u l n e r a b l e  a g e - c l a s s e s .  P op ul a t i on  growth  

under s t a b l e  h a r v e s t ,  a s  i n i t i a t e d  by a r i s e  i n  c a r r y i n g  c a p a c i t y ,  

p r o v i d e s  a s u r p l u s  o f  more v u l n e r a b l e  an imal s  w i th ou t  d i m i n i s h i n g  the  

number o f  l e s s  v u l n e r a b l e  a n i m a l s .  Harves t  a g e - s t r u c t u r e s  d u r i n g  s u c h  

an i n c r e a s e  show no d e t e c t a b l e  changes  d e s p i t e  t h e  s ma l l  i n c r e a s e  i n  the  

r e l a t i v e  p r o p o r t i o n  o f  young during the  i n i t i a l  growth per iod  ( F i g .  5 0 ) .  

But  d u r i n g  p o p u l a t i o n  d e c l i n e s ,  h a r v e s t  a g e - s t r u c t u r e s  c h a n g e  

p r e d i c t a b l y  ( i f  n o t  a l w a y s  d e t e c t a b l y )  b e c a u s e ,  a s  v u l n e r a b l e  

a g e - c l a s s e s  a r e  d e p l e t e d ,  the  c o n s t a n t  h a r v e s t  demands t h a t  an i mal s  from 

l e s s  v u l n e r a b l e  a g e - c l a s s e s  be t a k e n  i n s t e a d  ( F i g .  4 0 ) .  C a u g h l e y  

( 1 9 7 4 )  as sumed t h a t  age r a t i o s  were  c a l c u l a t e d  from unbiased  samples  o f  

t he  s t a n d i n g  p o p u l a t i o n .  Thus the  apparent  c o n t r a d i c t i o n  b e t w e e n  t h e  2 

c o n c l u s i o n s  i s  r e s o l v e d .  His  c a u t i o n  a g a i n s t  u s i n g  age r a t i o s  a p p l i e s
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t o  an i n d e x  s u c h  as  c u b : a d u l t  r a t i o s  from o b s e r v a t i o n s .  I t  does not  

apply  t o  h a r v e s t  a g e - s t r u c t u r e  dat a  as modeled h e r e .

The D i s c r i m i n a n t  Index

The q u e s t i o n  most o f t e n  asked by a manager when c on f r on t ed  wi th  

h a r v e s t  a g e - s t r u c t u r e  d a ta  i s :  " i s  t h i s  p o p u l a t i o n  g o in g  up or  down,  or  

i s  i t  r e m a i n i n g  s t a b l e ? "  The d i s c r i m i n a n t  i n d e x  d e v e l o p e d  i n  t h i s  

t h e s i s  i s  an a i d  t o  answer ing  t ha t  q u e s t i o n .  I t  was d eve l oped  p r i m a r i l y  

f o r  c l a s s i f y i n g  p o p u l a t i o n s  e x i s t i n g  near t he  u n s t a b l e  p o r t i o n  o f  the  

SYC; p o p u l a t i o n s  whose u l t i m a t e  t r a j e c t o r y  i s  e i t h e r  d e c l i n e  or  r e t u r n  

t o  s t a b l e  e q u i l b r i u m .  I t  was s e e n  t o  work a b o u t  e q u a l l y  w e l l  f o r  

p o p u l a t i o n s  a t  o t h e r  p o s i t i o n s  i n  p o p u l a t i o n / h a r v e s t  s p a c e .

H o w e v e r ,  t h e r e  e x i s t  g r e a t  d i f f i c u l t i e s  i n  r e l i a b l y  d e t e c t i n g  

s u b t l e  d i f f e r e n c e s  w i t h  s m al l  s amples .  Like any o t h e r  s t a t i s t i c a l  t e s t ,  

t h e  d i s c r i m i n a n t  i n d e x  p e r f o r m s  b e s t  when a s k e d  t o  d i f f e r e n t i a t e  

e x t r em e s .  I t  performs p o o r l y  when the  examined p o p u l a t i o n s  d i f f e r  from  

e a c h  o t h e r  o n l y  m a r g i n a l l y .  A l s o  l i k e  o t h e r  s t a t i s t i c a l  t e s t s ,  i t  

performs b e t t e r  when s u p p l i e d  w i t h  l a r g e  sampl es .  However,  u n l i k e  o t h e r  

p r o b l e m s  a d d r e s s e d  w i t h  s t a t i s t i c a l  t e s t s ,  sample  s i z e  o f  h a r v e s t  data  

i s  n o t  i n d e p e n d e n t  o f  t h e  t e s t ' s  o u t c o m e .  I n  t h e  r e a l  w o r l d ,  

p o p u l a t i o n s  a r e  n o t  i n f i n i t e l y  l a r g e ,  so  a c h i e v i n g  a l a r g e  h a r v e s t  

sample  may come o n l y  a t  the  p r i c e  o f  a s s u r i n g  p o p u l a t i o n  d e c l i n e .

U n l i k e  o t h e r  a p p r o a c h e s  t o  a n a l y z i n g  a g e - s t r u c t u r e  dat a  ( e . g .  

F r a s e r  1976,  P a l o h e i m o  and F r a s e r  1 9 8 1 ) ,  t h e  d i s c r i m i n a n t  i n d e x  was  

g e n e r a t e d  by s i m u l a t e d ,  s t o c h a s t i c  d a t a ,  r a t h e r  than an a n a l y t i c a l ,  

d e t e r m i n i s t i c  mode l .  T h i s  approach enabled  e s t i m a t i o n  o f  t h e  power o f
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t h e  t e s t  when a p p l i e d  t o  r e a l i s t i c  da t a .  I n c l u d i n g  an e s t i m a t e  o f  the  

i n d ex '  power i s  among recommendations g i v e n  by Eberhardt  ( 1 9 7 7 ) .

The t e s t  i s  d e s i g n e d  t o  be c o n s e r v a t i v e .  Using the  s u gg e s t e d  

c r i t i c a l  p o i n t s  o f  0 , 8 5  ( l a r g e  samples )  and 2 . 0 0  ( s m a l l  samples )  r e s u l t s  

i n  p r o b a b i l i t y  o f  Type I o f  app rox i mat e l y  10%. A h i gh er  c r i t i c a l  po i n t  

would reduce  Type I e r r o r s  f u r t h e r ,  but  a t  t h e  c o s t  o f  c o n s i d e r a b l e  

power ( F i g .  5 7 ) .  A c c e p t i n g  a 10% p r o b a b i l i t y  o f  m i s - i d e n t i f y ing a 

d e c l i n i n g  p o p u l a t i o n  i s  probably  the b e s t  c o mp r o m i s e  o f  Type I and I I  

e r r o r s .  I f  2 c o n s e c u t i v e  3 - y e a r  g r o u p s  a r e  c o n s i d e r e d  and t h e  

p o p u l a t i o n  c a t e g o r i z e d  as d e c l i n i n g  o n l y  i f  both i n d i c e s  a r e  b e l o w  t h e  

c r i t i c a l  p o i n t ,  t h e  p r o b a b i l i t y  o f  a Type I e r r or  can be reduced below 

10%. ( I f  h a r v e s t  a g e - s t r u c t u r e s  from b o t h  s a m p l e s  a r e  c o m p l e t e l y  

i n d e p e n d e n t ,  t h e  T y p e  I p r o b a b i l i t y  w i l l  be  0 . 1 0  x 0 . 1 0  -  0 . 0 1 .  

Howe ver ,  h a r v e s t  a g e - s t r u c t u r e s  f rom c o n s e c u t i v e  y e a r - g r o u p s  a r e  

p r o b a b l y  s e r i a l l y  c o r r e l a t e d .  Under p e r f e c t  s e r i a l  c o r r e l a t i o n ,  t he  2 

a g e - s t r u c u t r e s  w i l l  d i f f e r  from each o t h e r  o n ly  because  o f  random n o i s e ,  

and t h e  e x p e c t e d  p r o b a b i l i t y  o f  Type I e r r o r  w i l l  s t i l l  be 0 . 1 0 .  A 

r e a s o n a b l e  g u e s s  i s  t h a t  a g e - s t r u c t u r e  i n d e p e n d e n c e  l i e s  h a l f - w a y  

b e t w e e n  t h e  extreme c a s e s ,  r e s u l t i n g  i n  an e x p e c t e d  p r o b a b i l i t y  o f  Type 

I e r r or  o f  ( 0 . 1 0  + O . O D / 2  « 0 . 0 5 5 ) .  However,  u s i n g  the  c r i t e r i o n  o f  2 

c o n s e c u t i v e  d e c l i n i n g  i n d i c e s  f u r t h e r  reduces  t he  temporal  s e n s i t i v i t y  

o f  the  i n d ex .  Because  I recommend c o m b i n i n g  d a t a  from 3 c o n s e c u t i v e  

y e a r s  t o  form e a c h  a g e - s t r u c t u r e ,  a d e c i s i o n  b a s e d  on 2  c o n s e c u t i v e  

y e a r - g r o u p s  r e q u i r e s  6  y e a r s .

The d i s c r i m i n a n t  i n d e x  r e s p o n d s  not  t o  p o p u l a t i o n  s i z e  but to  

i n t e n s i t y  o f  t h e  h a r v e s t .  U n f o r t u n a t e l y ,  i t  i s  most  s e n s i t i v e  a t
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Power of the discriminant function
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F i g ,  57.  The power o f  Che d i s c r i m i n a n t  in d ex  as  a f u n c t i o n  o f  t h e  
p r o b a b i l i t y  o f  Type I e r r o r s .  Type I e r r o r s  a r e  m i s - c L a s s i f y i n g  as  
a s t a b l e  p o p u la t i o n  one t h a t  i s  a c t u a l l y  in  d e c l i n e .
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h a r v e s t  r a t e s  w e l l  above s u s t a i n a b l e  l e v e l s ,  and i s  l e a s t  s e n s i t i v e  in  

the c r i t i c a l  b a r v e s t - p o p u l a t i o n  r e g i o n  th a t  d i v i d e s  s u s t a i n a b l e  h a r v e s t  

from o v e r h a r v e s t s  ( F i g .  5 8 ) .  H a r v e s t  l e v e l s  a rou n d  5% can  produce  

d i s c r i m i n a n t  i n d i c e s  a s  h i g h  a s  4 and a s  low  a s  - 2 .  E x t r e m e l y  low  

i n d i c e s  a r e  guaranteed  o n ly  a t  c a t a s t r o h p i c a l l y  high h a rv es t  r a t e s .

Because the  t e s t ' s  power  i s  s t r o n g l y  r e l a t e d  t o  s a m p le  s i z e ,  

q u e s t i o n s  o f  how to  b e s t  i n c r e a s e  t h e  s a m p l e  a r e  p e r t i n e n t .  One 

a l t e r n a t i v e  i s  to  e n la r g e  the u n i t  o f  area  s t u d i e d ,  t h e r e b y  i n c r e a s i n g  

t h e  number o f  a n i m a l s  a s su m ed  t o  o p e r a t e  a s  1 p o p u l a t i o n .  However, 

d o i n g  s o  r i s k s  a v e r a g i n g  t o g e t h e r  s u b - p o p u l a t i o n s  w i t h  d i f f e r e n t  

d y n a m i c s  an d  p o s s i b l y  o v e r l o o k i n g  l o c a l  d e c l i n e s .  R e a l  w o r ld  

p o p u l a t i o n s  r a r e l y  behave homogeneously .  Loca l  p a tch es  o f  abundance and 

o v e r h a r v e s t  a re  probably  th e  r u l e  r a t h e r  than th e  e x c e p t i o n .  In f a c t ,  a 

major weakness  o f  t h i s  m od el in g  e f f o r t  i s  t h a t  i s  i g n o r e s  h e t e r o g e n e i t y  

b e l o w  t h e  l e v e l  o f  t h e  e n t i r e  p o p u l a t i o n *  I t  i s  u n c l e a r  how o f t e n  

a sse m b la g es  o f  e v en  a s  f e w  a s  2 0 0  g r i z z l y  b e a r s  c a n  be c o n s i d e r e d  a 

d i s c r e t e  p o p u l a t i o n .

I n  som e a r e a s ,  i t  i s  p o s s i b l e  t o  i n c r e a s e  s a m p le  s i z e  by 

augmenting h a r v e s t  d a ta  w i t h  th a t  from bears  l i v e - c a p t u r e d  f o r  r e s e a r c h .  

Can a g e - s t r u c t u r e  d a t a  from  t h e s e  c a p t u r e d  b e a r s  be  ad d ed  t o  t h e  

a n a l y s i s ?  The answer depends on whether  or not r e l a t i v e  v u l n e r a b i l i t i e s  

to  c a p t u r e  and h a r v e s t  can be assumed e q u a l .  I f  t r a p p in g  o ccu rs  p r io r  

t o  t h e  h a r v e s t  and i n  t h e  same g e n e r a l  a r e a ,  t h i s  q u e s t i o n  c a n  be  

a d d r e s s e d  by c o m p a r in g  th e  2 a g e - s t r u c t u r e s .  Because the  2 sample the  

same p o p u la t i o n  ( c a p t u r e d  b e a r s  are  assumed t o  have b e e n  r e l e a s e d  b ack  

i n t o  t h e  p o p u l a t i o n ) ,  s i m i l a r  r e l a t i v e  v u l n e r a b i l i t i e s  shou ld  y i e l d
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Harvest rote on DFA score
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F i g .  5 8 .  H a r v e s t  r a t e s  a s s o c i a t e d  w i t h  d i f f e r e n t  v a l u e s  o f  the  
d i s c r i m i n a n t  in d e x .  H arvest  r a t e s  o f  52 or b e lo w  a r e  a s s o c i a t e d  
w i t h  v a r i a b l e  d i s c r i m i n a n t  s c o r e s .  Only at  c a t a s t r o p h i c a l l y  high  
h a r v e s t  r a t e s  i s  th e  d i s c r i m i n a n t  ind ex  r e l i a b l y  low.
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s i m i l a r  a g e - s t r u c t u r e s .  H o w e v e r ,  t e s t s  o f  d i f f e r e n c e s  b e t w e e n  

d i s t r i b u t i o n s  based on sm a l l  samples  a re  c o n s e r v a t i v e .  Real d i f f e r e n c e s  

between a g e - s t r u c t u r e s  might t h e r e f o r e  by s t a t i s t i c a l l y  i n s  i g n f  i c a n t , 

e r r o n e o u s l y  l e a d i n g  the  i n v e s t i g a t o r  to  c o n c lu d e  t h a t  combining data i s  

j u s t i f i e d .

I n  a f e w  s t u d i e s  o f  b l a c k  b e a r s ,  s a m p l e s  s i z e s  h a v e  been  

s u f f i c i e n t  t o  compare a g e - s t r u c t u r e s  from trapped and h a r v e s t e d  b e a r s .  

R a y b o u r n e  ( 1 9 7 6 )  c o m p a r e d  h a r v e s t e d  a n d  t r a p p e d  b l a c k  b e a r  

a g e - s t r u c t u r e s  from V i r g i n i a .  He c o n c l u d e d  t h a t  t h e  t r a p p e d  sa m p le  

com pared  " . . . a l m o s t  i d e n t i c a l l y  w ith  h a r v e s t  d a t a  fo r  the  same p er io d " .  

S t a t i s t i c a l  a n a l y s i s  o f  h i s  d a t a  r e v e a l  t h a t  n e i t h e r  m a l e  a g e  

d i s t r i b u t i o n s  n o r  m a l e : f e m a l e  r a t i o s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  

( p > 0 . 1 0 ) .  R e c e n t l y ,  the  Montana Department o f  F i s h ,  W i l d l i f e ,  and Parks  

was i n t i a t e d  t r a p p i n g  e f f o r t s  i n  t h e  C abinet  Mountains  o f  n o r th w es tern  

M on tan a .  T h e r e ,  b l a c k  b e a r  a g e - s t r u c t u r e s  from  t r a p p i n g  d i f f e r e d  

s i g n i f i c a n t l y  from th e  a g e - s t r u c t u r e  o f  th e  h a r v e s t e d  sample CG. Brown, 

Montana Department o f  F i s h ,  W i l d l i f e ,  and Parks ,  p e r s .  comm.).  Thus i t  

a p p e a r s  t h a t  r e l a t i v e  v u l n é r a b i l i t é s  to  h u n t in g  and r e s e a r c h  trapp ing  

may or  may not d i f f e r .
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Assum ptions  and R esearch

The m o d e l  upon w h ic h  t h i s  a n a l y s i s  i s  based  c o n t a i n s  numerous 

a s su m p t i o n s ,  but t h e  most c r i t i c a l  a p p e a r  t o  be  t h o s e  r e l a t e d  t o  t h e  

n a t u r e  o f  g r i z z l y  bear h a r v e s t i n g .  Although t h e r e  are  p r e s e n t l y  l i t t l e  

data  to  guide  th e  m od el ing  o f  g r i z z l y  b e a r  h a r v e s t s ,  s u c h  i n f o r m a t i o n  

ca n  be  c o l l e c t e d  by h u n t e r  s u r v e y s  and s t a t i s t i c a l  a n a l y s e s  o f  past  

h a r v e s t s .

F i r s t ,  t h e  m o d e l  a ssu m es  a c o n s t a n t  h a r v e s t .  I m p l i c i t  i s  t h a t  

h a r v e s t  e f f o r t  i n c r e a s e s  c o n t i n u o u s l y  w i th  o v e r h a r v e s t ,  because  the same 

number must be h a r v e s t e d  from an ev er  d e c r e a s i n g  p o p u l a t i o n .  A c o n s ta n t  

h a r v e s t  m o d e l  i s  c l e a r l y  u n r e a l i s t i c  b ey o n d  some lo w e r  b o u n d a ry  o f  

p o p u l a t i o n  abundance; i f  o n ly  2 0  bears  remain ,  one can hard ly  e x p e c t  2 0  

b ears  to  be h a r v e s t e d .  However, a c o n s t a n t  e f f o r t  m o d e l  can s i m i l a r l y  

be v a l i d  o n l y  under r e s t r i c t e d  c o n d i t i o n s .  I f  e f f o r t  i s  c o n s t a n t  a t  a l l  

d e n s i t i e s ,  p o p u l a t i o n s  are  e i t h e r  a lways  s t a b l e  ( i f  e f f o r t  i s  b e lo w  a 

c r i t i c a l  l e v e l )  o r  a l w a y s  d e c l i n i n g  t o  e x t i n c t i o n  ( i f  e f f o r t  i s  to o  

h i g h ) .  The f a c t  th a t  some p o p u l a t i o n s  h a v e  e x h i b i t e d  s t a b i l i t y  under  

h a r v e s t  w h i l e  o t h e r s  h a v e  d e c l i n e d  (and most have done some of  e a c h ! )  

a r g u e s  a g a i n s t  c o n s t a n t  e f f o r t  a s  a r e a s o n a b l e  model  a t  a l l  d e n s i t i e s .  

A d d i t i o n a l l y ,  i f  e f f o r t  i s  known t o  be c o n s t a n t ,  th e  s i z e  o f  th e  h arves t  

i s  a d i r e c t  index  o f  p o p u l a t i o n  s i z e ,  and s o p h i s t i c a t e d  a n a l y s e s  a r e  

u n n e c e s s a r y .  As s u g g e s t e d  by B e d d i n g t o n  and May ( 1 9 7 7 ) ,  t h e  t r u e  

s i t u a t i o n  i s  d o u b t l e s s l y  an i n t e r m e d i a t e  on e  b e t w e e n  c o n s t a n t  h a r v e s t  

and c o n s t a n t  e f f o r t .  A lthough I would s u g g e s t  t h a t  c o n s ta n t  h a r v e s t  i s
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th e  most a p p r o p r ia t e  model f o r  t h e  r a n g e  o f  d e n s i t i e s  e x a m in e d  h e r e ,  

d a t a  on h a r v e s t  e f f o r t  can o n l y  im p r o v e  such model ing  e f f o r t s  in  the  

f u t u r e .  In p a r t i c u l a r ,  a r e l i a b l e  i n d e x  o f  e f f o r t  c o u l d  h e l p  g u i d e  

i n t e r p r e t a t i o n  o f  t h e  i n c o n s i s t e n c y  b e t w e e n  t h e  l o n g - t e r m  t r e n d  

s u g g e s t e d  by the  a n a l y s i s  o f  Montana's 1 9 7 0 - 1 9 8 1  g r i z z l y  b e a r  h a r v e s t  

o f f e r e d  h e r e ,  and t h a t  p r e se n t e d  by Klaver  (u npu bl .  d a t a ) .

S e c o n d ,  t h e  m o d e l  a s s u m e s  e a c h  a g e - c l a s s  h a s  a r e l a t i v e  

v u l n e r a b i l i t y  to  h a r v e s t  t h a t  i s  u n a f f e c t e d  by p o p u la t i o n  d e n s i t y .  This  

c o n s t i t u t e s  a f i r s t  a p p r o x i m a t i o n ;  we h a v e  no d a t a  t o  i n d i c a t e  

o t h e r w i s e .  H ow ever ,  a t  l e a s t  2  s c e n a r i o s  i n  which t h i s  a ssu m pt ion  i s  

v i o l a t e d  appear p l a u s i b l e .  F i r s t ,  i f  h u n t e r s  p r e f e r  a l a r g e  a n i m a l ,  

t h e y  w i l l  t e n d  t o  s e l e c t  m ales  o v e r  f e m a l e s .  However, in  a p o p u la t i o n  

t h a t  h a s  b e e n  r e d u c e d  by h e a v y  h a r v e s t ,  m a t u r e  f e m a l e s  may b e  t h e  

l a r g e s t  bears  r em a in in g .  Thus, a t  lower d e n s i t i e s ,  fem ale  v u l n e r a b i l i t y  

may i n c r e a s e .  Second,  th e  model a s s i g n s  v e r y  h i g h  v u l n e r a b i l i t i e s  t o  

s u b - a d u l t  m a l e s  p r i m a r i l y  b e c a u s e  t h e y  w ander  a b o u t  more than o th e r  

a g e - c l a s s e s .  The work o f  Kemp (1 9 7 6 )  and Young and Ruff (1 9 8 2 )  s u g g e s t s  

t h a t  much o f  t h e i r  w a n d e r i n g  i s  i n  r e s p o n s e  to  th e  p re se n c e  o f  a d u l t  

m a l e s .  In  a h e a v i l y  h a r v e s t e d  p o p u l a t i o n  w i t h  f e w  a d u l t  m a l e s ,

s u b - a d u l t  m a l e s  may f i n d  i t  e a s i e r  to  e s t a b l i s h  a home range ,  thereby

r e d u c i n g  t h e i r  m ovem ents  a n d ,  by e x t e n s i o n ,  t h e i r  v u l n e r a b i l i t y  to  

h a r v e s t .  R e s e a r c h  i n t o  th e  r e l a t i v e  v u l n é r a b i l i t é s  o f  a g e - c l a s s e s  and 

how t h e s e  change under v a r y in g  h a r v e s t  regim es  would add g r e a t l y  t o  our

knowledge  o f  h a r v e s t e d  g r i z z l y  bear dynamics.
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MANAGEMENT SUMMARY

1 .  A s t o c h a s t i c ,  a g e - s t r u c t u r e d  g r i z z l y  b e a r  p o p u l a t i o n  

p r o j e c t i o n  model was d e v e l o p e d ,  which t r a c e d  i n d i v i d u a l  a n im a ls  through  

t i m e .  The m odel  a c c u r a t e l y  p o r t r a y e d  s u c h  f e a t u r e s  o f  g r i z z l y  

p o p u l a t i o n s  a s  l i t t e r  s i z e ,  b r e e d i n g  i n t e r v a l ,  a g e  a t  f i r s t  

r e p r o d u c t i o n ,  s u r v i v a l  r a t e s ,  and l o n g e v i t y  o f  i n d i v i d u a l s ,  a s  w e l l  as  

c o m p o n e n t s  i m p o s s i b l e  t o  s i m u l a t e  w ith  t r a d i t i o n a l  L e s l i e - m a t r i x  based  

m odels ,  such as  synchrony o f  b r e ed in g  and n o n - s t a t i o n a r y  a g e - s t r u c t u r e s .

2 .  When i n i t i a t e d  a t  a s m a l l ,  a r b i t r a r y  number, p o p u l a t i o n s  

grew s l o w l y  towards  eq u i l ib r iu m *  However, d e c l i n e s  o c cu rred  t h r o u g h o u t  

t h e  g r o w t h  p h a s e ,  i . e .  e v e n  when r e s o u r c e s  w e re  n o t  l i m i t i n g  t h e  

p o p u l a t i o n .  The r e s u l t i n g  increm en t  cu rv e  in c lu d e d  n e g a t i v e  i n c r e m e n t s  

a t  a l l  p o p u l a t i o n  d e n s i t i e s .  T h i s  v i e w  o f  p o p u l a t i o n  g r o w th  o f  a 

K - s e l e c t e d  s p e c i e s  i m p l i e d  t h a t  d e t e r m i n i s t i c  i n c r e m e n t  c u r v e s  

o v e r e s t i m a t e  t h e  p o t e n t i a l  o f  s u c h  p o p u l a t i o n s  t o  w i t h s t a n d  

n o n - s e l e c t i v e  h a r v e s t s .

3 .  P o r t i o n s  o f  t h e  s u s t a i n e d  y i e l d  c u r v e  were q u a n t i f i e d  fo r  

p o p u l a t i o n s  t h a t  had u n e x p l o i t e d  e q u i l i b r i a  o f  2 0 0  and 60 0  a n i m a l s .  

S u s t a i n a b l e  y i e l d  a t  a g i v e n  p o p u l a t i o n  l e v e l  was n o t  a d e q u a t e l y  

p o r tra y ed  by a s i n g l e  number; r a t h e r ,  s u s t a i n a b l e  y i e l d s  o c c u r r e d  i n  

broad p r o b a b i l i t y  bands.
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W it h in  the  s u s t a i n e d  y i e l d  p r o b a b i l i t y  band, the  t r a j e c t o r y  

o f  a g iv e n  p o p u la t io n  was i n f l u e n c e d  not o n ly  by i t s  h a r v e s t  r a t e ,  but

by s t o c h a s t i c  f a c t o r s ,  i n c l u d i n g  t h e  a g e - s t r u c t u r e  o f  t h e  s t a n d in g

p o p u l a t i o n  a t  t h e  i n i t i a t i o n  o f  h a r v e s t ,  t h e  a g e - s t r u c t u r e  o f  t h e  

a n i m a l s  k i l l e d  d u r i n g  th e  h a r v e s t ,  and v a r i a b i l i t y  in  the  p o p u l a t i o n ' s  

v i t a l  r a t e s  during the  h a r v e s t ,  as  a f f e c t e d  by y e a r l y  v a r i a t i o n  in  K.

5 .  Mean s u s t a i n a b l e  y i e l d s  a p p l i e d  o v e r  30 y ea rs  were  lower  

than t h o s e  a p p l i e d  o v e r  10 y e a r s .  A c o n s t a n t  h a r v e s t  t h a t  d i d  n o t

i n d u c e  d e t e c t a b l e  d e c l i n e s  w i t h i n  10 y e a r s  o f t e n  d id  so by year  3 0 .

C o n v e r s e l y ,  s i g n i f i c a n t  d e c l i n e s  w i t h i n  10 y e a r s  n e v e r  r e v e r s e d  

th e m se lv e s  dur in g  the  subsequent  2 0  y e a r s .

6 . The mechanism o f  p o p u l a t i o n  r e g u l a t i o n  o p e r a t i n g  i n f l u e n c e d  

s u s t a i n a b l e  y i e l d s .  P o p u l a t i o n s  w i t h  d e n s i t y - d e p e n d e n t  n a t a l i t y  

w i t h s t o o d  h igh er  h a r v e s t s  than d id  p o p u l a t i o n s  w i th  d e n s i t y - i n d e p e n d e n t  

n a t a l i t y .  S i m i l a r l y ,  p o p u l a t i o n s  w i t h  s u b - a d u l t  m a le  s u r v i v a l  a 

f u n c t i o n  o f  a d u l t  male abundance were  more r e s i l i e n t  t o  h a r v e s t s  th an  

w e r e  p o p u l a t i o n s  w i t h  s u b - a d u l t  m a l e  s u r v i v a l  a f u n c t i o n  o f  t o t a l  

p o p u la t i o n  s i z e .  The c o m p e n s a t i o n  t o  h a r v e s t  m o r t a l i t y  a f f o r d e d  by 

d e n s i t y - d e p e n d e n t  n a t a l i t y  was g r e a t e r  th a n  t h a t  a f f o r d e d  by t h e  

a d u l t - m a l e  m ediated  s u r v i v o r s h i p  f u n c t i o n  f o r  s u b - a d u l t  m a le s .

7 .  S u s t a i n a b l e  y i e l d ,  e x p r e s s e d  as  a p r o p o r t io n  o f  th e  s ta n d in g  

p o p u l a t i o n ,  was i n v e r s e l y  r e l a t e d  t o  t h e  m a g n i t u d e  o f  d e m o g r a p h i c
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s t o c h â s t i c i C y .  B e c a u s e  s m a l l  p o p u l a t i o n s  w e re  more i n f l u e n c e d  by 

d e m o g r a p h i c  s t o c h a s t i c i t y  th a n  l a r g e  p o p u l a t i o n s ,  t h e y  had l o w e r  

p r o p o r t i o n a l  s u s t a i n e d  y i e l d s  th a n  l a r g e r  p o p u l a t i o n s .  T h u s ,  t h e  

concep t  o f  a c o n s t a n t  p r o p o r t io n  o f  the  p o p u la t i o n  as  be ing  h a r v e s c a b l e  

was i n c o r r e c t .

8 . S t a b l e  h a r v e s t s  were c h a r a c t e r i z e d  by a l a r g e  p r o p o r t io n  o f  

v u l n e r a b l e  s u b - a d u l t  m a l e s .  O v e r h a r v e s t s  f i r s t  showed i n c r e a s i n g  

p r o p o r t i o n s  o f  o l d e r  m a l e s .  L a t e r ,  a s  o l d e r  m a l e s  w e r e  d e p l e t e d ,  

o v e r h a r v e s t s  show ed  i n c r e a s i n g  p r o p o r t i o n s  o f  j u v e n i l e  m a l e s  and  

s u b - a d u l t  f e m a l e s .

9 .  P a s t  d e m o g r a p h i c s  g r e a t l y  i n f l u e n c e d  a g e - s t r u c t u r e s  o f  

h a r v e s t e d  g r i z z l y  bear p o p u l a t i o n s .  D i f f e r e n c e s  i n  a g e - s t r u c t u r e s  o f  

o v e r h a r v e s t e d  and s a f e l y  h a r v e s t e d  p o p u la t i o n s  were minor. Changes th a t  

d id  o c c u r  were s u b j e c t  to  a pronounced t i m e - l a g  o f  up t o  8  y e a r s .

1 0 .  T h e  s u b t l e  c h a n g e s  i n  p o p u l a t i o n  a g e - s t r u c t u r e  t h a t  

accompanied o v e r h a r v e s t  were c a t e g o r i z e d  by 3 p a t t e r n s :  1 ) h a r v e s t  s e x

r a t i o  s h i f t e d  t o w a r d  f e m a l e s ,  2} males became younger ,  and 3) females  

became s l i g h t l y  o l d e r .

1 1 .  H a r v e s t  a g e - s t r u c t u r e s  from p o p u la t i o n s  th a t  were a l low ed  

t o  i n c r e a s e  (by  i n c r e a s i n g  t h e i r  c a r r y in g  c a p a c i t i e s )  were  more s i m i l a r  

to  s t a b l e  h a r v e s t s  than t o  o v e r h a r v e s t s .  Thus, a g e - s t r u c t u r e  i n d i c a t o r s  

d e r i v e d  from a c o n s t a n t  h a r v e s t  w i th  d i f f e r e n t i a l  r e l a t i v e  v u l n e r a b i l i t y
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d i d  n o t  d i s p l a y  the  a m b i g u i t i e s  o f  s t a n d in g  p o p u l a t i o n  a g e - r a t i o s  shown 

by Caughley (197 4 ) .

1 2 ,  P a t t e r n s  i n  a g e - s t r u c t u r e s  w e r e  o b f u s c a t e d  by c h a n c e  

v a r i a b i l i t y  a s s o c i a t e d  w i t h  s m a l l  s a m p le  s i z e ,  a s  w e l l  a s  t h e  3 - y e a r  

c y c l e  o f  c oh or t  abundance.

1 3 .  D i f f e r e n c e s  i n  h a r v e s t  a g e - s t r u c t u r e  o f  d e c l i n i n g  and 

s t a b l e  p o p u l a t i o n s  w e re  s u m m a r i z e d  an d  q u a n t i f i e d  by a 2 - g r o u p  

d i s c r i m i n a n t  f u n c t i o n  e q u a t i o n .  The e q u a t io n  more a c c u r a t e l y  p r e d i c t e d  

p o p u l a t i o n  t r a j e c t o r y  when o n l y  e x t r e m e s  i n  h a r v e s t  r e g i m e  w e r e  

c o m p a r e d .  I t  performed more e f f i c i e n t l y  when a g e - s t r u c t u r e  data  from 3 

c o n s e c t i v e  y e a r s  w e r e  p o o l e d  t h a n  when s u p p l i e d  w i t h  o n l y  a s i n g l e  

y e a r s '  d a t a .  I t  was more pow erfu l  wiph l a r g e r  than sm a l le r  sam p les .

14 .  The power o f  th e  d i s c r i m i n a n t  f u n c t i o n  was e s t i m a t e d  by 

s e t t i n g  t h e  p r o b a b i l i t y  o f  e r r o n e o u s l y  c l a s s i f y i n g  a d e c l i n i n g  

p o p u l a t i o n  as  s t a b l e  a t  1 0 %, and q u a n t i f y i n g  t h e  p e r c e n t a g e  o f  s t a b l e  

p o p u l a t i o n s  c o r r e c t l y  c l a s s i f i e d .  Under c i r c u m s t a n c e s  t y p i c a l l y  

c o n f r o n t i n g  a manager,  the  power o f  the  t e s t  was low: w i t h  l a r g e  s a m p le  

s i z e s ,  power was j u s t  over  50%; w i th  s m a l l  sample s i z e ,  power was about  

20%.

1 5 .  The s u b t l e t y  o f  d i f f e r e n c e s  b e t w e e n  a g e - s t r u c t u r e s  o f  

d e c l i n i n g  and s t a b l e  p o p u l a t i o n s  i s  a r e s u l t  o f  the  g e n e r a l  i n a b i l i t y  o f  

g r i z z l y  b e a r  p o p u l a t i o n s  t o  w i t h s t a n d  s u b s t a n t i a l  h a r v e s t .
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A g e - S t r u c t u r e  c h a n g e s  o c c u r  b e c a u s e  o f  h a r v e s t i n g ,  but g r i z z l y  b e a r  

h a r v e s t s  a r e  n e c e s s a r i l y  sm a l l  p r o p o r t io n s  o f  th e  s ta n d in g  p o p u la t i o n .  

Thus, w h i l e  r e l a t i v e l y  sm a l l  h a r v e s t s  can induce  d e c l i n e s ,  th e y  p e r t u r b  

a g e - s t r u c t u r e s  o n ly  s l i g h t l y .  The symptoms o f  o v e r h a r v e s t  may t h e r e f o r e  

not be d ia g n o sed  u n t i l  a p o p u la t i o n  d e c l i n e  i s  w e l l  underway.

1 6 .  G r i z z l y  b e a r  h a r v e s t i n g  m u s t  t h e r e f o r e  b e  v i e w e d  

c o n s e r v a t i v e l y .  H a r v e s t i n g  a s m a l l  p o p u l a t i o n  m e r e l y  t o  g a i n  

in f o r m a t io n  on p o p u la t i o n  s t r u c t u r e  f o r  purposes  o f  a n a l y s i s  i s  u n l i k e l y  

to  y i e l c .   ̂ V: v a l u e .  The o n ly  time such in f o r m a t io n  i s  l i k e l y  to  be 

r e l i a b l e  i s  the  tiarvesc i t s c l r  has caused a major d e c l i n e .

17.  D e c i s i o n s  about h a r v e s t i n g  sm a l l  g r i z z l y  b e a r  p o p u l a t i o n s  

s h o u l d  be b a s e d  o n  t h e  b e s t  a v a i l a b l e  in f o r m a t io n .  However, i t  should  

be r e a l i z e d  t h a t  e v e n  t h e  b e s t  p o s s i b l e  d a t a  c o n t a i n  i n h e r e n t  

u n c e r t a i n t y ;  d e c i s i o n s  must be made i n  t h e  c o n t e x t  o f  r i s k ,  r a th e r  than 

i r r e f u t a b l e  s c i e n t i f i c  e v i d e n c e .
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Female S u r v i v a l

APPENDIX A 

Rate F u n c t io n s  Used in  S im u la t io n

Age Rate at 1 Minimum Maximum N/K e N/K e
K 1 Rate Rate 50% 95%

0 1 0 .0 7 8 1 0 . 0 0 0 . 5 0 0 . 7 5 1 .25
1 1 0 .6 7 0 ! 0 .2 5 0 . 7 5 1 .2 8 2 . 0 0
2 1 0 .6 7 0 1 0 . 2 5 0 . 7 5 1 .2 8 2 . 0 0
31 0 .8 6 0 1 0 .6 5 0 .9 0 1 .2 8 2 . 0 0
4 0 . 8 6 8 1 0 . 7 0 0 . 9 5 1 .2 8 2 . 0 0

5 0 .9 1 0 t 0 .7 0 0 . 9 5 1 .2 8 2 . 0 0

to  1
1 2 0 .9 1 0 1 0 . 7 0 0 . 9 5 1 .2 8 2 . 0 0

13 0 .8 6 0 1 0 . 6 5 0 . 9 0 1 .2 8 2 . 0 0

to  I
2 0 0 .8 6 0 1 0 . 6 5 0 . 9 0 1 .2 8 2 . 0 0

2 1 0 .7 1 0 1 0 .5 0 0 . 7 5 1 .2 8 2 . 0 0

to  1
24 0 .7 1 0 1 0 .5 0 0 . 7 5 1 .2 8 2 . 0 0

1 Rates fo r  j u v e n i l e s  not accompanied by mother.

J u v e n i l e  S u r v i v a l

Age Rate a t  t Minimum 
K 1 Rate

Maximum
Rate

N/K @ 
50%

N/K @ 
95%

— ———
1

0 0 .9 3 6  1 0 .7 0 0 0 .9 5 0 1 .40 2 . 0 0

to  I 
4 0 .9 3 6  1 0 .7 0 0 0 .9 5 0 1 .40 2 . 0 0
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APPENDIX A ( c o n t ' d )

Rate Funct i o n s  Used in  Simu l a t i o n

Hale S u r v i v a 1

Age Rate a t 1 Minimum Maximum N/K @ N/K (3
K 1 Rate Rate 50% 95%

0 1 , 0 7 8 0 . 0 0 0 0 .5 0 0 0 .7 5 1 .25
1 1 .600 1 0 . 1 0 0 0 .7 5 0 1 . 2 2 2 . 0 0
2 1 .600 1 0 . 1 0 0 0 .7 5 0 1 . 2 2 2 . 0 0
31 .762 1 0 .3 0 0 0 .9 0 0 1 . 2 2 2 . 0 0
4 .762 1 0 .3 0 0 0 .9 0 0 1 . 2 2 2 . 0 0
5 .892 1 0 .7 0 0 0 .9 5 0 1 . 2 2 2 . 0 0

to
1 2 .892 1 0 .7 0 0 0 .9 5 0 1 . 2 2 2 . 0 0

13 .8 42 1 0 .6 5 0 0 .9 0 0 1 . 2 2 2 . 0 0
to

2 0 .842 1 0 .6 5 0 0 .9 0 0 1 . 2 2 2 . 0 0
2 1 .692 1 0 .5 0 0 0 .7 5 0 1 . 2 2 2 . 0 0

to
24 . 6  92 1 0 .5 0 0 0 .7 5 0 1 . 2 2 2 . 0 0

1 Rates  fo r  j u v e n i l e s  no t  accompanied by mother.
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APPENDIX A ( c o n t ' d . )

Rate F u n c t ion s  Used in  S im u la t io n s

Age Rate a t Minimum Maximum N/K K/K @

---------

K Rate Rate 50% 95%

0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 — —

to  1
3 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 - -

4 0 .6 2 4 0 . 0 0 0 0 .7 5 0 1 .227 1 .800
5 0 .7 6 1 0 . 2 0 0 0 .8 0 0 1 .3 1 9 1 .800
6 0 .9 3 7 0 .5 0 0 0 .9 7 0 1 .313 1 .800
7 0 .9 3 7 0 .5 0 0 0 .9 7 0 1 .313 1 .800
8 0 .9 9 0 0 . 6 5 0 1 . 0 0 0 1 .3 7 4 1 .8 0 0

to  1
24 0 .9 9 0 0 .6 5 0 1 . 0 0 0 1 .3 7 4 1 .8 0 0

P r o b a b i l i t y  o f  J u v e n i l e s  Leaving Mother 

Age

0
1
2
3
4
5

Rate a t  
K

0.000
0 .1 3 5
0 .7 0 0
0 .9 0 0
0 .9 0 0
1.000

Minimum Maximum N/K @ 
Rate Rate  50%

0.000
0 .000
0 .6 7 0
0 . 9 0 0
0 .9 0 0
1 .000

0.000
0 .2 7 0
0 .7 3 0
0 .9 0 0
0 .9 0 0
1.000

1.000
1.000

N/K @ 
95%

2 .0 0 0
2 .000
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APPENDIX A (C on t 'd )

Rate F u n c t io n s  Used in  S im u la t io n s

Age Rate a t  1 Minimum Maximum N/K @ N/K @

• « M b

K 1 Rate Rate 50% 95%

5 . 0 .1 8 0  1 0 .180 0 . 1  SO
to

24 0 .1 8 0  1 0 .180 0 .1 8 0

R e la t i v e  P r o b a b i l i t y  o f  L i t t e r  S i z e ( 2 1

Age Rate a t  1 Minimum Maximum N/K @ N/K @
K 1 Rate Rate 50% 95%

5 0 .5 0 0  1 0 .4 0 0 0 .6 0 0 1 . 0 0 0 2 . 0 0 0
to

24 0 .3 0 0  1 0 .4 0 0 0 .6 0 0 1 . 0 0 0 2 . 0 0 0

R ela t i v e  P r o b a b i l i t y  o f  L i t t e r  S i z e (3 1

Age Rate a t  1 Minimum Maximum K/K & N/K @
K 1 Rate Rate 50% 95%

5
1

0 .2 4 0  1 0 . 0 0 0 0 .4 8 0 1 . 0 0 0 2 . 0 0 0

to 1
24 0 .2 4 0  1 0 . 0 0 0 0 .4 8 0 1 . 0 0 0 2 . 0 0 0
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APPENDIX B

R e l a t i v e  V u l n e r a b i l i t i e s  to  Hunting
J u v e n i l e

Age Lone Males Lone Females Females w/young w/mother

0 7 .0 0 2 . 0 0 0 .0 5
I 7 .0 0 2 . 0 0 - 0 . 2 0
2 7 .0 0 2 . 0 0 — 0 . 2 0
3 7 .0 0 2 . 0 0 - 0 . 2 0
4 7 . 0 0 2 . 0 0 — 0 . 2 0

5 1 . 0 0 0 . 8 0 0 , 2 0 -

t o
24 1 . 0 0 0 .8 0 0 . 2 0 -
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APPENDIX C

C o e f f i c i e n t s  fo r  th e  d i s c r i m i n a n t  f u n c t i o n  g e n e r a t e d  by d a t a  from  
y e a r - g r o u p  2 ( y e a r s  4 - 6 ) .  See t a b l e  2 fo r  formulae  and d e f i n i t i o n s  
o f  each v a r i a b l e .

V a r ia b le S t a n d a r d iz e d
C o e f f i c i e n t

U nstandardized
C o e f f i c i e n t

MFAD
MXBAR
FSUBAD
MMED
MFALL
HSUBAD
FXBAR
Constant

1 .4 4 7 2 5  
- 0 . 9 6 1 6 2  
- 0 ,7 0 8 3 1  

0 .70546  
- 0 . 4 2 7 7 3  

0 . 3  96 45 
- 0 .2 9 0 7  5

0 .17  96125 
-1 .5 9 8 9 3 1 0  
- 0 .1 3 8 7 5 6 6  

2 .3859020  
- 0 .0 8 6 7 7 0 5  

0 .0707136  
- 0 . 3 8 6  2803 

2 .0157  800

P o w e r  o f  t h e  d i s c r i m i n a n t  f u n c t i o n  f o r  h a r v e s t  s a m p l e s  from  
p o p u la t i o n s  w i t h  K«600. Each sample c o n s i s t e d  o f  a y e a r - g r o u p  made 
up o f  th e  summed a g e - c l a s s  f r e q u e n c i e s  from 3 c o n s e c u t i v e  y e a r s .  The 
e x p e c t ed  Type I e r r o r  was 0 . 1 0 .

S p e c i f i c  Model n C r i t i c a l  Value a Power

DDALL 560 1 .7  9225 0 . 1 0 1 3 3 .7
DM 522 1 .9 8 3 9 2 0 .1 1 6 2 7 .7
ADM 550 1 .4 5 5 9 2 0 .1 0 8 32 .3
DKADM 554 1 .6 1 9 8 0 0 .091 35 .6
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APPENDIX C ( c o n t i n u e d )

C o e f f i c i e n t s  f o r  th e  d i s c r i m i n a n t  f u n c t i o n  g e n e r a t e d  by d a t a  from  
y e a r - g r o u p  3 ( y e a r s  8 - 1 0 ) .  See t a b l e  2 fo r  form u lae  and d e f i n i t i o n s  
o f  each v a r i a b l e .

V a r ia b le S tan d ard ized
C o e f f i c i e n t

Uns ta n d a r d iz e d  
C o e f f i c i e n t

MFAD 0 .7 9 6 1 5 0 .0 8 7 2 5 5 5
MXBAR - 0 .7 2 0 2 7 - 1 .0 2 9 5 5 6 0
MMED 0 .54987 1 .7081600
FSUBAD - 0 . 4 9 1 6 8 - 0 .0 9 2 4 1 7 8
FXBAR - 0 . 2 1 0 1 4 - 0 .2 5 1 3 3 8 3
M58JUV 0 .17327 0 .0 2 3 3 8 8 5
F58JUV - 0 . 1 1 0 7 3 -0 .0 1 0 9 3 6 1
FMED 0 .10463 0 .1294199
Constant 2 .1 3 0 5 0 5 0

Power o f  t h e  d i s c r i m i n a n t  f u n c t i o n  f o r  h a r v e s t  s a m p l e s  f r o m  
p o p u l a t i o n s  w i t h  K - 6 0 0 .  Each sample c o n s i s t e d  o f  a year-group made 
up o f  the  summed a g e - c l a s s  f r e q u e n c i e s  from 3 c o n s e c u t i v e  y e a r s .  The 
e x p e c t e d  Type I e r r o r  was 0 . 1 0 .

S p e c i f i c  Model n C r i t i c a l  Value a Power

DDALL 560 2 .10766 0 . 1 1 4 2 5 . 8
DM 522 2 .4 3 8 1 2 0 . 1 2 4 2 1 .4
ADM 550 1 .7 1 3 3 2 0 . 1 0 8 27 .7
DMA DM 554 2 .0 2 4 8 0 0 . 1 1 2 27.3
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