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A stage structured population model approach 
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ZUSAMMENFASSUNG: DGLs m i t zeitverzögerten Argumenten b e s c h r e i b e n 
e i n Räuber-Beute-System, i n dem n u r d i e älteren I n d i v i d u e n räu
b e r i s c h s i n d , a b e r neben d e r B e u t e p o p u l a t i o n auch J u n g t i e r e d e r 
e i g e n e n A r t j a g e n . M i t zunehmendem i n n e r a r t l i c h e m Räuberdruck 
v e r r i n g e r n s i c h zunächst d i e A m p l i t u d e n d e r Räuber-Beute-Oszil
l a t i o n e n , b e v o r m i t w e i t e r e r Zunahme gedämpfte Schwingungen a u f 
t r e t e n . B e i e i n e r k a n n i b a l i s t i s c h e n Aktivität, d i e Labormessungen 
b e i räuberischen Copepoden e n t s p r i c h t , werden d i e O s z i l l a t i o n e n 
so s t a r k gedämpft, daß s i c h s c h n e l l e i n s t a b i l e s G l e i c h g e w i c h t 
e i n s t e l l t . D adurch v e r r i n g e r t s i c h das A u s s t e r b e r i s i k o e r h e b l i c h . 

SUMMARY: By d i f f e r e n t i a l e q u a t i o n s w i t h t i m e d e l a y e d arguments, 
a p r e d a t o r - p r e y System i s d e s c r i b e d where o n l y o l d e r a n i m a l s a r e 
p r e d a c i o u s b u t h u n t , b e s i d e s a p r e y p o p u l a t i o n , a l s o j u v e n i l e s 
o f t h e i r own s p e c i e s . I n c r e a s i n g i n t r a s p e c i f i c p r e d a t i o n f i r s t 
r e d u c e s t h e a m p l i t u d e s o f p r e d a t o r - p r e y o s c i l l a t i o n s ; a f u r t h e r 
i n c r e a s e t h e n c a u s e s damping. W i t h a c a n n i b a l i s t i c a c t i v i t y as 
measured f o r copepods, t h e sy s t e m t u r n s v e r y f a s t i n t o a s t a b l e 
e q u i l i b r i u m . T h i s r e d u c e s t h e r i s k o f e x t i n c t i o n d r a s t i c a l l y . 

INTRODUCTION 

P r e d a t o r - p r e y - r e l a t i o n s h i p s a r e i m p o r t a n t b i o t i c i n t e r a c -
t i o n s i n e c o s y s t e m s . They a r e o f t e n m o d e l l e d by v a r i o u s t y p e s o f 
L o t t k a - V o l t e r r a - e q u a t i o n s . W i t h enormous e f f o r t m a t h e m a t i c i a n s 
gave many v a l u a b l e i n s i g h t s i n t o p r i n c i p a l mechanisms. The 
a p p l i c a t i o n t o f i e l d p o p u l a t i o n s , however, and a l s o t o l a b o r a t o r y 
e x p e r i m e n t s o f t e n f a i l e d . T h i s augmented t h e p r e j u d i c e a g a i n s t 
m a t h e m a t i c a l m o d e l l i n g among many b i o l o g i s t s . 

To i m p r o v e t h e a p p l i c a b i l i t y o f L o t t k a - V o l t e r r a - s y s t e m s , i t 
i s i n d i s p e n s a b l e t o i n c l u d e more d e t a i l e d i n f o r m a t i o n on t h e 
i n d i v i d u a l s i n t o t h e m a t h e m a t i c a l d e s c r i p t i o n . Not o n l y age 
s t r u c t u r e s a r e o f g r e a t i m p o r t a n c e t o p o p u l a t i o n dynamics b u t 
a l s o o t h e r t r a i t s and v a r i a b i l i t i e s o f t h e i n d i v i d u a l s w i t h i n a 
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p o p u l a t i o n , e.g. b e h a v i o r , p h y s i o l o g i c a l a c c l i m a t i o n , g e n o t y p i c 
V a r i a t i o n , p h e n o t y p i c p l a s t i c i t y , r e a c t i o n norms. One o f t h e 
a t t e m p t s t o i n c l u d e more o f t h e i n d i v i d u a l s 1 c h a r a c t e r i s t i c s i n t o 
m a t h e m a t i c a l p o p u l a t i o n models i s done by t h e t h e o r y o f s t r u c 
t u r e d p o p u l a t i o n s ( N i s b e t e t a l . 1985, Metz and Diekmann 1986). 
I n t h e f o l l o w i n g we a p p l y t h i s a p p r o a c h t o t h e p r o b l e m o f i n t r a 
s p e c i f i c p r e d a t i o n . We p r e s e n t a model f o r a s p e c i e s t h a t becomes 
p r e d a c i o u s d u r i n g l i f e t i m e , f e e d i n g on s m a l l e r a n i m a l s o f o t h e r 
s p e c i e s as w e l l as on i t s own j u v e n i l e s . 

Consequences o f i n t r a s p e c i f i c p r e d a t i o n on p o p u l a t i o n d y n a -
m i c s w i l l be d i s c u s s e d by c a l i b r a t i o n o f t h e model t o e x p e r i m e n -
t a l d a t a on a f r e s h w a t e r c y c l o p o i d copepod. 

I n t r a s p e c i f i c p r e d a t i o n i s a w i d e s p r e a d phenomenon e s p e c i -
a l l y when f o o d becomes s c a r c e . W e l l known examples a r e f i s h pop
u l a t i o n s w h e r e i n a d u l t s become c a r n i v o r o u s and f e e d on t h e i r own 
young. I t i s i n t e r e s t i n g t o s t u d y t h e p o p u l a t i o n when a d u l t s 
have no o t h e r f o o d s o u r c e s t h a n t h e i r own s p e c i e s . One may a l s o 

INTRASPECIFIC PREDATION 

egg production 

Q N a u p l i i ( ] j 

c 
Zooplankton CSD 

cannibalism 

cannibalism 

adults 

F i g . l : S t a g e s t r u c t u r e d p o p u l a t i o n model V i s u a l i z e d by 
c o n v e y o r b e l t s . 
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ask w h i c h amount o f c a n n i b a l i s m i s t o l e r a b l e f o r a p o p u l a t i o n i f 
a d u l t s (and o l d e r j u v e n i l e s ) l i v e p a r t i a l l y on p r e - a d u l t s w h i c h 
have a c c e s s t o o t h e r f o o d s o u r c e s . T h i s p r o b l e m has been a n a l y z e d 
f o r c y c l o p o i d copepods by a d e t a i l e d Simulation model ba s e d on 
d i f f e r e n c e e q u a t i o n s ( G a b r i e l 1985a, G a b r i e l and Lampert 1985). 
I t has been c o n c l u d e d t h a t copepod p o p u l a t i o n s c a n h a r d l y s u r v i v e 
c a n n i b a l i s m w i t h o u t s u f f i c i e n t a l t e r n a t i v e p r e y f o r t h e a d u l t s . 
F o r p e r i o d s o f f o o d s h o r t a g e i n t h e a l t e r n a t i v e p r e y , c a n n i b a l i s m 
i n c r e a s e s d r a s t i c a l l y t h e s u r v i v a l p r o b a b i l i t y o f a p o p u l a t i o n 
( G a b r i e l 1985b). These models, however, d i d n o t a l l o w t o draw 
more g e n e r a l c o n c l u s i o n s . A p p l y i n g t h e methods o f s t r u c t u r e d 
p o p u l a t i o n s (van den Bosch e t a l . 1 988), a g e n e r a l m a t h e m a t i c a l 
d e s c r i p t i o n f o r p o p u l a t i o n s u r v i v a l u n d e r c a n n i b a l i s m has been 
o b t a i n e d . W i t h t h i s a n a l y s i s i t was p o s s i b l e t o e s t i m t a t e t h e 
boundary c o n d i t i o n s u n d e r w h i c h p o p u l a t i o n s c a n s u r v i v e i n s p i t e 
o f heavy i n t r a s p e c i f i c p r e d a t i o n . 

A MODEL FOR PHYSI0L0GICALLY DISTINCT AGE CLASSES 
AND ITS APPLICATION TO CYCLOPOID COPEPODS 

We u s e t h e method o f s t 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 expand 
t h e p r e v i o u s a p p r o a c h (van den Bosch e t . a l . 1988) t o a more s p e 
c i f i c model. The aim i s t o d e s c r i b e a s p e c i e s i n w h i c h t h e 
i n d i v i d u a l s change t h e i r f e e d i n g b e h a v i o r d u r i n g l i f e t i m e . They 
s t a r t as h e r b i v o r e s and become c a r n i v o r o u s o r omnivorous i n l a t e r 
s t a g e s . The v a r i o u s s t a g e s d i f f e r i n p h y s i o l o g y , e n e r g y c o n t e n t 
and f o o d s e l e c t i v i t y . The model i s a p p l i c a b l e n o t o n l y t o t h e 
c y c l o p o i d copepod s p e c i e s we had i n mind d u r i n g c o n s t r u c t i o n . I n 
copepods, t h e v a r i o u s l i f e s t a g e s c a n be i d e n t i f i e d b e c ause t h e y 
a r e d i s t i n g u i s h a b l e i n morphology. T h i s makes i t e a s i e r t o 
measure t h e model p a r a m e t e r s i n e x p e r i m e n t s . 

We d i f f e r e n t i a t e f i v e s t a g e s : t h e f i r s t t h r e e s t a g e s a r e 
h e r b i v o r o u s , s t a g e f o u r i s p a r t i a l l y p r e d a c i o u s and s t a g e 5 i s 
o b l i g a t o r y c a r n i v o r o u s . The p r e y p o p u l a t i o n ( o t h e r z o o p l a n k t e r 
t h a n t h e p r e d a t o r ) i s assumed t o f o l l o w t h e u s u a l l o g i s t i c popu
l a t i o n g r o w t h i n absence o f t h e p r e d a t o r . P r e d a t i o n i s m o d e l l e d 
by a H o l l i n g t y p e I I f u n c t i o n a l r e s p o n s e w h i c h d e t e r m i n e s an 
a d d i t i o n a l d e a t h r a t e (see e q u a t i o n 1 ) . The dynamics o f a s t a g e 
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Table; Equations and Parameters 

6 
d ^ / d t = r n ^ t ) [1 - V t ) / K ] - n ^ t ) 2 F ^ t j n ^ t ) 

j=5 

d n ^ d t = R.(t) - R 1 + 1 ( t ) - 6\(t) n . ( t ) f o r i = 2 , . . . 

d n ^ d t = R 6 ( t ) - M 6(t) n 6 ( t ) 

d P ^ d t = P.(t) [ S ^ t - r ^ - 6 \ ( t ) ] f o r i = 2 , . . . 
5 

R 2 ( t ) = e n 6 ( t - r E ) 2 E i F 6 i ( t - r E ) n f ( t - r E ) 
i = l 

R,(t) = R M ( t - T M ) P M ( t ) f o r i = 3 , . . . 
6 

6. ( t ) = S Fj , ( t ) n. ( t ) + M i f o r i=2,.. . 
j=5 

F j i t t ) = C j i / C1 + 2 c j i H j i n ? ( t ) ] f o r i = l , . . . 
i < : J and j=5,6 

a l t e r n a t i v e p r e y (Zooplankton) 
p r e d a t o r s t a g e 1 ( n a u p l i i ) 
p r e d a t o r s t a g e 2 (copepodites CI and C I I ) 
p r e d a t o r s t a g e 3 ( c o p e p o d i t e s C H I and CIV) 
p r e d a t o r s t a g e 4 ( c o p e p o d i t e s CV) 
a d u l t p r e d a t o r (copepodes) 
p r o b a b i l i t y t o survive t h r o u g h s t a g e i 
r a t e o f r e c r u i t m e n t i n t o s t a g e i 
p e r c a p i t a i n t r i n s i c d e a t h r a t e o f s t a g e i 
H o l l i n g t y p e I I f u n c t i o n a l r e s p o n s e o f s t a g e j on 
i n t r i n s i c g r o w t h r a t e o f a l t e r n a t i v e p r e y 
c a r r y i n g c a p a c i t y o f a l t e r n a t i v e p r e y (n.,) 
n a t u r a l i n t r i n s i c m o r t a l i t y r a t e o f a d u l t p r e d a t o r 
c o n v e r s i o n e f f i c i e n c y o f u p t a k e n e n e r g y i n t o eggs 
development t i m e o f eggs 
e n e r g y c o n t e n t o f an i n d i v i d u a l p r e y n i 

development t i m e o f s t a g e i 
a t t a c k r a t e o f s t a g e j on s t a g e i 
h a n d l i n g t i m e o f s t a g e j on s t a g e i 
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o f t h e p r e d a t o r p o p u l a t i o n i s d e s c r i b e d by t h e d i f f e r e n c e between 
t h e r a t e o f r e c r u i t m e n t i n t o a s t a g e and i t s f o l l o w i n g s t a g e and 
by an a d d i t i o n a l l o s s t e r m due t o n a t u r a l and p r e d a t o r i n d u c e d 
m o r t a l i t y i n t h e s t a g e ( e q u a t i o n s 2 - 6 ) . 

I t i s i m p o r t a n t t o m e n t i o n t h a t t h i s d e s c r i p t i o n o f t h e 
s t a g e s by d i f f e r e n t i a l e q u a t i o n s i s n o t done i n t h e u s u a l way o f 
compartment models i n which the Information o f cohorts i n s i d e the 
compartments i s l o s t . An a p p r o p r i a t e p i c t u r e o f model i s a System 
o f c o n v e y o r b e l t s (see F i g u r e 1 ) , each s t a g e r e p r e s e n t e d by i t s 
own b e l t : i n d i v i d u a l s f a l l i n g o n t o t h e b e l t f r o m a p r e v i o u s s t a g e 
a r e t r a c e d d u r i n g a g i n g w i t h m o d i f i c a t i o n s due t o d e a t h u n t i l 
t h e y r e a c h t h e end o f t h e b e l t and f a l l o n t o t h e n e x t b e l t . The 
t i m e s p e n t on a b e l t - o r e q u i v a l e n t l y t h e s t a g e d u r a t i o n -
e n t e r s , as t i m e d e l a y , i n t o t h e e q u a t i o n s . T h e r e b y , n e c e s s a r y 
Information i s k e p t i n time d e l a y e d v a r i a b l e s . The input o n t o t h e 
b e l t s a r e e q u i v a l e n t t o t h e r a t e s o f r e c r u i t m e n t i n t o t h e s t a g e s . 
These r a t e s a r e o b t a i n e d by m u l t i p l y i n g t h e r e c r u i t m e n t r a t e o f 
t h e p r e v i o u s s t a g e w i t h t h e p r o b a b i l i t i e s t o s u r v i v e t h r o u g h t h e 
s t a g e ( e q u a t i o n s 12-15). The s u r v i v a l p r o b a b i l i t y o f a s t a g e i s 
d e s c r i b e d by a d i f f e r e n t i a l e q u a t i o n u s i n g t h e d e a t h r a t e i n t h e 
s t a g e a t a c t u a l t i m e b e s i d e s i t s v a l u e d e l a y e d by t h e s t a g e 
d u r a t i o n ( e q u a t i o n s 7-10). S t a g e s p e c i f i c d e a t h r a t e s a r e 
c a l c u l a t e d by t h e summation o v e r t h e n a t u r a l d e a t h r a t e s and t h e 
m o r t a l i t y due t o c a n n i b a l i s m ( e q u a t i o n s 1 6 - 1 9 ) . C a n n i b a l i s m i s 
d e s c r i b e d by a H o l l i n g t y p e I I f u n c t i o n a l r e s p o n s e w h i c h depends 
on p r e y d e n s i t i e s ( a l t e r n a t i v e p r e y and c a n n i b a l i z e d s t a g e s o f 
t h e own s p e c i e s ) . To c a l c u l a t e t h e r e c r u i t m e n t i n t o t h e f i r s t 
s t a g e , one has t o sum o v e r t h e f o o d u p t a k e s and t o c o n v e r t i t 
i n t o eggs. The p r o d u c t i o n o f newborns o c c u r s w i t h a t i m e d e l a y 
o f t h e egg d e velopment p e r i o d ( e q u a t i o n 1 1 ) . 

W i t h r e f e r e n c e t o p r e v i o u s work ( N i s b e t e t a l . 1985, van 
den Bosch e t a l . 1988) t h e j u s t i f i c a t i o n o f t h e whole e q u a t i o n 
s y s t e m (see T a b l e ) i s s t r a i g h t f o r w a r d . The q u i t e complex s y s t e m 
o f d e l a y e d d i f f e r e n t i a l e q u a t i o n s can be implemented and i n t e g r a -
t e d on p e r s o n a l Computers by a s p e c i a l S o f t w a r e (Maas e t a l . 
1 982). One has t o s p e c i f y t h e s t a r t i n g c o n d i t i o n s o f t h e 
v a r i a b l e s a s w e l l as i t s t i m e d e l a y e d v a l u e s v e r y c a r e f u l l y i n 
a c o n s i s t e n t manner. F o r o u r s t u d i e s o f t h e d y n a m i c a l b e h a v i o r 
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o f t h e s y s t e m , i t was a p p r o p r i a t e t o i n o c u l a t e t h e s y s t e m by a 
w e l l d e f i n e d p u l s e (we u s e d a Gamma d i s t r i b u t i o n ) o f n a u p l i i and 
t h e n l e t e v o l v e t h e s y s t e m . The model p a r a m e t e r s have been 
p a r t i a l l y t a k e n f r o m l i t e r a t u r e d a t a and p a r t i a l l y f rom 
e x p e r i m e n t s (van den Bosch and S a n t e r , i n pr e p . ) w h i c h have been 
d e s i g n e d e s p e c i a l l y f o r t h i s model. 

RESÜLTS AND DISCÜSSION 

I n t r a s p e c i f i c p r e d a t i o n does n o t o n l y s t a b i l i z e the p o p u l a 
t i o n d y n a m i c s f o r Short p e r i o d s o f f o o d shortage ( G a b r i e l 1985b) 
b u t a l s o i n t h e l o n g r u n . F o r c y c l o p o i d copepodes, t h i s s t r i k i n g 
e f f e c t has been d e m o n s t r a t e d by v a n den Bosch and G a b r i e l ( i n 
p r e s s ) a p p l y i n g t h e s t a g e s t r u c t u r e d model a p p r o a c h p r e s e n t e d i n 
t h i s p a p e r . 

F i g u r e 2 shows a t y p i c a l c y c l e o f t h e p r e d a t o r p r e y i n t e r a c -
t i o n i n c a s e o f z e r o i n t r a s p e c i f i c p r e d a t i o n . The f a c t t h a t t h e 
abundance o f t h e C H I / C I V - s t a g e (=n 4) i s l a r g e r t h a n t h e C I / C I I -
s t a g e (=n 3) j u s t r e f l e c t s t h a t t h e d u r a t i o n t i m e f o r n 4 i s l o n g e r 
t h a n f o r n 3. I n F i g u r e 3, o n l y t h e t i m e c o u r s e s o f a l t e r n a t i v e 
p r e y (=n 1) , n a u p l i i (=n 2) , and a d u l t p r e d a t o r s (=n 6) a r e shown. 
The v a r i o u s p a n e l s d i s p l a y t h e p o p u l a t i o n d y n a m i c s f o r d i f f e r e n t 
d e g r e e s C o f i n t r a s p e c i f i c p r e d a t i o n . C=l means i n t r a s p e c i f i c 
p r e d a t i o n a c c o r d i n g t o t h e a t t a c k r a t e s measured i n t h e l a b o r a t o -

2500 

F i g . 2: Time c o u r s e o f v a r i o u s s t a g e s o f t h e p r e d a t o r d u r i n g 
one p r e d a t o r p r e y c y c l e w i t h o u t c a n n i b a l i s m ( c a n n i b a -
l i s t i c a c t i v i t y C=0). The s t a g e s a r e i n d i c a t e d i n t h e 
f i g u r e (N = n a u p l i i , CI...CV j u v e n i l e s t a g e s ) . 
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40-

— I 1 
2000 4000 

time (days) 

A) W i t h o u t c a n n i b a l i s m . (C=0) 

B) A t t a c k r a t e s o f t h e p r e d 
a t o r on c o n s p e c i f i c s a r e 
40% o f t h e v a l u e s measured 
i n t h e l a b a t o r y . (C=0.4) 

C) A t t a c k r a t e s a r e 60% o f 
t h e measured v a l u e s . 
(C=0.6) 

D) A t t a c k r a t e s a r e e q u a l t o 
t h e measured v a l u e s . (C=l) 

F i g . 3: Time c o u r s e o f p r e d a t o r and p r e y population f o r v a r i o u s 
d e g r e e s o f c a n n i b a l i s t i c a c t i v i t y C o f t h e p r e d a t o r . 
C o n t i n u o u s l i n e : p r e y (Zooplankton). Dashed l i n e : 
p r e d a t o r n a u p l i i . D o t t e d l i n e : p r e d a t o r adults. 

r y e x p e r i m e n t s , C=0 (upper p a n e l ) means no c a n n i b a l i s t i c a c t i v i t y 
s o t h a t o n l y t h e a l t e r n a t i v e p r e y i s consumed. W i t h i n c r e a s i n g 
i n t r a s p e c i f i c p r e d a t i o n , a m p l i t u d e s o f t h e p r e d a t o r - p r e y 
o s c i l l a t i o n s d e c r e a s e b u t f r e q u e n c y i n c r e a s e s ( p a n e l w i t h C=0.4) , 
t h e n , f o r C > 0.5 we o b s e r v e damped o s c i l l a t i o n s r e s u l t i n g i n a 
s t a b l e e q u i l i b r i u m o f t h e sy s t e m . The t r a n s i t i o n t i m e from t h e 
i n i t i a l s t a t e t o t h e s t a b l e e q u i l i b r i u m i s v e r y s h o r t f o r C = l . 
W i t h t h i s c a n n i b a l i s t i c a c t i v i v t y , t h e p r e d a c i o u s a d u l t s s t i l l 
l i v e m a i n l y on t h e a l t e r n a t i v e p r e y p o p u l a t i o n : l e s s t h e 10% o f 
t h e u p t a k e n e n e r g y i s g a i n e d by c a n n i b a l i s m . 

L a r g e o s c i l l a t i o n s o f t h e p r e d a t o r p r e y s y s t e m endanger t h e 
s p e c i e s b e c a u s e o f t h e h i g h e x t i n c t i o n r i s k by random f l u c t u a -
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t i o n s . T h e r e f o r e , t h e o b s e r v e d s t a b i l i z i n g e f f e c t o f i n t r a s p e c i -
f i c p r e d a t i o n may be o f g r e a t i m p o r t a n c e f o r s p e c i e s s u r v i v a l . 

The model p r e s e n t e d i s v a l i d o n l y f o r t h e u n r e a l i s t i c c a s e 
o f s t a b l e e n v i r o n m e n t . F o r example, t h e d e v e l o p m e n t a l t i m e s v a r y 
w i t h t e m p e r a t u r e , b u t t e m p e r a t u r e i s f a r from b e i n g c o n s t a n t 
d u r i n g t h e g r o w i n g s e a s o n o f t h e p r e d a t o r . I n a d d i t i o n , g r o w t h 
r a t e and c a r r y i n g c a p a c i t y o f t h e a l t e r n a t i v e p r e y p o p u l a t i o n 
show h i g h v a r i a b i l i t y d u r i n g s e a s o n . To a p p l y t h e model t o f i e l d 
p o p u l a t i o n s , one has t o m o d i f y t h e model e q u a t i o n s e.g. by making 
s e v e r a l p a r a m e t e r s t i m e dependent. The a p p r o a c h o f s t r u c t u r e d 
p o p u l a t i o n s c a n s t i l l be a p p l i e d , b u t b e f o r e d o i n g so we have t o 
p e r f o r m e x p e r i m e n t s t o d e t e r m i n e a d d i t i o n a l p a r a m e t e r v a l u e s . 

Such c o m p l i c a t e d e x p e r i m e n t s a r e a l r e a d y p l a n n e d . T h i s may 
i n d i c a t e t h a t t h e a p p r o a c h o f s t a g e s t r u c t u r e d p o p u l a t i o n i s 
p r o m i s i n g a l s o f o r e x p e r i m e n t a l b i o l o g i s t s . 
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