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i i 

ABSTRACT 

The anomalous p h y t o p l a n k t o n s e a s o n a l c y c l e i n t h e S u b a r c t i c 

P a c i f i c h as been a t t r i b u t e d t o g r a z i n g c o n t r o l . In s i m p l e 

c l a s s i c a l m odels of t h e p h y t o p l a n k t o n - z o o p l a n k t o n i n t e r a c t i o n , 

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

of c o n t r o l . W e a t h e r s h i p o b s e r v a t i o n s a t O.S.P. a r e a n a l y s e d t o 

p r o v i d e a b a s i s f o r a more r e a l i s t i c model. P h y t o p l a n k t o n a r e 

p r e s e n t a t O.S.P. i n a l m o s t u n i f o r m l y low c o n c e n t r a t i o n s ( a b o u t 

0.4 mg C h l a . m " 3 ) , have low p h o t o s y n t h e t i c e f f i c i e n c y (<0.5 mg 

C.mg C h i a " 1 . l y " 1 ) , a d a p t t o s e a s o n a l c h a n g e s i n s o l a r r a d i a t i o n 

and show most s u r f a c e i n h i b i t i o n i n t h e s p r i n g . A- n u m e r i c a l 

p r o d u c t i o n model b a s e d on t h e s e r e s u l t s and d r i v e n by p h y s i c a l 

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

l e v e l s compared w i t h p r e v i o u s e s t i m a t e s . P r e d i c t e d p r o d u c t i o n 

l e v e l s a r e s e n s i t i v e t o t h e c h o i c e o f r e s p i r a t i o n r a t e , and 

i n t r o d u c t i o n of a r a p i d l i g h t r e s p o n s e or 'Marra' e f f e c t r e s u l t s 

i n a d o u b l i n g of n e t p r o d u c t i o n . P r e d i c t e d y e a r t o y e a r 

v a r i a t i o n i s low and might be h i g h e r i f v a r i a t i o n i n S e c c h i d e p t h 

c o u l d be a c c o u n t e d f o r . 

In a p h y t o p l a n k t o n - z o o p l a n k t o n ( b i o m a s s ) model b a s e d on t h e 

p r o d u c t i o n model, g r a z i n g t h r e s h o l d s and o v e r - w i n t e r i n g 

s t r a t e g i e s a r e b o t h n e c e s s a r y f o r g r a z i n g c o n t r o l . Systems 

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

p a r a m e t e r s f o r c o h o r t s o f t h e dom i n a n t g r a z e r s . C o h o r t s t r u c t u r e 

i s i n t r o d u c e d i n t o t h e p h y t o p l a n k t o n - z o o p l a n k t o n model u s i n g 

t h e s e e s t i m a t e s . As a r e s u l t , a t t e n t i o n i s s h i f t e d from t h e 

s p r i n g t o l a t e summer and f a l l where s e n s i t i v i t y and s t a b i l i t y 

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



dominant g r a z e r s . 

An a p p r o x i m a t e m a t h e m a t i c a l a n a l y s i s of S t e e l e ' s (1974) 

n u t r i e n t - p h y t o p l a n k t o n - z o o p l a n k t o n model a l l o w s t h e e x p l a n a t i o n 

and e l a b o r a t i o n of p r e v i o u s a u t h o r s ' n u m e r i c a l r e s u l t s . S t a b l e 

c y c l i c s o l u t i o n s a r e shown t o e x i s t under n u t r i e n t l i m i t a t i o n f o r 

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

A t t e n t i o n i s f o c u s e d on t h e t r a n s i e n t ( s p r i n g bloom) a p p r o a c h t o 

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

b e h a v i o u r a l ) framework f o r z o o p l a n k t o n r e s p o n s e t o d e c l i n i n g f o o d 

c o n c e n t r a t i o n s i s p r o p o s e d . Systems i d e n t i f i c a t i o n t e c h n i q u e s 

a r e a l s o u s e d t o e s t i m a t e z o o p l a n k t o n f e e d i n g and g r o w t h 

p a r a m e t e r s from CEPEX c o p e p o d t i m e s e r i e s . The e s t i m a t e s a r e 

compared w i t h l i t e r a t u r e v a l u e s and t h e s t a t i s t i c a l and 

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

mind t o f u t u r e e x p e r i m e n t s . A n u t r i e n t - p h y t o p l a n k t o n - z o o p l a n k t o n 

model, b a s e d on t h e p a r a m e t e r e s t i m a t e s , p r o v i d e s a c o n s i s t e n t 

e x p l a n a t i o n of t h e o b s e r v e d p h y t o p l a n k t o n p e r s i s t e n c e a t low 

d e n s i t i e s as a s t a b l e n u t r i e n t - l i m i t e d e q u i l i b r i u m . 

A m a t h e m a t i c a l s o l u t i o n i n t e r m s of B e s s e l f u n c t i o n s i s 

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

s i n k i n g i n t h e c a s e of an e x p o n e n t i a l g r o w t h p r o f i l e . Non-

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

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

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

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

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

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

p h y t o p l a n k t o n - n u t r i e n t e q u a t i o n s c o r r e s p o n d i n g t o s u b s u r f a c e 



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

b o u n d a r y - l a y e r t e c h n i q u e s . The dependence o f t h e d e p t h , shape 

and m a g n i t u d e of t h e s e maxima on p a r a m e t e r s i s e x p l o r e d . The 

a p p r o x i m a t e t h e o r y a g r e e s w e l l w i t h p r e v i o u s l y p u b l i s h e d r e s u l t s 

f r o m a complex s i m u l a t i o n m o d e l . 
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PREFACE 

E c o l o g y has been v a r i o u s l y c a l l e d a s o f t s c i e n c e , an 

immature s c i e n c e , or even a p r e - s c i e n c e (Kuhn,1970) by comparison 

w i t h the c l a s s i c a l f i e l d s of p h y s i c s and c h e m i s t r y . The l a t t e r 

d i s c i p l i n e s have a c q u i r e d a t h e o r e t i c a l c o r e which i s r i g o r o u s l y 

(and u s u a l l y m a t h e m a t i c a l l y ) f o r m u l a t e d . A m a t h e m a t i c i a n working 

i n t h e s e f i e l d s i s e s s e n t i a l l y c o n c erned w i t h d educing the 

i m p l i c a t i o n s of t h i s t h e o r y a c c o r d i n g t o the p r i n c i p l e s of 

mathematics and l o g i c . He can, f o r the most p a r t , f a c e t h i s t a s k 

w i t h o u t nervous backward g l a n c e s t o see i f the t h e o r y has j u s t 

changed. 

T h i s i s not t o say t h a t the ' r e a l w o r l d ' does not i n t r u d e 

upon him. The m a t h e m a t i c a l problem u s u a l l y c o r r e s p o n d s t o a 

q u e s t i o n about the r e a l system i n v o l v i n g experiment and/or 

o b s e r v a t i o n . Moreover, i n many i n t e r e s t i n g c a s e s , an e x a c t 

g e n e r a l s o l u t i o n t o the a p p r o p r i a t e m a t h e m a t i c a l problem cannot 

be found and the d e r i v a t i o n of an a p p r o x i m a t e , t r a c t a b l e problem 

i s n e c e s s a r y ( a p p l i e d mathematics has been c a l l e d i n p a r t 'the 

a r t of j u d i c i o u s a p p r o x i m a t i o n ' (Greenspan,1969)). I t i s t h i s 

p r o c e d u r e which demands of s u c c e s s f u l a p p l i e d m a t h e m a t i c i a n s a 

f a m i l i a r i t y w i t h the s c i e n c e , or ' p h y s i c a l i n t u i t i o n ' , as w e l l as 

t e c h n i c a l m a t h e m a t i c a l a b i l i t y . 

A s o f t s c i e n c e such as e c o l o g y i s d i s t i n g u i s h e d by i t s l a c k 

of an a c c e p t e d t h e o r e t i c a l c o r e . For any p a r t i c u l a r r e a l system, 

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

model. An a p p l i e d m a t h e m a t i c i a n v e n t u r i n g i n t o such a f i e l d has 

two c h o i c e s . He can t a k e a p r e v i o u s l y p u b l i s h e d model and 

a n a l y z e i t s m a t h e m a t i c a l p r o p e r t i e s , p a y i n g l i t t l e a t t e n t i o n t o 
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t h e ( s e n s i t i v e ) i s s u e of i t s b i o l o g i c a l a c c u r a c y . A t h e o r y can 

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

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

m a t h e m a t i c a l e l e g a n c e , c o n c e r n i n g t r a d i t i o n a l i d e a l i s e d m o d e ls 

w h i c h do n o t c o r r e s p o n d i n d e t a i l t o any r e a l s y s t e m . T h i s 

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

( i t i s u s e d i n t h i s t h e s i s ) , b ut t h e gap between t h e o r y and 

r e a l i t y may overwhelm t h e f i e l d b i o l o g i s t l a c k i n g f o r m a l 

m a t h e m a t i c a l t r a i n i n g . 

The m a t h e m a t i c i a n ' s a l t e r n a t i v e i s t o p l u n g e i n t o t h e 

b i o l o g i c a l c o n t r o v e r s y and become a m o d e l l e r ; t h a t i s , someone 

who f o r m u l a t e s h i s own m a t h e m a t i c a l v e r s i o n o f r e a l i t y . W h i l e 

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

m o d e l l i n g , s o p h i s t i c a t e d m a t h e m a t i c a l a b i l i t y i s n o t . W i t h t h e 

a d v e n t o f t h e computer, v e r y l a r g e , complex s i m u l a t i o n models can 

be c o n s t r u c t e d and s t u d i e d w i t h l i t t l e a d v a n c e d m a t h e m a t i c s . One 

m i g h t wonder t h e n i f b i o l o g i s t s , who p r e s u m a b l y have more 

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

a l l . 

The answer t o t h i s q u e s t i o n i s y e s , f o r t h e same r e a s o n t h a t 

c o m p u t e r s have not e l i m i n a t e d a l l m a t h e m a t i c i a n s e x c e p t n u m e r i c a l 

a n a l y s t s i n t h e p h y s i c a l s c i e n c e s . A s i m u l a t i o n model i s a 

c l u m s y t o o l w h i c h p r o d u c e s a p a r t i c u l a r outcome f o r a s p e c i f i c 

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

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

t h e u s u a l c o n s i d e r a t i o n of a s m a l l number o f s i m u l a t i o n s 

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

m odel's p r o p e r t i e s . I t i s t h e t a s k o f t h e a p p l i e d m a t h e m a t i c i a n 
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t o u n c o v e r t h e g e n e r a l d e pendence o f a model's b e h a v i o u r on b o t h 

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

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

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

v a l u e s and t h e a p p r o p r i a t e model s t r u c t u r e i s v e r y h i g h . As i n 

t h e p h y s i c a l s c i e n c e s , e x a c t g e n e r a l s o l u t i o n s t o model e q u a t i o n s 

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

q u a l i t a t i v e a n a l y s i s a r e i m p o r t a n t . 

Some o f t h e s e c t i o n s of t h i s t h e s i s i n v o l v e t h e a n a l y s i s of 

s i m u l a t i o n m o d e ls c o n s t r u c t e d by o t h e r s ( C h a p t e r 2 ) , or of s i m p l e 

i d e a l i s e d m o d e ls ( C h a p t e r s 1 , 6 , 7 ) . O t h e r s i n v o l v e t h e 

f o r m u l a t i o n and a n a l y s i s of o r i g i n a l models w i t h c o n s i d e r a b l e new 

b i o l o g i c a l i n p u t ( C h a p t e r 4 ) . In e a c h c a s e , a c l e a r p i c t u r e has 

been s o u g h t o f t h e r e l a t i o n s h i p between t h e model Vs. m a t h e m a t i c a l 

o u t p u t ( b e h a v i o u r ) and i n p u t ( s t r u c t u r e and p a r a m e t e r v a l u e s ) , 

b o t h i n t e r p r e t e d b i o l o g i c a l l y . 

In an i n t e r e s t i n g d i s c u s s i o n of t h e n o t i o n of i n t e l l i g e n c e , 

Weizenbaum(1976) o b s e r v e s t h a t b e i n g g i v e n a b l u e p r i n t of t h e 

human mind, o r o f a complex computer s y s t e m , w h i c h a l l o w e d us t o 

c o n s t r u c t an e x a c t , w o r k i n g c o p y , would not be a t a l l t h e same 

t h i n g a s u n d e r s t a n d i n g t h e human mind or t h e c o m p u t e r . The 

c o n c e p t of ' u n d e r s t a n d i n g ' i s a d i f f i c u l t one t o d e f i n e 

r i g o r o u s l y and may be a h i g h l y p e r s o n a l one. I s h a r e 

Weizenbaum's n o t i o n o f u n d e r s t a n d i n g s u f f i c i e n t l y t o a g r e e w i t h 

h i s s t a t e m e n t and would make t h e same p o i n t a b o u t complex 

s i m u l a t i o n m o d e l s i n e c o l o g y : an a b i l i t y t o c o n s t r u c t a l a r g e , 

c o m p l i c a t e d model f r o m component p i e c e s and e v e n t o have i t mimic 

t h e n a t u r a l s y s t e m p e r f e c t l y (an u n l i k e l y e v e n t ) i s n o t t h e same 
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t h i n g as an u n d e r s t a n d i n g o f t h e e c o s y s t e m . I f i n d t h a t t h e 

q u a l i t a t i v e , a p p r o x i m a t e a n a l y s e s d e s c r i b e d above and c a r r i e d o ut 

i n t h i s t h e s i s , by u n c o v e r i n g r e l a t i o n s h i p s between a s s u m p t i o n s 

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

s e n s e of u n d e r s t a n d i n g w h i c h a complex s i m u l a t i o n model l a c k s . 

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

number o f t y p e s of d a t a a n a l y s i s a r e p r e s e n t e d i n t h i s t h e s i s . 

T h e s e r a n g e from r e l a t i v e l y c o n v e n t i o n a l d e s c r i p t i v e t e c h n i q u e s 

t o t h e r a t h e r a m b i t i o u s m o d e l - f i t t i n g p r o c e d u r e s of C h a p t e r 5. 

A l l t e c h n i q u e s of d a t a a n a l y s i s a r e b a s e d on an u n d e r l y i n g 

s t a t i s t i c a l m o d e l . In many o f t h e c l a s s i c a l t e c h n i q u e s , t h e 

u n d e r l y i n g model was k e p t d e l i b e r a t e l y s i m p l e , u s u a l l y l i n e a r , t o 

f a c i l i t a t e t h e c o m p u t a t i o n of p a r a m e t e r e s t i m a t e s and t h e 

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

c o m p u t e r s and n u m e r i c a l m o d e l - f i t t i n g a l g o r i t h m s (Benson,1978) 

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

p a r a m e t e r s i n more complex models from o b s e r v a t i o n s on 

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

a n a l y s i s i n t h i s t h e s i s r e p r e s e n t s an e x p l o r a t i o n o f t h e 

p o t e n t i a l of t h i s a p p r o a c h . 



1 

CHAPTER 1 

INTRODUCTION AND ANALYSIS OF SIMPLE GRAZING MODELS. 

1.1 G e n e r a l I n t r o d u c t i o n . 

The problems d i s c u s s e d i n t h i s t h e s i s have a l l a r i s e n out of 

an i n i t i a l i n t e r e s t i n the marine p l a n k t o n i c ecosystem of the 

S u b a r c t i c P a c i f i c . The g e n e r a l i n t r o d u c t i o n g i v e n i n t h i s 

s e c t i o n i s i n t e n d e d as a b r i e f s u r v e y of the problems t r e a t e d and 

t h e i r i n t e r r e l a t i o n s h i p s . A d e t a i l e d i n t r o d u c t i o n t o the 

p h y s i c a l and b i o l o g i c a l oceanography of the S u b a r c t i c P a c i f i c i s 

g i v e n i n S e c t i o n s 1.2 and 1.3 r e s p e c t i v e l y . Comprehensive 

i n t r o d u c t i o n s t o the d e r i v e d problems a r e l e f t t o the 

c o r r e s p o n d i n g c h a p t e r s . 

At the time t h i s study commenced, i n 1976, m o d e l l i n g of 

s e a s o n a l c y c l e s i n p l a n k t o n i c n u t r i e n t - p l a n t - h e r b i v o r e systems, 

p a r t i c u l a r l y the phenomena of s p r i n g and f a l l p h y t o p l a n k t o n 

blooms, was w e l l e s t a b l i s h e d . A g a i n s t t h i s background of 

e m p i r i c a l knowledge and t h e o r e t i c a l u n d e r s t a n d i n g , the observ e d 

s e a s o n a l c y c l e i n the S u b a r c t i c P a c i f i c , showing l i t t l e or no 

v a r i a t i o n i n p h y t o p l a n k t o n s t a n d i n g s t o c k , s t o o d out as an 

anomaly. A number of s i m p l e v e r b a l hypotheses had been proposed 

t o account f o r t h i s c y c l e ( M c A l l i s t e r et a l , 1 9 6 0 ; H e i n r i c h , 1 9 6 2 ) 

and the time seemed r i p e f o r a more r i g o r o u s e x a m i n a t i o n of the 

problem v i a m o d e l l i n g , e s p e c i a l l y i n view of the e x i s t e n c e of a 

l o n g time s e r i e s of b i o l o g i c a l o b s e r v a t i o n s from the w e a t h e r s h i p s 

at Ocean S t a t i o n 1 1P" ( h e n c e f o r t h a b b r e v i a t e d O.S.P. ) a t 50°N, 

145°W i n the S u b a r c t i c P a c i f i c . 

P r e l i m i n a r y c o n s i d e r a t i o n s , u s i n g some c l a s s i c a l p o p u l a t i o n -
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i n t e r a c t i o n models (Chapter 1) suggested t h a t g r a z i n g t h r e s h o l d s 

c o u l d be i m p o r t a n t a t O.S.P. T h i s r e s u l t prompted an approximate 

q u a l i t a t i v e a n a l y s i s of a complex n u m e r i c a l model ( S t e e l e , 1 9 7 4 ; 

Landry,1976) whose b e h a v i o u r i n computer s i m u l a t i o n had provoked 

some d i s c u s s i o n of t h r e s h o l d s . The i n s i g h t s o b t a i n e d from t h i s 

a n a l y s i s proved u s e f u l i n a more q u a n t i t a t i v e , d e t a i l e d m o d e l l i n g 

i n v e s t i g a t i o n of ecosystem dynamics a t O.S.P. (Ch a p t e r s 3,4). 

A n a l y s i s of the time s e r i e s of b i o l o g i c a l o b s e r v a t i o n s from the 

w e a t h e r s h i p s , conducted as p a r t of t h i s i n v e s t i g a t i o n , i n v o l v e d 

some n o v e l s t a t i s t i c a l problems, i n c l u d i n g the a d a p t a t i o n of a 

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

parameters from z o o p l a n k t o n time s e r i e s ( P a r s l o w et a l ,1979) 

(Chapter 4) t o overcome i n c o n s i s t e n c i e s i n the .zooplankton time 

s e r i e s from O.S.P. A v a r i a n t of the parameter e s t i m a t i o n 

t e c h n i q u e was a p p l i e d t o p h y t o p l a n k t o n and z o o p l a n k t o n time 

s e r i e s from a c o n t r o l l e d ecosystem e n c l o s u r e s t u d i e d d u r i n g the 

CEPEX programme (Chapter 5 ) , i n an attempt t o e s t i m a t e f u n c t i o n a l 

response parameters r e l e v a n t t o b i o l o g i c a l q u e s t i o n s which a r o s e 

i n the t h e o r e t i c a l a n a l y s i s of c h a p t e r two. 

Ch a p t e r s 6 and 7 i n v o l v e a t h e o r e t i c a l a n a l y s i s of 

p h y t o p l a n k t o n p o p u l a t i o n s undergoing growth, d i f f u s i o n , s i n k i n g 

and n u t r i e n t l i m i t a t i o n . W h i l e o r i g i n a l l y m o t i v a t e d by 

c o n s i d e r a t i o n of l i g h t - l i m i t e d growth a t O.S.P. , the r e s u l t s 

proved t o be of more i n t e r e s t i n ca s e s of l o w - t u r b u l e n c e 

environments and s u b - s u r f a c e c h l o r o p h y l l maxima. 

1.2 P h y s i c a l Oceanography of the S u b a r c t i c P a c i f i c . 

T h i s i n t r o d u c t i o n t o the p h y s i c a l oceanography of the 
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S u b a r c t i c P a c i f i c i s i n t e n d e d as background t o the e c o l o g i c a l 

models c o n s i d e r e d l a t e r . Two a s p e c t s a r e c o n s i d e r e d h e r e . The 

s e a s o n a l c y c l e i n water column s t r u c t u r e a t O.S.P. i s im p o r t a n t 

i n the m o d e l l i n g of p r i m a r y p r o d u c t i o n t h e r e . The l o c a t i o n of 

O.S.P. r e l a t i v e t o the broad c i r c u l a t i o n p a t t e r n s of the 

S u b a r c t i c P a c i f i c i s d i s c u s s e d i n an assessment of h o r i z o n t a l 

a d v e c t i v e e f f e c t s on b i o l o g i c a l p r o c e s s e s . 

The w e a t h e r s h i p s ' o b s e r v a t i o n s of temperature and s a l i n i t y 

p r o f i l e s , as w e l l as m e t e o r o l o g i c a l v a r i a b l e s , have p r o v i d e d a 

b a s i s f o r a number of t h e o r e t i c a l and e m p i r i c a l s t u d i e s of 

s e a s o n a l c y c l e s a t O.S.P. , p a r t i c u l a r l y the heat budget 

a s s o c i a t e d w i t h f o r m a t i o n and breakdown of the s e a s o n a l 

t h e r m o c l i n e (Tabata,1965; Denman,1972). T h i s c y c l e w i l l be 

p r e s e n t e d q u a n t i t a t i v e l y w i t h a .model of' p r i m a r y p r o d u c t i o n a t 

O.S.P. i n Chapter 3; a b r i e f d e s c r i p t i o n i s g i v e n h e r e . 

On the b a s i s of s a l i n i t y , Dodimead e t a l (1963) d i s t i n g u i s h 

t h r e e permanent zones : an upper zone from 0 t o 100m, a h a l o c l i n e 

from 100 t o 200m i n which s a l i n i t y i n c r e a s e s from 32.8%<>to 33.8%o, 

and a lower zone, i n which s a l i n i t y i n c r e a s e s s l o w l y t o 34.4%,at 

1000m. The t o p of the h a l o c l i n e c o r r e s p o n d s t o the maximum depth 

of the s u r f a c e mixed l a y e r , a t t a i n e d i n March a t the. end of the 

p e r i o d of net heat l o s s t h r o u g h the s u r f a c e . A s e a s o n a l 

t h e r m o c l i n e i s e s t a b l i s h e d over the p e r i o d of net heat g a i n , from 

A p r i l t o September, w i t h the mixed l a y e r b e i n g t y p i c a l l y about 

30m deep a t the end of t h i s p e r i o d . S u r f a c e t e m p e r a t u r e s 

i n c r e a s e from about 5°C t o 13°C over t h i s p e r i o d . The s e a s o n a l 

t h e r m o c l i n e and an a s s o c i a t e d s e a s o n a l h a l o c l i n e a r e eroded over 

the c o o l i n g p e r i o d , from October t o March, by c o n v e c t i v e o v e r t u r n 
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and s t o r m a c t i v i t y . T h i s s e a s o n a l c y c l e ( F i g 1) i s q u a l i t a t i v e l y 

c h a r a c t e r i s t i c o f t h e o c e a n i c S u b a r c t i c P a c i f i c a l t h o u g h t h e r e i s 

some g e o g r a p h i c a l v a r i a t i o n i n t h e m a g n i t u d e and t i m i n g o f t h e 

c y c l e . 

Two r e v i e w s of t h e p h y s i c a l o c e a n o g r a p h y of t h e S u b a r c t i c 

P a c i f i c have been p u b l i s h e d as p a r t o f i n v e s t i g a t i o n s i n t o t h e 

o c ean e n v i r o n m e n t of salmon by t h e I n t e r n a t i o n a l N o r t h P a c i f i c 

F i s h e r i e s Commission (Dodimead e t a l ,1963; F a v o r i t e e t a l 

,1976). In t h e e a r l i e r r e v i e w , t h e p r i n c i p a l c u r r e n t s y s t e m s and 

domains were summarized as i n F i g 2. The s o u t h e r n l i m i t o f t h e 

S u b a r c t i c r e g i o n was d e f i n e d by an a l m o s t v e r t i c a l i s o h a l i n e 

s u r f a c e of 3 4 % 0 a t a b o u t 42°N l a t i t u d e . I m m e d i a t e l y t o t h e n o r t h 

a body o f warmer water formed by m i x i n g of t h e K u r o s h i o and 

O y a s h i o c u r r e n t s and moving, .eastward a t 2 t o 4 n a u t i c a l m i l e s / d a y 

was i d e n t i f i e d a s t h e t r a n s i t i o n d omain. To t h e n o r t h a g a i n , t h e 

S u b a r c t i c c u r r e n t was d e s c r i b e d as moving e a s t a t a b o u t 2 

n a u t i c a l m i l e s / d a y and c o n s i s t i n g o f t h a t p a r t of t h e O y a s h i o 

w h i c h does n o t mix w i t h t h e K u r o s h i o . T h e s e e a s t w a r d f l o w i n g 

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

s o u t h t o form t h e C a l i f o r n i a c u r r e n t and p a r t f l o w i n g n o r t h w a r d 

a r o u n d t h e G u l f o f A l a s k a , f o r m i n g a r e l a t i v e l y i n t e n s e b o u n d a r y 

c u r r e n t ( t h e A l a s k a n S t e a m ) . P a r t of t h e A l a s k a n S t r e a m t u r n s 

s o u t h t o f o r m t h e A l a s k a n G y r e , w h i l e p a r t moves n o r t h i n t o t h e 

B e r i n g Sea t o e v e n t u a l l y j o i n t h e E a s t Kamchatka c u r r e n t o r t h e 

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

a b o u t 4-6 y e a r s . 

O.S.P. i s l o c a t e d n o r t h o f t h e t r a n s i t i o n z o n e , on t h e 

s o u t h - e a s t e r l y edge of t h e A l a s k a n G y r e . The f o l l o w i n g q u o t e i s 
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p a r t i c u l a r l y r e l e v a n t f o r m o d e l l i n g the p l a n k t o n i c ecosystem a t 

O.S.P. a l t h o u g h i t was prompted by c o n s i d e r a t i o n s of s e a s o n a l 

s a l i n i t y and temperature c y c l e s t h e r e : 

'. . . the g e o s t r o p h i c f l o w i n the v i c i n i t y of Ocean 

S t a t i o n "P" i s g e n e r a l l y z o n a l , b u t , more i m p o r t a n t l y , slow (2 

m i l e s / d a y ) . Hence, w i t h i n the time p e r i o d c o n s i d e r e d h e r e , ' 

( s e a s o n a l ) ' the waters i n the ar e a a r e s u b j e c t e d t o c l i m a t i c 

c o n d i t i o n s s i m i l a r t o those a t Ocean S t a t i o n "P"; t h u s , they can 

be r e g a r d e d as h a v i n g r e s i d e d t h e r e . . . ' (Dodimead e t a l 

,1963) . 

The second review ( F a v o r i t e e_t a l ,1976) p r e s e n t s a s i m i l a r 

p a t t e r n f o r the g e n e r a l c i r c u l a t i o n , w i t h f u r t h e r e l a b o r a t i o n of 

the c u r r e n t and domain s t r u c t u r e s . There i s , however, a new 

f e a t u r e p r e s e n t e d which may a f f e c t b i o l o g i c a l m o d e l l i n g and d a t a -

i n t e r p r e t a t i o n f o r O.S.P. The dynamic topography f o r J u l y shows 

a s m a l l c l o c k w i s e gyre i n the s u r f a c e c i r c u l a t i o n o f f the Queen 

C h a r l o t t e I s l a n d s , e a s t of the n o r t h - s o u t h b r a n c h i n g of the 

S u b a r c t i c C u r r e n t . A s s o c i a t e d w i t h t h i s gyre i s a ' D i l u t e 

Domain' of water showing the e f f e c t s of c o a s t a l r u n o f f . The 

rev i e w i s ambiguous as t o the westward e x t e n t of t h i s domain . 

C i r c u l a t i o n p a t t e r n s suggested by dynamic topography, i n t e g r a t e d 

t o t a l w i n d - s t r e s s t r a n s p o r t and n u m e r i c a l model r e s u l t s a l l 

i n d i c a t e t h a t the c o a s t a l gyre l i e s w e l l t o the e a s t of O.S.P. 

and t h a t the f l o w a t O.S.P. i s e s s e n t i a l l y as d e s c r i b e d above 

from the e a r l i e r r e v i e w . However, the D i l u t e Domain d e f i n e d on 

the b a s i s of the 33%„ i s o h a l i n e c o n t o u r a t 100m extends westward 

t o a l m o s t 160°W and i n c l u d e s O.S.P. In F i g 41 of F a v o r i t e et. a l 

(1976), the S u b a r c t i c C u r r e n t i s p o r t r a y e d as d i v i d i n g t o the 
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west of the D i l u t e Domain and O.S.P. 

The D i l u t e Domain i s d i l u t e by comparison w i t h the h i g h e r 

s a l i n i t y w a t e r s of the Ridge Domain t o the northwe s t (due t o 

u p w e l l i n g i n the A l a s k a n G y r e ) , the c o a s t a l u p w e l l i n g domains t o 

the s o u t h e a s t and the t r a n s i t i o n domain t o the s o u t h . I t i s not 

c l e a r t o what e x t e n t the lower s a l i n i t y a t O.S.P. may be due t o 

the a n n u a l e x c e s s of p r e c i p i t a t i o n over e v a p o r a t i o n which o c c u r s 

t h r o u g h o u t the e a s t e r n S u b a r c t i c (Dodimead e t a l , 1 9 6 3 ) , 

superimposed on a z o n a l f l o w . I f the f l o w t h r o u g h O.S.P. i s 

p r e d o m i n a n t l y z o n a l and p a r t of the e a s t w a r d - f l o w i n g S u b a r c t i c 

c u r r e n t , then as i n d i c a t e d by the quote above, a model of 

s e a s o n a l changes e i t h e r i n the p h y s i c a l s t r u c t u r e of the water 

column or i n the p l a n k t o n i c community may r e a s o n a b l y be 

c o n s t r u c t e d -without t a k i n g l a r g e - s c a l e h o r i z o n t a l a d v e c t i o n i n t o 

a c c o u n t . The models p r e s e n t e d i n t h i s t h e s i s have been c r e a t e d 

on t h i s b a s i s . I f O.S.P. r e a l l y l i e s w i t h i n a s m a l l - s c a l e 

c o a s t a l c i r c u l a t i o n , which seems u n l i k e l y f o r reasons c i t e d above 

and o t h e r s ( f o r example, the n i t r a t e s e a s o n a l c y c l e a t O.S.P. i s 

c h a r a c t e r i s t i c of S u b a r c t i c o c e a n i c r a t h e r than c o a s t a l w a t e r s ) , 

a more e x p l i c i t t r e a t m e n t of a d v e c t i v e e f f e c t s may be r e q u i r e d . 

1.3 B i o l o g y of the S u b a r c t i c P a c i f i c . 

A v e r y c o n s i d e r a b l e l i t e r a t u r e e x i s t s on the b i o l o g y of the 

S u b a r c t i c P a c i f i c and t h i s b r i e f s u r v ey makes no p r e t e n c e a t an 

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

as an i n t r o d u c t i o n t o the q u e s t i o n s a d d r e s s e d here u s i n g a 

m o d e l l i n g approach-. I t i s a l s o i n t e n d e d p a r t l y as an ov e r v i e w of 

the c u r r e n t s t a t e of b i o l o g i c a l knowledge, so t h a t a reader 
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u n f a m i l i a r w i t h t h i s l i t e r a t u r e can p l a c e the models c o n s i d e r e d 

h e r e , w i t h t h e i r n e c e s s a r y l i m i t a t i o n s and r a t h e r narrow f o c u s , 

i n b roader p e r s p e c t i v e . Much of the review w i l l be concerned 

w i t h s t u d i e s a t O.S.P. which i s by f a r the most i n t e n s i v e l y 

sampled ocean s t a t i o n i n the r e g i o n . R e l e v a n t i n f o r m a t i o n from 

s u r r o u n d i n g a r e a s w i l l be mentioned where a p p r o p r i a t e . 

P r o b a b l y the best-known f e a t u r e of the p l a n k t o n i c ecosystem 

i n the s u b - A r c t i c P a c i f i c i s the absence of a s p r i n g i n c r e a s e i n 

p h y t o p l a n k t o n abundance. T h i s was r e p o r t e d f o r the B e r i n g Sea 

over 20 y e a r s ago (Semina,1958), and c o n f i r m e d by the w e a t h e r s h i p 

o b s e r v a t i o n s a t O.S.P. ( P a r s o n s , 1 9 6 5 ) . D u r i n g a c r u i s e i n J u l y 

and August of 1959, m a c r o n u t r i e n t s ( n i t r a t e , s i l i c a t e , 

p h o s p h a t e ) , p h y t o p l a n k t o n ( c h l o r o p h y l l a) and p a r t i c u l a t e o r g a n i c 

carbon .were measured ( M c A l l i s t e r et a_l ,1960). N u t r i e n t l e v e l s 

were c o n s i s t e n t l y h i g h (>6 u g a t . l " 1 NO", >16 u g a t . l " 1 S i O P , >1.2 

u g a t . l " 1 PO^), a t a time of year when n u t r i e n t d e p l e t i o n might 

n o r m a l l y be e x p e c t e d . T h i s o b s e r v a t i o n , t o g e t h e r w i t h the 

obs e r v e d e x p o n e n t i a l i n c r e a s e of p h y t o p l a n k t o n i n b a t c h c u l t u r e 

t o some 40 tim e s the i n i t i a l c o n c e n t r a t i o n once g r a z e r s were 

removed, s u p p o r t e d the argument, advanced by Semina (1960), t h a t 

z o o p l a n k t o n g r a z i n g i s r e s p o n s i b l e f o r the c o n s t a n c y of 

p h y t o p l a n k t o n c o n c e n t r a t i o n i n the S u b a r c t i c . The s e a s o n a l c y c l e 

i n the S u b a r c t i c P a c i f i c was c o n t r a s t e d w i t h the ' s p r i n g bloom' 

c y c l e s of c o a s t a l a r e a s and the N o r t h A t l a n t i c by H e i n r i c h 

(1962). He a t t r i b u t e d the d i f f e r e n c e t o the l i f e h i s t o r y 

s t r a t e g i e s of the dominant h e r b i v o r o u s copepods, Calanus  

plumchrus and Calanus c r i s t a t u s , i n the S u b a r c t i c P a c i f i c . 

A p r e l i m i n a r y p i c t u r e of z o o p l a n k t o n abundance, c o m p o s i t i o n 
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and v e r t i c a l d i s t r i b u t i o n a t O.S.P. was g i v e n by M c A l l i s t e r 

( 1961), based on s u r f a c e t r a w l s and v e r t i c a l h a u l s made from the 

w e a t h e r s h i p s from 1956 t o 1958. He d e s c r i b e d a w i n t e r minimum i n 

z o o p l a n k t o n biomass from December t o March and a summer maximum 

from A p r i l t o J u l y . S u r f a c e t r a w l s were dominated by copepods i n 

A p r i l and May and by amphipods i n June and J u l y and i n November 

and December. V e r t i c a l h a u l s (150m t o s u r f a c e ) were 

p r e d o m i n a n t l y copepods (ca 75%) and ch a e t o g n a t h s (15%) a t a l l 

t i m e s . Two l a y e r s of maximum abundance of z o o p l a n k t o n were 

found, above and below the permanent h a l o c l i n e . Zooplankton wet 

weight i n the t o p 150m ranged from ca 10 mg.nr 3 i n w i n t e r t o 80 

mg.m-3 i n May, 1957. 

Perhaps the s i n g l e most comprehensive study of the b i o l o g y 

o f . t h e S u b a r c t i c P a c i f i c t o date i s t h a t of L e B r a s s e u r (1969). 

T h i s s t u d y of 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 i n the G u l f of A l a s k a 

i n c l u d e d a d e t a i l e d a n a l y s i s of n i n e y e a r s (1956-64) of 

z o o p l a n k t o n d a t a from O.S.P. The l i f e h i s t o r i e s of the dominant 

z o o p l a n k t o n s p e c i e s were d i s c u s s e d , based on average s e a s o n a l 

p a t t e r n s of abundance by stage as r e f l e c t e d i n v e r t i c a l h a u l s and 

s u r f a c e tows. Next t o the two s p e c i e s mentioned above, a t h i r d 

l a r g e h e r b i v o r o u s copepod, Eu c a l a n u s b u n g i , makes a s i g n i f i c a n t 

c o n t r i b u t i o n t o biomass, as noted f o r o t h e r l o c a t i o n s i n the 

S u b a r c t i c P a c i f i c ( H e i n r i c h , 1 9 6 2 ; S e k i g u c h i , 1 9 7 5 ) . S m a l l e r 

copepods ( Pse u d o c a l a n u s , Calanus p a c i f i c u s , M e t r i d i a p a c i f i c a ) 

a r e i m p o r t a n t i n f a l l and w i n t e r . A mixed c o l l e c t i o n of 

p l a n k t o n i c p r i m a r y c a r n i v o r e s , i n c l u d i n g c h a e t o g n a t h s ( S a g i t t a  

e l e g a n s , E u k r o h n i a hamata) and the trachymedusa A g l a n t h a d i g i t a l e 

were a l s o d i s c u s s e d . An attempt was made t o e s t i m a t e the 
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s t a n d i n g s t o c k s of f o r a g e organisms (myctophid and s q u i d ) and the 

annual carbon f l u x t h r ough a s i m p l i f i e d food web l e a d i n g up t o 

the t e r t i a r y consumers (salmon, b a l e e n whales and p o m f r e t ) . 

Due t o the n a t u r e of the sa m p l i n g program a t O.S.P. , much 

more i s known of the h e r b i v o r o u s and c a r n i v o r o u s z o o p l a n k t o n than 

of the t r o p h i c l e v e l s above or below. For example, the 

p o p u l a t i o n dynamics of s q u i d , an im p o r t a n t p r i m a r y / s e c o n d a r y 

c a r n i v o r e , a r e v i r t u a l l y unknown. The s e a s o n a l p a t t e r n i n 

s p e c i e s c o m p o s i t i o n of p h y t o p l a n k t o n a t O.S.P. i s a l s o 

c o m p a r a t i v e l y p o o r l y known. W e a t h e r s h i p p h y t o p l a n k t o n samples 

have not y e t been a n a l y s e d q u a n t i t a t i v e l y . I n f o r m a t i o n on 

abundance of net p h y t o p l a n k t o n i s a v a i l a b l e from the s h i p s of 

o p p o r t u n i t y program ( V e n r i c k , 1 9 7 1 ) and from w e a t h e r s h i p m i c r o -

z o o p l a n k t o n d a t a ( d i s c u s s e d l a t e r ) . O b s e r v a t i o n s a t O.S.P. i n 

J u l y , August, 1959 ( M c A l l i s t e r e t a l , 1 9 6 0 ) , d u r i n g the Transpac 

c r u i s e of 1969 (Parsons,1972) and p r e l i m i n a r y a n a l y s i s of L i n e P 

s t a t i o n s (R. Waters, p e r s . comm. ) suggest t h a t p h y t o p l a n k t o n a re 

dominated i n biomass by s m a l l f l a g e l l a t e s , l e s s than 10 pm i n 

d i a m e t e r . 

There have been a number of t h e o r e t i c a l a n a l y s e s of p r i m a r y 

and secondary p r o d u c t i o n a t O.S.P. or i n i t s v i c i n i t y . The 

s e a s o n a l c y c l e of c h l o r o p h y l l a and p r i m a r y p r o d u c t i o n a t O.S.P. 

(based on 1 4 C uptake measurements) was d e s c r i b e d by Parsons 

(1965). In t h a t paper, S v e r d r u p ' s c r i t i c a l depth model 

(Sverdrup,1953) was used t o e x p l o r e the i n t e r a c t i o n of s e c c h i 

d e p t h , mixed l a y e r depth and s u r f a c e i r r a d i a n c e . A l l macro-

n u t r i e n t s were d e s c r i b e d as n o n - l i m i t i n g t hroughout the G u l f of 

A l a s k a and an annual p r i m a r y p r o d u c t i o n of ca 60 g Cm" 2 was 
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e s t i m a t e d , based on 1 4 C measurements and the s e a s o n a l d e c r e a s e i n 

n i t r a t e and phosphate. The c r i t i c a l depth approach was l a t e r 

expanded t o cov e r the f u l l G u l f of A l a s k a by Parsons and 

L e B r a s s e u r (1968). The l a r g e - s c a l e p a t t e r n i n the t i m i n g of the 

s p r i n g i n c r e a s e i n z o o p l a n k t o n s t a n d i n g s t o c k was p r e d i c t e d i n 

t h i s s t u d y . 

R e s u l t s of p r i m a r y p r o d u c t i o n s t u d i e s on the Transpac c r u i s e 

and a s h i p s of o p p o r t u n i t y program conducted from American M a i l 

L i n e c r u i s e s between S e a t t l e and Yokohama were r e p o r t e d by 

Parsons and Anderson (1970). A d e p t h - i n t e g r a t e d form of S t e e l e 

and Menzel's (1962) e q u a t i o n was found t o o v e r e s t i m a t e p r o d u c t i o n 

on the Transpac c r u i s e . Reducing the p h o t o s y n t h e t i c e f f i c i e n c y 

parameter from 0.24 t o 0.17 (ug C.ug C h i a ^ . l y " 1 ) i n t h i s 

e q u a t i o n p r o v i d e d a b e t t e r f i t f o r the Transpac d a t a , but v a l u e s 

r a n g i n g from 0.07 t o 3.1 (jug C.ug C h i a ^ . l y " 1 ) were n e c e s s a r y t o 

o b t a i n agreement w i t h d a t a from the AML c r u i s e s . 

The c o n v e r s i o n of p r i m a r y p r o d u c t i o n t o secondary p r o d u c t i o n 

a t O.S.P. has been s t u d i e d by M c A l l i s t e r (1969,1972). D a i l y 

p h y t o p l a n k t o n p r o d u c t i o n ( e s t i m a t e d from 1 4 C measurements), minus 

e s t i m a t e d dark r e s p i r a t i o n , was assumed t o be i n g e s t e d by 

z o o p l a n k t o n . Zooplankton r e s p i r a t i o n was c a l c u l a t e d as a 

f r a c t i o n of z o o p l a n k t o n s t a n d i n g s t o c k . A s s i m i l a t e d r a t i o n minus 

r e s p i r a t i o n was taken as secondary p r o d u c t i o n . Because of 

u n c e r t a i n t y i n z o o p l a n k t o n r e s p i r a t i o n r a t e s (eg S t e e l e , 1 9 7 4 ) , 

e s t i m a t e s of secondary p r o d u c t i o n r e p r e s e n t e d the d i f f e r e n c e of 

two l a r g e , u n c e r t a i n q u a n t i t i e s and ranged from n e g a t i v e v a l u e s 

t o a maximum of 23g C.m~ 2.yr _ 1. An e s t i m a t e of 13 g C . i r r 2 . y r ~ l 

was chosen as most l i k e l y . 



13 

For the purposes of t h i s t h e s i s , an i n t e r e s t i n g summary of 

the c u r r e n t s t a t e of b i o l o g i c a l knowledge f o r t h i s l o c a t i o n can 

be o b t a i n e d by a s s e s s i n g i t s s t r e n g t h s and weaknesses as a b a s i s 

f o r a d e t a i l e d , r a t i o n a l m e c h a n i s t i c model ( P i a t t e_t a l ,1975) of 

the ecosystem t h e r e . Whether a model of t h i s k i n d i s a d e s i r a b l e 

g o a l , p a r t i c u l a r l y i f we wi s h t o make s u c c e s s f u l q u a n t i t a t i v e 

p r e d i c t i o n s , i s d e b a t a b l e ( P i a t t e t a_l ,1975), but i t does 

p r o v i d e a u s e f u l way t o s t r u c t u r e an approach t o e x i s t i n g d a t a . 

There i s a l o n g time s e r i e s of o b s e r v a t i o n s of c h l o r o p h y l l 

a, 1 4 C p r o d u c t i v i t y and m a c r o n u t r i e n t s a t O.S.P. However, f o r a 

model of p h y t o p l a n k t o n dynamics, a knowledge of v a r i a t i o n s i n 

p h y t o p l a n k t o n carbon and c a r b o n r c h l o r o p h y l l r a t i o s , i n the 

p h o t o s y n t h e s i s vs l i g h t r e l a t i o n s h i p (on s h o r t and l o n g time 

s c a l e s ) , i n p h y t o p l a n k t o n r e s p i r a t i o n r a t e s and i n l i m i t i n g 

e f f e c t s of m i c r o n u t r i e n t s , i f any, would a l l be d e s i r a b l e . An 

attempt w i l l be made t o i n f e r some of the s e i n d i r e c t l y from the 

a v a i l a b l e o b s e r v a t i o n s i n Chapter 3. I n v e s t i g a t i o n of s i z e 

and/or s p e c i e s dependent e f f e c t s i n b i o l o g i c a l i n t e r a c t i o n s would 

r e q u i r e o b s e r v a t i o n s a t a comparable l e v e l of d e t a i l . 

The l o n g time s e r i e s of 150m v e r t i c a l h a u l s i s the p r i n c i p a l 

z o o p l a n k t o n d a t a s o u r c e , p r o v i d i n g i n f o r m a t i o n on t o t a l wet 

we i g h t , s p e c i e s c o m p o s i t i o n and some st a g e and/or s i z e s t r u c t u r e . 

These d a t a a r e s u p p o r t e d by s t u d i e s on s e a s o n a l and d i u r n a l 

p a t t e r n s of v e r t i c a l m i g r a t i o n (Vinogradov,1968; F r o s t and 

McCrone,1974; S e k i g u c h i , 1 9 7 5 ; Marlowe and M i l l e r , 1 9 7 5 ) . Some 

measurements have been made of g r a z i n g r a t e s , c h e m i c a l 

c o m p o s i t i o n and r e s p i r a t i o n of the dominant h e r b i v o r e s p r i m a r i l y 

i n c o a s t a l l o c a t i o n s f a r from O.S.P. (Parsons e t a l ,1969; 
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Ikeda,1972; Taguchi and I s h i i , 1 9 7 2 ; F u l t o n , 1 9 7 3 ; Ikeda,1977). 

However, i n f o r m a t i o n on the f u n c t i o n a l and n u m e r i c a l responses of 

thes e dominant copepods i s poor compared w i t h b e t t e r s t u d i e d 

c o a s t a l s p e c i e s such as Calanus p a c i f i c u s ( P a f f e n h o f f e r , 1 9 7 0 ; 

Frost,1972,1975) or Pseudocalanus ( P a f f e n h o f f e r and H a r r i s , 1 9 7 6 ) . 

The average s e a s o n a l p a t t e r n of m i c r o z o o p l a n k t o n ( r e t a i n e d by 44 

jam mesh) a t O.S.P. has been r e p o r t e d ( L e B r a s s e u r and 

Kennedy,1972), but the a u t e c o l o g y of most of these organisms i s 

v e r y p o o r l y known. A s i m i l a r s t a t e of i g n o r a n c e e x i s t s f o r most 

of the p r i m a r y c a r n i v o r e s mentioned above, w h i l e even the 

abundance of f o r a g e organisms such as s q u i d i s p o o r l y known. The 

study of f o r a g e organisms i s c o m p l i c a t e d by t h e i r v e r y l a r g e 

d i u r n a l and s e a s o n a l m i g r a t i o n s and l o n g ( m u l t i - y e a r ) g e n e r a t i o n 

t i m e s . For such l o n g - l i v e d o r g a n i s m s , and of c o u r s e f o r wide-

r a n g i n g p r e d a t o r s such as whales, salmon and po m f r e t , a model of 

c o n d i t i o n s at O.S.P. becomes m e a n i n g l e s s and the l a r g e - s c a l e 

v a r i a b i l i t y and c i r c u l a t i o n of the S u b a r c t i c P a c i f i c would have 

t o be m o d e l l e d . 

1.4 Simple P h y t o p l a n k t o n - z o o p l a n k t o n Models f o r the S u b a r c t i c  

Pac i f i c . 

As the summary of S e c t i o n 1.3 demonstates, an attempt t o 

c o n s t r u c t a d e t a i l e d , complete ecosystem model f o r O.S.P. , or 

r a t h e r f o r the G u l f of A l a s k a or the whole S u b a r c t i c P a c i f i c , 

would be premature, t o say the l e a s t . For m u l t i p l e t r o p h i c 

l e v e l s and l a r g e h o r i z o n t a l s c a l e s , the s i m p l e r tropho-dynamic 

arguments of L e B r a s s e u r (1969) and Sanger (1972) a r e more 

a p p r o p r i a t e a t p r e s e n t . A much narrower range of q u e s t i o n s i s 
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a d d r e s s e d h e r e , c e n t e r i n g on the observed c o n s t a n c y of 

c h l o r o p h y l l a c o n c e n t r a t i o n s a t O.S.P. These q u e s t i o n s can be 

ad d r e s s e d u s i n g s i m p l i f i e d s i m u l a t i o n models which a re more 

commensurate w i t h the p r e s e n t s t a t e of b i o l o g i c a l knowledge. 

The s e a s o n a l c y c l e of C h i a a t O.S.P. i s p r e s e n t e d i n F i g 

3. The c y c l e i n the S t r a i t of G e o r g i a i s a l s o p r e s e n t e d f o r 

c o n t r a s t . W h i l e the de c r e a s e i n mixed l a y e r depth and i n c r e a s e 

i n s o l a r r a d i a t i o n a t O.S.P. i n the s p r i n g does r e s u l t i n an 

i n c r e a s e i n p r i m a r y p r o d u c t i v i t y (Parsons,1965) t h i s i s not 

r e f l e c t e d i n an i n c r e a s e i n p h y t o p l a n k t o n s t a n d i n g s t o c k (as 

measured by C h i a ) . I n s t e a d , the biomass (wet weight) of 

z o o p l a n k t o n above 150m v a r i e s s e a s o n a l l y i n a s i m i l a r manner t o 

p r i m a r y p r o d u c t i v i t y ( F i g 4 ) . T h i s seems t o be 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 z o o p l a n k t o n g r a z i n g r e s u l t s i n a 

p h y t o p l a n k t o n m o r t a l i t y r a t e which b a l a n c e s p h y t o p l a n k t o n growth 

throughout the y e a r . 

T h i s h y p o t h e s i s of g r a z i n g c o n t r o l i n t u r n r a i s e s o t h e r 

q u e s t i o n s . Why s h o u l d i t o c c u r i n the o c e a n i c S u b a r c t i c P a c i f i c 

and not i n c o a s t a l a r e a s , nor i n the o c e a n i c N o r t h A t l a n t i c ? 

Perhaps even more t r o u b l e s o m e , i n view of the r a p i d growth r a t e 

of p h y t o p l a n k t o n , s e a s o n a l and d a i l y v a r i a t i o n s i n t h i s growth 

r a t e , and the observed v a r i a b i l i t y i n z o o p l a n k t o n s t a n d i n g s t o c k , 

i s the t i g h t b a l a n c e r e q u i r e d between g r a z i n g and p h y t o p l a n k t o n 

growth by t h i s h y p o t h e s i s . 

The f i r s t q u e s t i o n was answered by H e i n r i c h (1962) as 

f o l l o w s . The dominant g r a z e r s i n the N o r t h A t l a n t i c and i n many 

c o a s t a l a r e a s , copepods such as Calanus f i n m a r c h i c u s and Calanus  

p a c i f i c u s , o v e r - w i n t e r as l a t e c o p e p o d i t e s t a g e s or a d u l t s and 
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cannot reproduce i n the s p r i n g u n t i l they have accumulated egg 

t i s s u e by f e e d i n g on adequate p h y t o p l a n k t o n c o n c e n t r a t i o n s . A 

f u r t h e r p e r i o d i n which n a u p l i i do not f e e d f o l l o w s r e p r o d u c t i o n , 

so t h a t a s i z e a b l e l a g o c c u r s i n the n u m e r i c a l response of 

z o o p l a n k t o n t o the s p r i n g i n c r e a s e i n p h y t o p l a n k t o n growth. The 

dominant copepods i n the S u b a r c t i c , C. plumchrus and 

C. c r i s t a t u s , reproduce a t depth i n the s p r i n g , u s i n g f a t s t o r e s 

l a i d down the p r e v i o u s summer. An a c t i v e l y - g r o w i n g p o p u l a t i o n i s 

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

response t o i n c r e a s i n g p h y t o p l a n k t o n growth r a t e s . There a r e 

some c o a s t a l a r e a s such as the S t r a i t of G e o r g i a (Parsons,1965) 

and the Sea of Japan ( H e i n r i c h , 1 9 6 2 ) where C. plumchrus and/or 

C. c r i s t a t u s dominate but a p h y t o p l a n k t o n s p r i n g bloom does 

o c c u r . H e i n r i c h a t t r i b u t e d t h i s t o an e a r l i e r i n c r e a s e i n 

p h y t o p l a n k t o n growth r a t e i n s t r a t i f i e d c o a s t a l w a t e r s and a 

consequent f a i l u r e i n t i m i n g of the s p r i n g r e c r u i t m e n t of the s e 

copepods. 

W h i l e t h i s argument seems t o o f f e r a s o l u t i o n t o the f i r s t 

q u e s t i o n (a s u f f i c i e n t l a g i n z o o p l a n k t o n response i n the s p r i n g 

w i l l c l e a r l y ensure a s p r i n g p h y t o p l a n k t o n bloom), i t does not 

add r e s s the second q u e s t i o n . In the remainder of t h i s s e c t i o n , 

t h i s q u e s t i o n of b a l a n c e i s a d d r e s s e d by c o n s i d e r i n g the 

s t a b i l i t y p r o p e r t i e s of some s i m p l e biomass models of 

p h y t o p l a n k t o n - z o o p l a n k t o n i n t e r a c t i o n s . These s h o u l d not be 

regarde d as r e a l i s t i c or p r e d i c t i v e models but r a t h e r as 

sta t e m e n t s of paradigm, i n the sense of Kuhn(1970). T h e i r 

c o n s i d e r a t i o n w i l l a l l o w us t o r e l a t e the q u e s t i o n of b a l a n c i n g 

g r a z i n g l o s s and p h y t o p l a n k t o n growth t o some i m p o r t a n t c u r r e n t 
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i s s u e s i n m a r i n e e c o l o g y . 

A c l a s s i c a l s t a r t i n g p o i n t f o r s i m p l e m o d e l s of p r e d a t o r -

p r e y i n t e r a c t i o n s (as t h e z o o p l a n k t o n - p h y t o p l a n k t o n i n t e r a c t i o n 

w i l l be r e g a r d e d f o r t h e r e s t o f t h i s s e c t i o n ) i s t h e 

d i f f e r e n t i a l e q u a t i o n model : 

x = r . x - a . x . y 1.1a 

y = e.a.x.y - m.y 1.1b 

( L o t k a , 1 9 2 5 ) . In t h i s model, t h e p a r a m e t e r r r e p r e s e n t s an 

i n t r i n s i c r a t e of g r o w t h of p r e y , x; t h e p a r a m e t e r a i s t h e 

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

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

p r e d a t o r s ; e i s t h e e f f i c i e n c y o f c o n v e r s i o n of .consumed p r e y t o 

p r e d a t o r so t h a t e.a.x.y r e p r e s e n t s t h e c o n s e q u e n t r a t e of 

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

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

s o l u t i o n s of s y s t e m 1.1 o r i g i n a l l y a t t r a c t e d some i n t e r e s t , but 

t h e i r n e u t r a l s t a b i l i t y p r o p e r t i e s and c o n s e q u e n t l a c k o f 

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

r e p l a c e m e n t . 

The model c a n be i m p r o v e d by i n t r o d u c i n g f u r t h e r non-

l i n e a r i t i e s t o a c c o u n t f o r r e s o u r c e - l i m i t a t i o n o f p r e y and 

s a t u r a t i o n of p r e d a t o r s ( H o l l i n g , 1 9 5 9 ) . One p o s s i b l e f o r m f o r 

s u c h a model i s 

x = r . x . ( l - x / K ) - i M . x . y / ( D + x ) 1.2a 

y = e . i M . x . y / ( D + x ) - m.y 1.2b 
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H e r e , K i s a c a r r y i n g c a p a c i t y f o r p r e y i n t h e a b s e n c e of 

p r e d a t o r s , i M i s t h e maximum r a t e o f c o n s u m p t i o n o f p r e y p e r 

p r e d a t o r and D i s t h e p r e y d e n s i t y a t w h i c h p r e y c o n s u m p t i o n 

r e a c h e s h a l f i t s maximum v a l u e . The r a t i o i M / D i s c o m p a r a b l e t o 

t h e p a r a m e t e r a i n e q u a t i o n 1.1. The q u a l i t a t i v e b e h a v i o u r o f 

t h i s model has seen much d i s c u s s i o n ( f o r a r e v i e w , s e e May,1974). 

Two t y p e s o f phase p l a n e p o r t r a i t s a r e shown i n F i g 5. The p r e y 

i s o c l i n e a l w a y s forms a q u a d r a t i c 'hump' and t h e p r e d a t o r 

i s o c l i n e a v e r t i c a l l i n e . T h e i r i n t e r s e c t i o n ( x , y ) i s a c r i t i c a l 

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

s t a b i l i t y p r o p e r t i e s . When t h e p r e d a t o r i s o c l i n e (x = x) l i e s t o 

t h e r i g h t of t h e 'hump', ( F i g 5 a ) , (x,y) i s a s y m p t o t i c a l l y s t a b l e 

and t r a j e c t o r i e s s p i r a l i n t o i t . When t h e p r e d a t o r i s o c l i n e l i e s 

t o t h e l e f t of t h e hump, t r a j e c t o r i e s s p i r a l o u t w a r d t o a s t a b l e 

l i m i t c y c l e s o l u t i o n . 

To r e l a t e t h e s e r e s u l t s t o t h e O.S.P. s e a s o n a l c y c l e , a way 

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

homogeneous mo d e l . The o b v i o u s a p p r o a c h i s t o a l l o w t h e 

p h y t o p l a n k t o n g r o w th p a r a m e t e r s r and K t o be f u n c t i o n s o f t i m e , 

t , r e f l e c t i n g t h e s e a s o n a l c y c l e i n p r i m a r y p r o d u c t i v i t y ( F i g 4 ) . 

The r e s u l t i n g s y s t e m i s no l o n g e r homogeneous and c o n s e q u e n t l y 

d i f f i c u l t t o t r e a t a n a l y t i c a l l y . Suppose f o r t h e moment t h a t t h e 

p a r a m e t e r s i n 1.2 a t any p a r t i c u l a r t i m e t a r e s u c h t h a t a s t a b l e 

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

homogeneous s y s t e m . I f t h e t i m e s c a l e f o r a p p r o a c h t o t h i s 

e q u i l i b r i u m i s s u f f i c i e n t l y f a s t compared w i t h t h e ( s e a s o n a l ) 

t i m e s c a l e s o v e r w h i c h r and K change, i t seems r e a s o n a b l e t h a t 

t h e s o l u t i o n t o t h e non-homogeneous s y s t e m , i f i t s t a r t s n e a r 
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Figure 5. Phase plane portraits, for system 1.2. 

(a) equilibrium stable. (b) equilibrium 

unstable. 
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( x ( t ) , y ( t ) ) , w i l l remain c l o s e t o t h i s q u a s i - e q u i l i b r i u m 

s o l u t i o n . By t h i s s e p a r a t i o n of time s c a l e s (Ludwig e t a l 

,1978), a s e a s o n a l c y c l e can be e n v i s a g e d which i s c l o s e l y 

a p p r o x i m a t e d by the q u a s i - e q u i l i b r i u m s o l u t i o n . Now x ( t ) , y ( t ) 

are d e t e r m i n e d by 

e. i M . x / ( D + x ) = m 1.3a 

y ( t ) = r ( t ) . ( l - x / K ( t ) ) . ( D + x ) / i M 1.3b 

There a r e two im m e d i a t e l y e n c o u r a g i n g a s p e c t s of these 

e x p r e s s i o n s . The q u a s i - e q u i l i b r i u m p h y t o p l a n k t o n c o n c e n t r a t i o n 

i s c o n s t a n t over t i m e , depending o n l y on z o o p l a n k t o n p a r a m e t e r s . 

The q u a s i - e q u i l i b r i u m z o o p l a n k t o n c o n c e n t r a t i o n i s p r o p o r t i o n a l 

t o the p h y t o p l a n k t o n growth r a t e . .Phytoplankton and z o o p l a n k t o n 

s t a n d i n g s t o c k s which f o l l o w e d ( x ( t ) , y ( t ) ) c l o s e l y would behave 

as observed a t O.S.P. , w i t h p h y t o p l a n k t o n c o n c e n t r a t i o n 

a p p r o x i m a t e l y c o n s t a n t and z o o p l a n k t o n c o n c e n t r a t i o n v a r y i n g w i t h 

p r i m a r y p r o d u c t i v i t y . 

There i s however a s e r i o u s problem w i t h t h i s ' e x p l a n a t i o n ' . 

The s t a b i l i t y c r i t e r i o n g i v e n above can be w r i t t e n as 

D > K - 2.x 1.4 

K r e p r e s e n t s the s t a n d i n g s t o c k of p h y t o p l a n k t o n a t which 

r e s o u r c e l i m i t a t i o n causes the growth r a t e t o drop t o z e r o . 

There a r e two ob v i o u s p o t e n t i a l l y l i m i t i n g r e s o u r c e s f o r 

p h y t o p l a n k t o n , namely n u t r i e n t s u p p l y and a v a i l a b l e l i g h t . In 

s e c t i o n 1.3, n u t r i e n t c o n c e n t r a t i o n s a t O.S.P. were d e s c r i b e d as 



23 

n o n - l i m i t i n g . The v a l u e of K reached i n the c u l t u r e experiment 

of M c A l l i s t e r e t a l (1960) was about 40 times x. In f a c t , the 

u s u a l n o n - l i n e a r M i c h a e l i s - M e n t e n r e l a t i o n s h i p between growth and 

n u t r i e n t c o n c e n t r a t i o n means t h a t any n e g a t i v e feedback on growth 

r a t e of s m a l l i n c r e a s e s i n x above x w i l l be much s m a l l e r than a 

v a l u e of x/K of 1/40 i n the l o g i s t i c model would su g g e s t . 

I n c r e a s e s i n p h y t o p l a n k t o n d e n s i t y can d e c r e a s e 

p h y t o p l a n k t o n growth r a t e s t h r o u g h s e l f - s h a d i n g . T h i s e f f e c t can 

be q u a n t i f i e d f o r a homogeneous m i x e d - l a y e r p o p u l a t i o n by 

employing a r e l a t i o n s h i p between e x t i n c t i o n c o e f f i c i e n t , k, and 

c h l o r o p h y l l , x, 

k = k„ + k t .x 

(adapted from Parsons et a l , 1977), combined w i t h a . 

p h o t o s y n t h e s i s (P) vs l i g h t ( I ) r e l a t i o n s h i p (eg P= #.I.exp(-

I / I MAX)' S t e e l e , 1 9 6 2 ) . I n t e g r a t i n g over depth g i v e s an 

e x p r e s s i o n f o r growth i n the mixed l a y e r as a f u n c t i o n of mixed 

l a y e r d e p t h , z M , s u r f a c e l i g h t i n t e n s i t y I 0 , P vs I parameters a 

and I M A X , the parameters k 0 and k 4 and the C h i a c o n c e n t r a t i o n , 

x. D i f f e r e n t i a t i n g t h i s e x p r e s s i o n w i t h r e s p e c t t o x and 

s u b s t i t u t i n g f o r x = x y i e l d s a v a l u e s u i t a b l e f o r i n s e r t i o n as 

1/K i n 1.2. For z M =' 30m ( l a t e summer), k 4 = .02 m2.mg C h i a " 1 , 

(Lorenzen,1980;Megard et a l ,1980), k 0 = .1 n r 1 , and I 0 / I M A x = 2. 

( S t e e l e , 1962), t h i s y i e l d s a v a l u e of K, j g h t = 8 mg C h i a . n r 3 or 

about 20 t i m e s x. T h i s v a l u e a g r e e s w i t h the r e s u l t s of 

T a kahashi and P a r s o n s ( 1 9 7 2 ) . 

Both c o n s i d e r a t i o n s of n u t r i e n t l i m i t a t i o n and s e l f - s h a d i n g 
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suggest t h a t ,at O.S.P. ', the p h y t o p l a n k t o n p o p u l a t i o n i s b e i n g 

m a i n t a i n e d a t c o n c e n t r a t i o n s about o n e - t w e n t i e t h of i t s c a r r y i n g 

c a p a c i t y or l e s s . A c c o r d i n g t o the c o n d i t i o n 1.4, f o r t h i s 

e q u i l i b r i u m t o be s t a b l e , D must be about 20 t i m e s x which would 

imply t h a t z o o p l a n k t o n a t O.S.P. a r e growing and r e p r o d u c i n g a t 

p h y t o p l a n k t o n c o n c e n t r a t i o n s s u f f i c i e n t t o s u p p l y 1/40 of t h e i r 

maximum r a t i o n . W h i l e l a r g e v a l u e s of the g r a z i n g h a l f -

s a t u r a t i o n c o n s t a n t of t h i s o r d e r have been r e p o r t e d , such a low 

r e l a t i v e i n g e s t i o n r a t e seems u n l i k e l y t o cov e r even the b a s a l 

m e t a b o l i c r e q u i r e m e n t s of the z o o p l a n k t o n . Of c o u r s e , the 

p a r t i c u l a r v a l u e 1/40 can be q u e s t i o n e d as i t depends on the 

s p e c i f i c form of the g r a z e r s ' f u n c t i o n a l r e s p o n s e , as w e l l as the 

assumptions u n d e r l y i n g the e s t i m a t e of K. However, the problem 

i s more fundamental than the s t a b i l i t y c r i t e r i o n a l o n e would 

s u g g e s t . For example, a p i e c e w i s e l i n e a r , or Type I 

( H o l l i n g , 1 9 6 5 ) f u n c t i o n a l response on the p a r t of z o o p l a n k t o n 

g r a z e r s has r e c e i v e d support ( M u l l i n and Brooks,1975). I f a 

f u n c t i o n a l response of t h i s type i s s u b s t i t u t e d i n t o 1.2, the 

e q u i l i b r i u m i s always a s y m p t o t i c a l l y s t a b l e , no matter how s m a l l 

x/K may be. The l o c a l r a t e of approach t o e q u i l i b r i u m , on the 

o t h e r hand, i s then g i v e n by r.x/K, and the q u a s i - e q u i l i b r i u m 

e x p l a n a t i o n depends not o n l y on (x,y) b e i n g s t a b l e , but on the 

f u r t h e r c o n d i t i o n t h a t approach t o e q u i l i b r i u m o c c u r s on a f a s t 

time s c a l e compared w i t h changes i n ( x ( t ) , y ( t ) ) . V a l u e s of x/K 

of o r d e r l / 2 0 t h and a v a l u e of r of 0.2 d a y : 1 , e s t i m a t e d from 

M c A l l i s t e r et a l (1960), g i v e a c h a r a c t e r i s t i c time of approach 

t o e q u i l i b r i u m of o r d e r 50 days. T h i s i s not s h o r t compared w i t h 

the s e a s o n a l time s c a l e of changes i n p h y t o p l a n k t o n growth r a t e 



and y ( t ) . L a r g e o s c i l l a t i o n s i n p h y t o p l a n k t o n and z o o p l a n k t o n 

abundance would o c c u r i f s u c h a w e a k l y - s t a b l e s y s t e m was 

s u b j e c t e d t o s e a s o n a l c y c l e s i n p r o d u c t i v i t y . A l t h o u g h t h e 

homogeneous s y s t e m w i t h a t y p e I f u n c t i o n a l r e s p o n s e i s s t a b l e , 

when x/K i s v e r y s m a l l , i t i s l i t t l e b e t t e r t h a n n e u t r a l l y s t a b l e 

i n t e r m s of i t s a b i l i t y t o t r a c k a s e a s o n a l l y v a r y i n g 

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

The s y s t e m 1.2 c a n n o t p r o v i d e a c o n s i s t e n t e x p l a n a t i o n of 

o b s e r v a t i o n s a t O.S.P. However, t h e q u a s i - e q u i l i b r i u m a p p r o a c h 

seems p r o m i s i n g and one m i g h t t r y t o p r o c e e d by m o d i f y i n g t h e 

s y s t e m so as t o overcome t h e s t a b i l i t y t i m e s c a l e p r o b l e m , w h i l e 

r e t a i n i n g t h e q u a l i t a t i v e b e h a v i o u r of t h e q u a s i - e q u i l i b r i u m 

s o l u t i o n ( x , y ( t ) ) . 

One a p p r o a c h - w h i c h d o e s n ' t work i s m e n t i o n e d h e r e f o r 

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

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

p r e y m o d els ( B a z y k i n , 1 9 7 4 ) and h a s been s u g g e s t e d i n o t h e r 

p h y t o p l a n k t o n - z o o p l a n k t o n models ( L a n d r y , 1 9 7 6 ) . A model of t h i s 

k i n d , w i t h t y p e I f u n c t i o n a l r e s p o n s e , can be w r i t t e n as 

x = r . x - a . x . y 1.5a 

y = e.a.x.y - u . y 2 1.5b 

f o r x a t sub-maximal r a t i o n l e v e l s . (An i n c r e a s e i n p e r c a p i t a 

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

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

s w i t c h i n g o r a g g r e g a t i v e r e s p o n s e s i n h i g h e r c a r n i v o r e s . ) T h i s 

model c a n be r e j e c t e d , w i t h o u t c o n s i d e r i n g i t s s t a b i l i t y 
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p r o p e r t i e s , as the q u a s i - e q u i l i b r i u m s o l u t i o n f o r s e a s o n a l l y 

v a r y i n g r ( t ) i s 

y ( t ) = r ( t ) / a 

x ( t ) = u . y ( t ) / ( e . a ) 

The q u a s i - e q u i l i b r i u m p h y t o p l a n k t o n c o n c e n t r a t i o n x ( t ) i s not 

c o n s t a n t but v a r i e s w i t h y ( t ) i n t h i s model. T h i s i s c e r t a i n l y 

not c o n s i s t e n t w i t h o b s e r v a t i o n s a t O.S.P. 

Two p o s s i b l e f u n c t i o n a l r esponses have a l r e a d y been 

c o n s i d e r e d i n 1.2 : a h y p e r b o l i c (Type I I ) and p i e c e w i s e l i n e a r 

(Type I ) response ( H o l l i n g , 1 9 6 5 ) . W i t h i n the c o n t e x t of s i m p l e 

biomass models such as 1.2, the s e can be c h a r a c t e r i z e d as 

d e s t a b i l i z i n g and n e u t r a l l y s t a b l e r e s p e c t i v e l y . A t h i r d form of 

f u n c t i o n a l response d i s c u s s e d by H o l l i n g (1965) i s the s i g m o i d or 

Type I I I f u n c t i o n a l r e sponse, i n c o r p o r a t i n g a reduced c l e a r a n c e 

r a t e by copepods a t low food d e n s i t i e s . T h i s type of f u n c t i o n a l 

response has a s t a b i l i s i n g e f f e c t i n s i m p l e biomass models. 

A number of s t u d i e s of p e l a g i c copepods have suggested 

g r a z i n g r esponses of t h i s t y p e , i n v o l v i n g e i t h e r a c e s s a t i o n of 

f e e d i n g below some t h r e s h o l d food d e n s i t y ( P a rsons et_ a_l ,1969; 

F r o s t , 1 9 7 2 ) , or a r e d u c t i o n i n f i l t e r i n g r a t e a t low food 

d e n s i t i e s ( F r o s t , 1 9 7 5 ) . T h e o r e t i c a l c o n s i d e r a t i o n s suggest t h a t 

a copepod t r y i n g t o o p t i m i z e energy i n t a k e s h o u l d reduce i t s 

f i l t e r i n g a c t i v i t y a t low food d e n s i t i e s (Lam and F r o s t , 1 9 7 6 ; 

S t e e l e and F r o s t , 1 9 7 7 ) . 

The e f f e c t of a l l o w i n g a type I I I g r a z i n g response can be 

seen i n a phase p l a n e a n a l y s i s of the system 
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k = r.x - f ( x ) . y 1.6a 

y = e . f ( x ) . y - m.y 1.6b 

where the g r a z i n g f u n c t i o n f ( x ) has the t h r e s h o l d form ( F i g 6a) 

or s i g m o i d form ( F i g 6 b ) . (The p h y t o p l a n k t o n s e l f - l i m i t i n g term 

(-x/K) has been dropped as i t i s n e g l i g i b l e under the c o n d i t i o n s 

p r e v a i l i n g a t O.S.P.). 

Phase p l a n e p o r t r a i t s f o r the system 1.6 a r e g i v e n i n F i g 7. 

For the case of a g r a z i n g t h r e s h o l d a t x=x„ , the prey i s o c l i n e 

asymptotes t o the v e r t i c a l l i n e x=x c a t the l e f t , has a minimum 

a t some p o i n t x*, and a s y m p t o t e s ' t o the l i n e y = r . x / i M as x 

approaches oo. (The parameter i M r e p r e s e n t s the maximum 

z o o p l a n k t o n r a t i o n . ) The z o o p l a n k t o n i s o c l i n e i s a v e r t i c a l l i n e 

as. f o r system 1.2. These i n t e r s e c t a t the e q u i l i b r i u m g i v e n by 

f (x) = m/(e.a) 1.7a 

y = r.x.e/m 1.7b 

By l i n e a r i z i n g i n the neighbourhood of ( x , y ) , i t can be 

shown t h a t t h i s e q u i l i b r i u m i s a s y m p t o t i c a l l y s t a b l e i f and o n l y 

i f x < x*; t h a t i s , the z o o p l a n k t o n i s o c l i n e must l i e t o the l e f t 

of the minimum i n the p h y t o p l a n k t o n i s o c l i n e . G iven t h a t t h i s 

c o n d i t i o n i s s a t i s f i e d , t h e r e a r e s t i l l two q u a l i t a t i v e l y 

d i s t i n c t phase p o r t r a i t s . When x i s v e r y l a r g e , the system 1.6 

becomes a p p r o x i m a t e l y 

x = r.x - i M . y 1.8a 

y = ( e . i M - m ) . y 1.8b 
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a 

x o p rey dens i t y x 

p rey dens i t y x 

Figure 6. Type III functional responses: 

(a) threshold. (b) sigmoid. 
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0 prey density x 

F i g u r e 7. Phase p l a n e p o r t r a i t s f o r s y s t e m 1.6. 

(a) e . l M ~ m > r . (b) e . i ^ - n K r . 
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I f e.i^-m > r , o r , e q u i v a l e n t l y , i f the maximum growth r a t e of 

z o o p l a n k t o n exceeds t h a t of p h y t o p l a n k t o n , t r a j e c t o r i e s s t a r t i n g 

from l a r g e x and s m a l l y w i l l always c y c l e back t o low 

p h y t o p l a n k t o n c o n c e n t r a t i o n s ( F i g 7 a ) . In t h i s sense, i t i s 

i m p o s s i b l e f o r p h y t o p l a n k t o n t o escape z o o p l a n k t o n c o n t r o l 

p e r m anently. I f e . i M - m < r , (as seems more l i k e l y ) , the 

be h a v i o u r of t r a j e c t o r i e s f o r l a r g e x depends on i n i t i a l 

c o n d i t i o n s , (x, ,y,- ). I f yi i s l a r g e enough, the t r a j e c t o r y w i l l 

c y c l e , but o t h e r w i s e , x w i l l i n c r e a s e i n d e f i n i t e l y and the 

t r a j e c t o r y w i l l approach (+00,+ 00). i n the c o r r e s p o n d i n g phase 

p l a n e p o r t r a i t ( F i g 7b)- t h e r e i s a s e p a r a t r i x which d i v i d e s 

t r a j e c t o r i e s which c y c l e from those which don't. The phase p l a n e 

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

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

i s o c l i n e asymptotes t o x=0. 

The l o c a l r a t e of approach of t r a j e c t o r i e s t o e q u i l i b r i u m , 

can be found by l i n e a r i z i n g about ( x , y ) . In f a c t , i f h(x) i s the 

c l e a r a n c e r a t e of z o o p l a n k t o n ( g i v e n by f ( x ) / x ) , the l o c a l r a t e 

of approach t o e q u i l i b r i u m i s g i v e n by 

r . x . h ' ( x ) / h ( x ) 

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

r a t e of approach, x* b e i n g g i v e n by h'(x*)=0. That i s , the 

e q u i l i b r i u m (x,y) i s l o c a l l y s t a b l e p r o v i d e d the c l e a r a n c e r a t e 

i n c r e a s e s w i t h x a t x=x. 

In the case of a t h r e s h o l d , h y p e r b o l i c f u n c t i o n a l response 

as used by S t e e l e (1974), 
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f ( x ) = i M . ( x - x 0 ) 4 / ( D + ( x - x e ) + ) , 

and e x p l i c i t f o r m u l a e c a n be w r i t t e n f o r x* and f o r t h e r a t e o f 

a p p r o a c h : 

x * - x 0 = /D7X0 

r a t e o f a p p r o a c h = r . ( ( x * - x 0 ) 2 - ( x - x „ ) 2 ) / ( ( x - x e ) . D + ( x - x „ ) 2 ) 

T h a t i s , t h e c l e a r a n c e r a t e i s a maximum a t a d e n s i t y x* w h i c h i s 

g r e a t e r t h a n t h e t h r e s h o l d by t h e g e o m e t r i c mean of t h e h a l f -

s a t u r a t i o n c o n s t a n t , D, and t h e t h r e s h o l d x e . P r o v i d e d t h e 

e q u i l i b r i u m x does n o t l i e t o o c l o s e t o x*, t h e r a t e of a p p r o a c h 

t o e q u i l i b r i u m i s of t h e same o r d e r as t h e p h y t o p l a n k t o n g r o w th 

r a t e , r . 

I t i s p o s s i b l e t h e n f o r t h e a p p r o a c h t o e q u i l i b r i u m i n 1.6 

t o o c c u r on r e l a t i v e l y f a s t t i m e s c a l e s , of t h e same o r d e r as 

p h y t o p l a n k t o n g r o w t h , and c o n s e q u e n t l y f o r t h e q u a s i - e q u i l i b r i u m 

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

g r o w t h r a t e , r . Note t h a t t h e q u a s i - e q u i l i b r i u m c y c l e g i v e n by 

1.7 p r e d i c t s , as b e f o r e , a c o n s t a n t p h y t o p l a n k t o n s t a n d i n g s t o c k 

and a z o o p l a n k t o n s t a n d i n g s t o c k w h i c h v a r i e s w i t h p r i m a r y 

p r o d u c t i o n . The s i m p l e b i o m a s s model 1.6, a c c o r d i n g t o t h i s 

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

be c a p a b l e of q u a l i t a t i v e l y r e p r o d u c i n g t h e o b s e r v e d s e a s o n a l 

c y c l e a t O.S.P. 

R e f l e c t i o n on t i m e s c a l e s a l l o w s an i n t e r e s t i n g , i n t u i t i v e 

p e r s p e c t i v e on t h e d e v e l o p m e n t so f a r . The t i m e s c a l e s one 

t r a d i t i o n a l l y a s s o c i a t e s w i t h p h y t o p l a n k t o n g r o w t h a r e s h o r t and 
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one would expect an agent which r e g u l a t e s p h y t o p l a n k t o n d e n s i t y 

t i g h t l y t o o p e r a t e on a s i m i l a r time s c a l e . The time s c a l e s one 

t r a d i t i o n a l l y a s s o c i a t e s w i t h copepod dynamics a r e much l o n g e r 

and t h i s appears t o be a problem w i t h a g r a z i n g c o n t r o l 

h y p o t h e s i s a t O.S.P. Where n u t r i e n t s a r e l i m i t i n g , feedback 

e f f e c t s on p h y t o p l a n k t o n growth can t i g h t l y r e g u l a t e 

p h y t o p l a n k t o n d e n s i t y , as d i s c u s s e d i n Chapter 2, but t h i s i s 

a p p a r e n t l y not the case a t O.S.P. The s i g m o i d or t h r e s h o l d 

f u n c t i o n a l response i n 1.6 e s s e n t i a l l y i n t r o d u c e s a new f a s t time 

s c a l e , a z o o p l a n k t o n b e h a v i o u r a l time s c a l e , i n t o the problem. 

T h i s development augments r a t h e r n e a t l y H e i n r i c h ' s ( 1 9 6 2 ) 

e x p l a n a t i o n of the d i f f e r e n c e s between s e a s o n a l c y c l e s i n the 

S u b a r c t i c and e l s e w h e r e , based on the l i f e - h i s t o r y s t r a t e g i e s of 

the dominant g r a z e r s . He a t t r i b u t e d the s p r i n g bloom i n the 

N o r t h A t l a n t i c t o a d e l a y i n the n u m e r i c a l response of the 

dominant g r a z e r t o the s p r i n g i n c r e a s e i n p h y t o p l a n k t o n growth 

and abundance. I f the maximum growth r a t e of p h y t o p l a n k t o n 

exceeds t h a t of z o o p l a n k t o n biomass, a phase p l a n e p o r t r a i t as i n 

F i g 7b i s a p p r o p r i a t e . The s p r i n g i n c r e a s e i n p h y t o p l a n k t o n 

growth r a t e i s e q u i v a l e n t t o a v e r t i c a l s h i f t i n the 

p h y t o p l a n k t o n i s o c l i n e . A d e l a y i n z o o p l a n k t o n response can then 

e a s i l y r e s u l t i n the system b e i n g o v e r t a k e n by the s e p a r a t r i x , 

l e a v i n g the l o c a l s t a b i l i t y domain about (x,y) and e n t e r i n g a 

r e g i o n i n which p h y t o p l a n k t o n have escaped z o o p l a n k t o n c o n t r o l . 

A c c o r d i n g t o 1.6, the t r a j e c t o r y w i l l a pproach ( + oo, + oo). In 

p r a c t i c e , of c o u r s e , n u t r i e n t s a r e d e p l e t e d and the s p r i n g bloom 

t e r m i n a t e s . 

H e i n r i c h ( 1 9 6 2 ) a t t r i b u t e d the o c c u r r e n c e of s p r i n g blooms i n 
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c o a s t a l r e g i o n s of the S u b a r c t i c where C. plumchrus i s p r e s e n t t o 

a f a i l u r e i n t i m i n g of r e c r u i t m e n t . A l t h o u g h the s p r i n g bloom 

does o c c u r e a r l i e r i n the S t r a i t of G e o r g i a than i n o c e a n i c 

l o c a t i o n s ( P a r s o n s , 1 9 6 5 ) , the n a u p l i i of C. plumchrus r e a c h the 

s u r f a c e w a t e r s of the S t r a i t of G e o r g i a i n F e b r u a r y and March 

( F u l t o n , 1 9 7 3 ) and i t i s not c l e a r t h a t the t i m i n g i s 

i n a p p r o p r i a t e . The phase p l a n e p o r t r a i t i n F i g 7b sug g e s t s 

another e x p l a n a t i o n . In c o a s t a l w a t e r s s u b j e c t t o r u n - o f f , 

s t r a t i f i c a t i o n and a consequent i n c r e a s e i n p h y t o p l a n k t o n growth 

r a t e can occur very r a p i d l y . T h i s may r e s u l t i n the system s t a t e 

( x ( t ) , y ( t ) ) f a i l i n g t o t r a c k the r a p i d l y s h i f t i n g q u a s i -

e q u i l i b r i u m c y c l e ( x , y ( t ) ) and a g a i n b e i n g o v e r t a k e n by the 

s e p a r a t r i x , r e s u l t i n g i n a s p r i n g bloom. 

The o b s e r v a t i o n s of F u l t o n (1973) suggest a s i m p l e r and 

perhaps more c o n v i n c i n g e x p l a n a t i o n : namely, t h a t r e c r u i t m e n t of 

C. plumchrus i n the s t r a i t f a i l s t o c o i n c i d e i n space, r a t h e r 

than t i m e , w i t h the s p r i n g bloom. S u c c e s s f u l o v e r - w i n t e r i n g of 

C. plumchrus o c c u r s o n l y i n water deeper than 300m, which 

o c c u p i e s o n l y o n e - f o u r t h of the a r e a of the s t r a i t . A r r i v a l of 

C. plumchrus i n the r e m a i n i n g a r e a s i s presumably d e l a y e d , 

s u b j e c t t o h o r i z o n t a l a d v e c t i o n . 

1.5 Pr e v i e w of C h a p t e r s 2-4. 

Each of the s i m p l e models c o n s i d e r e d above can be r e g a r d e d 

as a composite h y p o t h e s i s c o n c e r n i n g t r o p h i c i n t e r a c t i o n s a t 

O.S.P. There i s c l e a r l y a need f o r independent e x p e r i m e n t a l 

t e s t s of a s p e c t s of the s e h y p o t h e s e s . For example, the 

f u n c t i o n a l r esponses of the dominant copepods a t O.S.P. a r e not 

well-known and the e x i s t e n c e of z e r o or reduced c l e a r a n c e r a t e s 
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a t low p h y t o p l a n k t o n d e n s i t i e s i s an e s s e n t i a l p a r t of the model 

1.6. 

The t h e o r e t i c a l p o s s i b i l i t i e s have h a r d l y been exhausted by 

the above a n a l y s i s . G i v e n the c o m p a r a t i v e w e a l t h of i n f o r m a t i o n 

i n the l o n g time s e r i e s of o b s e r v a t i o n s a t O.S.P. , more than 

rough q u a l i t a t i v e agreement of a model w i t h average s e a s o n a l 

c y c l e s can be demanded. A q u a n t i t a t i v e comparison of p r e d i c t i o n 

and o b s e r v a t i o n r e q u i r e s a more c a r e f u l l y c o n s t r u c t e d , more 

d e t a i l e d model. For example, the s t a t e v a r i a b l e s x and y above 

have been used r a t h e r l o o s e l y t o r e p r e s e n t p h y t o p l a n k t o n and 

z o o p l a n k t o n s t a n d i n g s t o c k , a l t h o u g h they have been i m p l i c i t l y 

i d e n t i f i e d w i t h C h i a i n mg.irr 3 and z o o p l a n k t o n wet weight i n 

mg.nr 2 r e s p e c t i v e l y . As the p h y t o p l a n k t o n p o p u l a t i o n a t O.S.P. 

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

i n C:Chl a r a t i o ( M c A l l i s t e r , 1 9 6 9 ) , the use of C h i a i n mg.m"3 as 

a s t a t e v a r i a b l e c l e a r l y needs c a r e f u l e x a m i n a t i o n . Zooplankton 

wet weight i s a rough summary v a r i a b l e , r e p r e s e n t i n g 

c o n t r i b u t i o n s from c a r n i v o r e s as w e l l as h e r b i v o r e s , a l t h o u g h 

dominated by h e r b i v o r o u s copepods a t most t i m e s 

( L e B r a s s e u r , 1 9 6 9 ) . More d e t a i l e d s i z e and s p e c i e s i n f o r m a t i o n i s 

a v a i l a b l e f o r O.S.P. and t h i s c e r t a i n l y d e s e r v e s a t t e n t i o n i n 

view of r e c e n t t h e o r e t i c a l r e s u l t s ( S t e e l e , 1 9 7 4 ; S t e e l e and 

F r o s t , 1 9 7 7 ) . 

These problems a r e ad d r e s s e d i n Chapter 3 and Chapter 4. In 

Chapter 3, an attempt i s made a t a more r e a l i s t i c q u a n t i t a t i v e 

s i m u l a t i o n model of p h y t o p l a n k t o n growth a t O.S.P. The model i s 

p a r t l y based on an o r i g i n a l a n a l y s i s of the p h y t o p l a n k t o n d a t a , 

p a r t i c u l a r l y 1 4 C uptake r a t e s , o b t a i n e d from the w e a t h e r s h i p s . 



35 

In Chapter 4, a parameter e s t i m a t i o n t e c h n i q u e d e v e l o p e d f o r 

copepod time s e r i e s i s a p p l i e d t o e s t i m a t e p o p u l a t i o n parameters 

f o r the dominant h e r b i v o r e s a t O.S.P. Two more e l a b o r a t e models 

of the p h y t o p l a n k t o n - z o o p l a n k t o n i n t e r a c t i o n a r e c o n s t r u c t e d , 

u s i n g t h e s e r e s u l t s and those of Chapter 3. Some e f f e c t of 

h e r b i v o r e s i z e - s t r u c t u r e and s p e c i e s c o m p o s i t i o n i s c o n s i d e r e d i n 

the second model. The models a r e s t u d i e d u s i n g s i m u l a t i o n and 

the q u a l i t a t i v e t e c h n i q u e s and r e s u l t s of t h i s c h a p t e r and 

Chapter 2. 

Three hypotheses c o n c e r n i n g the p h y t o p l a n k t o n - z o o p l a n k t o n 

i n t e r a c t i o n a t O.S.P. have been c o n s i d e r e d i n S e c t i o n 1.4. A l l 

e x p l a i n the s e a s o n a l c y c l e s i n p h y t o p l a n k t o n and z o o p l a n k t o n 

s t a n d i n g s t o c k as the r e s u l t of the system's a b i l i t y t o c l o s e l y 

t r a c k a q u a s i - e q u i l i b r i u m s e a s o n a l c y c l e . The hypotheses d i f f e r 

i n the mechanisms r e s p o n s i b l e f o r the s h o r t term s t a b i l i s i n g 

feedback n e c e s s a r y f o r t h i s t r a c k i n g of a s e a s o n a l l y s h i f t i n g 

e q u i l i b r i u m . The model 1.2, i n v o l v i n g r e s o u r c e - l i m i t a t i o n of 

p h y t o p l a n k t o n growth, i s c e r t a i n l y c a p a b l e of the a p p r o p r i a t e 

q u a l i t a t i v e b e h a v i o u r , but has been r e j e c t e d on the b a s i s of 

independent e x p e r i m e n t a l e v i d e n c e . The model 1.5, i n v o l v i n g a 

q u a d r a t i c l o s s r a t e f o r g r a z e r s , cannot reproduce the o b s e r v e d 

s e a s o n a l c y c l e . The model 1.6, which assumes a r e d u c t i o n i n 

g r a z i n g r a t e a t low p h y t o p l a n k t o n d e n s i t i e s , i s c a p a b l e of 

r e p r o d u c i n g the observed s e a s o n a l c y c l e q u a l i t a t i v e l y . As noted 

e a r l i e r , the a c t u a l f u n c t i o n a l r e s p o n s e s of g r a z e r s a t O.S.P. a r e 

not known. 

The s i m u l a t i o n s c o n s i d e r e d i n Chapter 4 w i l l be p r i m a r i l y 

based upon the system 1.6 and the assumption of g r a z i n g 
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t h r e s h o l d s . However, t h e c o m p o s i t e h y p o t h e s i s i m p l i c i t i n 1.6 

w i l l become m o d i f i e d i n t h e p r o c e s s of model e l a b o r a t i o n . In 

p a r t i c u l a r , an e x p l i c i t t r e a t m e n t of c o p e p o d l i f e - h i s t o r y 

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

an e x t e n d e d p e r i o d can s t a b i l i s e t h e p h y t o p l a n k t o n - z o o p l a n k t o n 

i n t e r a c t i o n and p r e v e n t a s p r i n g bloom, even i n t h e a b s e n c e o f 

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

.problem of m a i n t a i n i n g g r a z i n g c o n t r o l i n t h e summer and f a l l 

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

t h e d o m i n a n t c o p e p o d s . A l a c k of model r o b u s t n e s s d u r i n g t h i s 

p e r i o d and d i s c r e p a n c i e s i n d e t a i l between model p r e d i c t i o n s and 

o b s e r v a t i o n s w i l l f o r c e a r e - e v a l u a t i o n of t h e g r a z i n g t h r e s h o l d 

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

n u t r i e n t l i m i t a t i o n o f p h y t o p l a n k t o n g r o w th i n l a t e summer and 

f a l l w i l l be r e c o n s i d e r e d and t h e p o t e n t i a l i m p o r t a n c e of s p a t i a l 

v a r i a t i o n i n m a i n t a i n i n g g r a z i n g c o n t r o l w i l l be d i s c u s s e d . 

C h a p t e r 2 i s not d i r e c t l y c o n c e r n e d w i t h e v e n t s a t O.S.P. 

but i s of more g e n e r a l t h e o r e t i c a l i n t e r e s t . The i d e a t h a t 

f e e d i n g t h r e s h o l d s may be i m p o r t a n t i n p l a n k t o n e c o s y s t e m s i s n o t 

a new one. In a n u m e r i c a l model of p h y t o p l a n k t o n - z o o p l a n k t o n 

i n t e r a c t i o n s i n t h e N o r t h Sea, S t e e l e ( 1 9 7 4 ) f o u n d t h a t t h r e s h o l d s 

were n e c e s s a r y t o o b t a i n r e a l i s t i c b e h a v i o u r . An a l t e r n a t i v e was 

p r o p o s e d by L a n d r y ( 1 9 7 6 ) , who f o u n d t h a t i n s e r t i n g a q u a d r a t i c 

l o s s t e r m f o r h e r b i v o r e s i n t o S t e e l e ' s model e l i m i n a t e d t h e need 

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

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

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

C h a p t e r 2. The a n a l y s i s p r o v i d e s i n s i g h t s i n t o t h e r e s u l t s o f 
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S t e e l e and L a n d r y w h i c h a p p e a r t o have i n t e r e s t i n g i m p l i c a t i o n s 

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

h e r e f o r O.S.P. i n p a r t i c u l a r . 
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CHAPTER 2 

QUALITATIVE ANAYLSIS OF A COMPLEX SIMULATION MODEL 

2.1 I n t r o d u c t i o n . 

In a t h e o r e t i c a l t r e a t i s e on the p l a n k t o n i c ecosystem of the 

N o r t h Sea, S t e e l e (1974) examined the r e l a t i v e importance of 

i n t e r a c t i o n s between d i f f e r e n t t r o p h i c l e v e l s as ' c o n t r o l 

mechanisms f o r the whole system'. H i s c o n c l u s i o n s were based on 

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

food c h a i n which c o n t i n u e s t o be of t h e o r e t i c a l i n t e r e s t , both as 

a b a s i s f o r more complex r e a l i s t i c models ( S t e e l e and F r o s t , 1 9 7 7 ) 

and as a f i r s t s t e p i n c o m p l e x i t y and r e a l i s m above the h i g h l y 

s i m p l i f i e d p r e d a t o r - p r e y models of the L o t k a - V o l t e r r a type 

(Lotka,1925;May,1974). 

S t e e l e ' s c o n c l u s i o n s were based p r i m a r i l y on comparisons of 

a number of computer s i m u l a t i o n s of the model i n v o l v i n g v a r i o u s 

a ssumptions c o n c e r n i n g the form and magnitude of t r o p h i c 

i n t e r a c t i o n s . A key f i n d i n g was t h a t the model c o u l d not p r e d i c t 

t i m e streams which agreed q u a l i t a t i v e l y w i t h o b s e r v a t i o n s of the 

N o r t h Sea u n l e s s a t h r e s h o l d - f e e d i n g mechanism, or type I I I 

f u n c t i o n a l response ( H o l l i n g , 1 9 5 9 ) , was i n v o k e d f o r h e r b i v o r o u s 

copepods. Landry (1976) o b t a i n e d r e a l i s t i c b e h a v i o u r from 

S t e e l e ' s model w i t h o u t t h r e s h o l d s by i n t r o d u c i n g a per c a p i t a 

p r e d a t i o n r a t e on h e r b i v o r e s which i n c r e a s e d i n p r o p o r t i o n t o 

h e r b i v o r e numbers a t low d e n s i t i e s . T h i s was p a r t l y i n t r o d u c e d 

by Landry as a s i z e - d e p e n d e n t term ( s m a l l e r copepods b e i n g more 

abundant) but i t s s i g n i f i c a n c e seemed t o l i e i n the r e s u l t i n g 

q u a d r a t i c l o s s term f o r h e r b i v o r e s ( S t e e l e , 1 9 7 6 ) ; the 
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i n t r o d u c t i o n of such a l o s s term i s well-known t o produce s t a b l e 

e q u i l i b r i a i n o t h e r w i s e u n s t a b l e s i m p l e L o t k a - V o l t e r r a models 

( B a z y k i n , 1 9 7 4 ) . 

Both S t e e l e and Landry p r e s e n t e d t h e i r r e s u l t s as a t l e a s t 

s u g g e s t i v e e v i d e n c e f o r the e x i s t e n c e and importance of 

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

r e s p e c t i v e l y i n r e a l ecosystems. T h i s f o c u s i n g of a t t e n t i o n on 

p a r t i c u l a r b i o l o g i c a l q u e s t i o n s i s r e c o g n i s e d as a v a l u a b l e 

p o t e n t i a l c o n t r i b u t i o n of m o d e l l i n g s t u d i e s i n g e n e r a l , and i t 

appears t o have been s u c c e s s f u l here i n view of the d i s c u s s i o n 

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

t h r e s h o l d s ( M u l l i n et a l ,1975; F r o s t , 1 9 7 5 ) . However, any 

argument t h a t some a s p e c t of a model i s n e c e s s a r y i f r e a l i s t i c 

r e s u l t s a r e t o be o b t a i n e d must, always be viewed w i t h c a u t i o n . 

One reason f o r t h i s , common t o a l l m o d e l l i n g s t u d i e s , i s t h a t 

c o n c e p t u a l e l a b o r a t i o n of a model i s always p o s s i b l e (as i n the 

case of Landry v e r s u s S t e e l e ) , so t h a t the n e c e s s i t y of any 

p a r t i c u l a r concept can never be e s t a b l i s h e d . 

A second reason a p p l i e s p a r t i c u l a r l y t o s t u d i e s such as 

S t e e l e ' s and L andry's which a r e based on computer s i m u l a t i o n . 

G iven the l a r g e u n c e r t a i n t y i n most e c o l o g i c a l p a r a m e t e r s , i t i s 

not c l e a r t h a t a model h a v i n g a p r e s c r i b e d f u n c t i o n a l form s h o u l d 

be judged t o be i n c a p a b l e of s a t i s f y i n g a s e t of q u a l i t a t i v e 

c r i t e r i a on the b a s i s of a s m a l l number of" n u m e r i c a l s o l u t i o n s 

u s i n g p a r t i c u l a r parameter v a l u e s . T h i s c r i t i c i s m can be 

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

q u a l i t a t i v e m a t h e m a t i c a l a n a l y s i s of the model can p r o v i d e 

i n f o r m a t i o n about the b e h a v i o u r of s o l u t i o n s over r e g i o n s i n 
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p a r a m e t e r s p a c e , r a t h e r t h a n a t p o i n t s w i t h i n them. A n a l y s i s o f 

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

b e h a v i o u r o f t h e model and i t s dependence on p a r a m e t e r s and 

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

A d d i t i o n a l m o t i v a t i o n f o r a q u a l i t a t i v e a n a l y s i s of S t e e l e ' s 

model i s p r o v i d e d by t h e s t u d y o f s i m p l e L o t k a - V o l t e r r a models i n 

C h a p t e r 1 w h i c h s u g g e s t e d t h a t g r a z i n g t h r e s h o l d s a r e i m p o r t a n t 

i n t h e S u b a r c t i c P a c i f i c e c o s y s t e m . W h i l e t h i s i s s u p e r f i c i a l l y 

c o n s i s t e n t w i t h S t e e l e ' s c o n c l u s i o n f o r t h e N o r t h Sea, a p u z z l i n g 

d i s c r e p a n c y e x i s t s . I t was n e c e s s a r y t o i n v o k e t h r e s h o l d s i n 

s i m p l e m o d els of t h e S u b a r c t i c P a c i f i c o n l y b e c a u s e p h y t o p l a n k t o n 

t h e r e a r e n o t n u t r i e n t - l i m i t e d . In t h e N o r t h Sea s i m u l a t i o n 

m o d e l, p h y t o p l a n k t o n a r e n u t r i e n t - l i m i t e d t h r o u g h o u t much of t h e 

summer, and i t i s not c l e a r why t h r e s h o l d s s h o u l d be needed f o r 

s t a b i l i t y . An e x p l a n a t i o n o f t h i s d i s c r e p a n c y i s so u g h t h e r e 

t h r o u g h t h e q u a l i t a t i v e a n a l y s i s o f S t e e l e ' s m o d e l . 

2.2 Model and A n a l y s i s 

The model d e v e l o p e d by S t e e l e (1974) and u s e d , w i t h c e r t a i n 

a l t e r a t i o n s , by L a n d r y ( 1 9 7 6 ) i s : 

R = V.(RO-R) + U. ( E . ( P - P l )/(D+P) + F).Z.W 0- 7 - A.R.P/(B+R) 2.1a 

( r a t e o f change of n u t r i e n t e q u a l s m i x i n g t h r o u g h t h e r m o c l i n e + 

z o o p l a n k t o n e x c r e t i o n - p h y t o p l a n k t o n u p t a k e ) 

P = A.R.P/(B+R) - V.P - C.Z.W 0 7.(P-P1)/(D+P) 2.1b 

( r a t e of change of p h y t o p l a n k t o n = g r o w t h - m i x i n g - g r a z i n g ) 
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W = ( (0.7.C-E) . (P-P1)/(D+P) - F).W 0- 7 2.1c 

( r a t e o f i n d i v i d u a l g r o w t h = n e t a s s i m i l a t i o n - a c t i v e and b a s a l 

m e t a b o l i s m ) 

Z = -GW.(W-Wl).(Z-Z1)/(H+Z.W) - GX.Z 2 . I d 

( z o o p l a n k t o n m o r t a l i t y r a t e = n o n l i n e a r , w e i g h t - d e p e n d e n t t e r m + 

1 i n e a r t e r m ) . 

When c o p e p o d s r e a c h a d u l t w e i g h t , W2, growth i s d i v e r t e d t o 

r e p r o d u c t i v e s t o r e , S, f o r a p e r i o d of J d a y s , a f t e r w h i c h ZO 

n a u p l i a r e r e l e a s e d , ZO b e i n g g i v e n by 

ZO = X.S/WO • 2.1e 

where X i s e f f i c i e n c y and WO t h e i n i t i a l n a u p l i a r w e i g h t . The 

n o t a t i o n h e r e ( T a b l e I) f o l l o w s t h a t o f S t e e l e ( 1 9 7 4 ) , e x c e p t t h a t 

GW i s u s e d i n 2 . I d t o a l l o w G t o be r e s e r v e d f o r z o o p l a n k t o n 

b i o m a s s . The r e a d e r i s r e f e r r e d t o S t e e l e f o r a d e t a i l e d 

d e r i v a t i o n of t h e mo d e l . 

The s y s t e m 2.1 r e p r e s e n t s a s e t o f f o u r s i m u l t a n e o u s , 

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

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

l o o k i n g f o r n o n - t r i v i a l s o l u t i o n s i n c l o s e d f o r m . A s e r i e s o f 

s i m p l i f i c a t i o n s and a p p r o x i m a t i o n s i s employed h e r e t o o b t a i n 

some u n d e r s t a n d i n g of t h e b e h a v i o u r of t h e model o v e r 

c o r r e s p o n d i n g r e g i o n s i n p a r a m e t e r s p a c e . T h e s e a p p r o x i m a t e 

r e s u l t s a r e t h e n c h e c k e d and e x t e n d e d by computer s i m u l a t i o n . 

T h e . b a s i c s t e p i n t h i s q u a l i t a t i v e a n a l y s i s i s t h e r e c o g n i t i o n of 
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Table I. 

Parameters used i n Steele's model (2.1). 

R...nutrient concentration (carbon equivalent) i n mixed layer. 
RO...nutrient concentration (carbon equivalent) below mixed layer. 
V...mixing rate through thermocline. 
U...fraction of excreted nutrient recycled. 
P...phytoplankton carbon concentration i n mixed layer. 
A. ..maximum phytoplankton growth rate (day ^ ) . 
B. ..half-saturation constant (carbon equivalent) for nutrient-

dependent growth. 
Z...zooplankton density (#/l). 
W...zooplankton weight (ug C/ind). 
C. ..fixes maximum zooplankton ingestion rate. 
Pi..threshold for zooplankton grazing on phytoplankton carbon. 
D. ..fixes zooplankton grazing rate above PI. 
E. ..fixes component of metabolic rate proportional to ingestion. 
F. ..fixes basal metabolic rate. 
GW. .maximum of weight and density-dependent mortality rate. 
Wl..weight threshold for mortality. 
Zl..number threshold for mortality. 
H...'half-saturation' constant for mortality. 
GX..constant mortality rate. 
ZO. . i n i t i a l number of nauplii i n cohort. 
WO..initial naupliar weight. 
W2..adult weight. 
S...reproductive store. 
J...period over which reproductive store accumulates. 
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two a s p e c t s of the s e a s o n a l b e h a v i o u r s t u d i e d by S t e e l e and 

Landry; namely, the t r a n s i e n t response t o h i g h i n i t i a l n u t r i e n t 

c o n c e n t r a t i o n s (the s p r i n g bloom), and the approach t o a s t a b l e 

c y c l i c p a t t e r n i n the n u t r i e n t - l i m i t e d p e r i o d which f o l l o w s . The 

l a t t e r i s more l i k e l y t o be amenable t o q u a l i t a t i v e a n a l y s i s and 

i s t r e a t e d here f i r s t . 

The a n a l y s i s proceeds t h r o u g h the r e c o g n i t i o n of t h r e e 

d i s t i n c t time s c a l e s i n the model under n u t r i e n t l i m i t a t i o n . 

(For an i n s t r u c t i v e example of the use of m u l t i p l e time s c a l e s i n 

the a n a l y s i s of a c o m p l i c a t e d e c o l o g i c a l model, see Ludwig,Jones 

and H o l l i n g ( 1 9 7 8 ) . ) A time s c a l e f o r n u t r i e n t t u r n o v e r can be 

o b t a i n e d by d i v i d i n g the source term, V.RO, by the h a l f -

s a t u r a t i o n c o n s t a n t f o r n u t r i e n t u p t a k e , B. For S t e e l e ' s v a l u e s 

of V ( 0 . 0 1 , d a y 1 ) and RO (760 pg C ( e q ) . ! - 1 ) , V.RO e q u a l s 7.6. 

S t e e l e used a r a t h e r h i g h v a l u e of B (96 p g C ( e q ) . l _ 1 a c c o r d i n g 

t o L a n d r y ) . Recent chemostat r e s u l t s , ' c o m b i n e d w i t h o b s e r v a t i o n s 

of v e r y low n u t r i e n t c o n c e n t r a t i o n s i n the oceans, suggest t h a t 

h a l f - s a t u r a t i o n c o n s t a n t s f o r growth s h o u l d be s m a l l e r than t h i s , 

of o r d e r 0.1 )jg a t N . l " 1 or a p p r o x i m a t e l y 10 jug C ( e q ) . ! - 1 

(McCarthy and Goldman,1978). T h i s r e s u l t s i n a time s c a l e f o r 

n u t r i e n t t u r n o v e r of o r d e r 1 day, much s h o r t e r than t h a t of 

p h y t o p l a n k t o n (maximum growth r a t e 0.2 d a y 1 , y i e l d i n g a time 

s c a l e of 5 days) or z o o p l a n k t o n . We proceed t h e r e f o r e by 

t r e a t i n g R as a f a s t v a r i a b l e ; t h a t i s , by assuming t h a t n u t r i e n t 

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

so t h a t R R(P,Z,W), where R makes the r i g h t - h a n d s i d e of 

e q u a t i o n 2.1a z e r o . S u b s t i t u t i n g R = R i n e q u a t i o n 2.1b g i v e s 
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P = V.RO - V.P - Z.W0-.7 . ( (C-U.E) .f (P) - U.F) , 2.2a 

where f ( P ) s t a n d s f o r (P-P1)/(D+P), and the term V.R has been 

n e g l e c t e d s i n c e R i s assumed t o be of o r d e r B or a p p r o x i m a t e l y 

one-hundredth RO. When combined w i t h e q u a t i o n s 2.1 c,d,e, 

e q u a t i o n 2.2a forms a system ( 2 . 2 ) , from which n u t r i e n t s have 

been e l i m i n a t e d . 

The second and t h i r d time s c a l e s can be d i s t i n g u i s h e d 

p r o v i d e d the copepod m o r t a l i t y r a t e i s low enough t h a t Z changes 

s l o w l y compared w i t h p o t e n t i a l growth r a t e s of P and W. Then Z 

can be t r e a t e d as a slow v a r i a b l e and the b e h a v i o u r of P and W 

c o n s i d e r e d w i t h Z f i x e d . The system 

P = V.RO - V.P - Z.W0-7 .( (C-U.E) . f ( P ) - U.F) 2.3a 

W = ( (0.7.C-E) .f (P) - F).W°-7 2.3b 

has the phase p l a n e p o r t r a i t shown i n F i g 8. The n o n - t r i v i a l 

e q u i l i b r i u m s o l u t i o n (P,W(Z)) of 2.3 i s s t a b l e p r o v i d e d f ' ( P ) i s 

p o s i t i v e , a c o n d i t i o n which i s always s a t i s f i e d r e g a r d l e s s of the 

v a l u e of P I . Then, a c c o r d i n g t o the s l o w - v a r i a b l e a p p r o x i m a t i o n , 

as Z ( t ) d e c r e a s e s t h r o u g h m o r t a l i t y , P ( t ) and W(t) s h o u l d t r a c k 

the q u a s i - e q u i l i b r i u m s o l u t i o n ( P , W ( Z ( t ) ) ) . A c c o r d i n g t o 2.3, P 

and Z ( t ) . W 0 , 7 are both c o n s t a n t . I t f o l l o w s t h a t a c o h o r t w i l l 

r e a c h a d u l t w e i g h t , W2, from an i n i t i a l w e i g h t , WO, when the 

d e n s i t y has dropped by a f a c t o r (WO/W2) 0 7. For example, i f the 

per c a p i t a m o r t a l i t y i s c o n s t a n t (GW = 0, GX f 0 ) , Z ( t ) = 

ZO.exp(-GX.t) and, a l l o w i n g f o r the i n c u b a t i o n p e r i o d J , the 

g e n e r a t i o n time i s g i v e n by 



F i g u r e 8. Phase p l a n e p o r t r a i t f o r t h e s y s t e m 2.3-
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T = J + 0.7.1n(W2/WO)/GX. 2.4 

So f a r , o n l y the growth of a s i n g l e c o h o r t has been d e a l t 

w i t h but an approximate t r e a t m e n t of r e p r o d u c t i o n i s a l s o 

p o s s i b l e . D u r i n g the p e r i o d of J days over which r e p r o d u c t i v e 

s t o r e s a r e acc u m u l a t e d , W i s f i x e d a t a d u l t weight W2, so t h a t 

e q u a t i o n 2.3b and the e q u i l i b r i u m v a l u e P a r e not r e l e v a n t . I t 

i s c o n s i s t e n t w i t h the s l o w - v a r i a b l e a p p r o x i m a t i o n t o assume t h a t 

P i s a p p r o x i m a t e l y e q u a l t o P ( Z ) , where P makes P = 0 i n 2.3a f o r 

W = W2. S u b s t i t u t i n g P = P(Z) i n the e q u a t i o n f o r S and 

i n t e g r a t i n g g i v e s , a f t e r J days: 

S = SO - Z.W° 7 . S I 

where Z.W07 i s e v a l u a t e d a t the b e g i n n i n g of the r e p r o d u c t i v e 

p e r i o d and 

50 = V.RO.J.(0.7.C-E)/(C-E.U) , 

51 = F.C.(1.-0.7.U) . ( l . - e x p ( - G X . J ) ) / ((C-E.U).GX) . 

But a c c o r d i n g t o the approximate t r e a t m e n t of growth, Z.W0-7 = 

Z03.W00-7 where ZO 3 i s the i n i t i a l s i z e of the g t h c o h o r t . U s i n g 

e q u a t i o n 2.1e, i t f o l l o w s t h a t 

Z 0 9 + 1 = S0.X/W0 - Z0 9.S1.X/W0°- 3 . 2.5 

T h i s c o n s t i t u t e s a d i f f e r e n c e e q u a t i o n f o r ZO 3. I f the 

c o e f f i c i e n t of ZO 9 i n e q u a t i o n 2.5 i s l e s s than 1 i n magnitude, 

the e q u a t i o n has a s t a b l e c o n s t a n t s o l u t i o n ZO* and, a c c o r d i n g t o 
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t h i s a p p r o x i m a t e t h e o r y , t h e r e i s a c o r r e s p o n d i n g s t a b l e c y c l i c 

s o l u t i o n o f t h e p h y t o p l a n k t o n - z o o p l a n k t o n s y s t e m 2.2. I f t h e 

c o e f f i c i e n t i s g r e a t e r t h a n 1 i n m a g n i t u d e , ZO i s u n s t a b l e and a 

s t a b l e c y c l i c s o l u t i o n t o 2.2 h a v i n g c o n s t a n t a m p l i t u d e c a n n o t be 

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

m e t a b o l i c r a t e , F. 

2.3 S i m u l a t i o n R e s u l t s . 

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

S t e e l e ' s model under c o n d i t i o n s of n u t r i e n t - l i m i t a t i o n w i t h o u t 

any need f o r t h r e s h o l d s o r q u a d r a t i c p r e d a t i o n t e r m s . T h i s i s i n 

k e e p i n g w i t h t h e r e s u l t s of C h a p t e r 1 but somewhat s u r p r i s i n g i n 

view of S t e e l e ' s s i m u l a t i o n r e s u l t s . The p r e d i c t i o n has been 

t e s t e d by computer s i m u l a t i o n of b o t h t h e s i m p l i f i e d 

p h y t o p l a n k t o n - z o o p l a n k t o n model 2.2 and t h e f u l l model 2.1 f o r 

t h e s i m p l e s t c a s e of no t h r e s h o l d s , c o n s t a n t m o r t a l i t y r a t e and 

f i x e d m e t a b o l i c r a t e (P1=E=GW=0). 

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

m e t a b o l i c r a t e F and v a r y i n g t h e m o r t a l i t y r a t e GX i n t h e 

s i m p l i f i e d model 2.2. F o r F = 0.4 and GX r a n g i n g from 0.02 t o 

0.06 d a y " 1 , s t a b l e c y c l i c s o l u t i o n s were a p p r o a c h e d w i t h 

g e n e r a t i o n t i m e d e c r e a s i n g a s GX i n c r e a s e d , i n q u a l i t a t i v e 

a greement w i t h t h e s l o w - v a r i a b l e t h e o r y . However, q u a n t i t a t i v e 

a greement between s i m u l a t e d g e n e r a t i o n t i m e s and thos,e p r e d i c t e d 

a c c o r d i n g t o 2.4 i s n o t p a r t i c u l a r l y good ( F i g 9 ) . P a r t , o f t h e 

e x p l a n a t i o n f o r t h e p o o r agreement can be seen i n F i g 10a, where 

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

from b e i n g c o n s t a n t o v e r t h e p e r i o d o f c o p e p o d g r o w t h , due p a r t l y 
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F i g u r e 9. C o m p a r i s o n o f g e n e r a t i o n t i m e s p r e d i c t e d by e q u a t i o n 2.4 

( s o l i d l i n e ) and t h o s e o b t a i n e d i n n u m e r i c a l s o l u t i o n s 

o f t h e s y s t e m 2.2 ( d o t s ) . 
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F i g u r e 10. S t a b l e c y c l i c s o l u t i o n s o f the system 2.2 f o r : 

(a) F=0.4, GX=0.05; (b) F=0.2, GX=0.05. 
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t o the l i m i t a t i o n s of the s l o w - v a r i a b l e a p p r o x i m a t i o n and p a r t l y 

t o the p e r t u r b a t i o n imposed by the r e l e a s e of n a u p l i i a t the end 

of each r e p r o d u c t i v e p e r i o d . 

In s p i t e of t h i s , f u r t h e r q u a l i t a t i v e agreement between the 

a p proximate t h e o r y and s i m u l a t i o n was found. When F i s d e c r e a s e d 

t o 0.2, the c y c l e p e r i o d i s not a f f e c t e d , b u t , as shown i n F i g 

10b, the s i m u l a t e d c y c l e i n v o l v e s lower P and h i g h e r ZO, as 

p r e d i c t e d by the s l o w - v a r i a b l e t h e o r y . A l s o , i n c r e a s i n g F t o 0.6 

i n the s i m u l a t i o n r e s u l t s i n an approach t o a r a t h e r c u r i o u s 

c y c l e i n v o l v i n g a l t e r n a t e l y h i g h and low n a u p l i a r r e c r u i t m e n t s 

( F i g 1 0 c ) . T h i s b e h a v i o u r c o r r e s p o n d s i n the a p p r o ximate t h e o r y 

t o a s t a b l e s o l u t i o n of p e r i o d 2 i n the d i f f e r e n c e e q u a t i o n 2.5, 

ZO* h a v i n g been d e s t a b i l i z e d by i n c r e a s i n g F. The phenomenon of 

p e r i o d i c and a p e r i o d i c s o l u t i o n s t o d i f f e r e n c e e q u a t i o n s i n 

s i m p l e e c o l o g i c a l models has a r o u s e d c o n s i d e r a b l e i n t e r e s t (eg 

May,1975). 

The v a l i d i t y of u s i n g the f a s t - v a r i a b l e a ssumption t o 

e l i m i n a t e n u t r i e n t s has been t e s t e d by computer s i m u l a t i o n of 

S t e e l e ' s f u l l model 2.1. For F = 0.4, GX = 0.05 day" 1 and low B 

(10 jug C ( e q ) . ! " 1 ) , n u m e r i c a l s o l u t i o n s of the f u l l model approach 

a s t a b l e c y c l i c s o l u t i o n ( F i g 1 1 a ) , which i s almost i d e n t i c a l t o 

t h a t o b t a i n e d from system 2.2 ( F i g 10a). Throughout the c y c l e , R 

remains low (of o r d e r B) and the f a s t - v a r i a b l e a p p r o x i m a t i o n i s 

q u i t e a c c u r a t e . However, i t can be v i o l a t e d i n a number of ways. 

For example, i f F i s reduced t o 0.2, w i t h o t h e r parameters 

unchanged, l a r g e , d i v e r g i n g o s c i l l a t i o n s i n R, P and Z appear 

( F i g l i b ) . The e x p l a n a t i o n f o r t h i s can be found i n the n u t r i e n t 

e q u a t i o n 2.1a and the f a c t t h a t , f o r F=0.2, the c y c l i c s o l u t i o n 
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Figure 10c. Stable cyclic solution of the system 2.2 for 

F=0.6, GX=0.05. 
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Figure 11a. Stable cyclic solution of the system 2.1 for 

F=0.4, GX=0.05 and B=10. 
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Figure ll b , c . Behaviour of the system 2.1 for F=0.2, GX=0.05 

and B=10 with: (b) D=100. (unstable oscillations) 

and (c) D=175. (stable cycle). 
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p r e d i c t e d under the f a s t - v a r i a b l e a p p r o x i m a t i o n ( F i g 10b) 

i n v o l v e s low p h y t o p l a n k t o n c o n c e n t r a t i o n s . N u t r i e n t uptake by 

the p h y t o p l a n k t o n i s n o n - l i n e a r i n R w i t h a maximum v a l u e of A.P. 

Thus, i f P i s too s m a l l , p h y t o p l a n k t o n uptake cannot match the 

m i x i n g i n p u t V.RO and the e q u i l i b r i u m s o l u t i o n R(P,Z) s w i t c h e s 

from a low v a l u e (of o r d e r B) de t e r m i n e d by p h y t o p l a n k t o n u p t a k e , 

t o a h i g h v a l u e (of o r d e r RO) de t e r m i n e d by m i x i n g l o s s e s . The 

f a s t - v a r i a b l e assumption f o r n u t r i e n t s i s of co u r s e no l o n g e r 

v a l i d and, i n the computer s i m u l a t i o n , the i n s t a b i l i t y a s s o c i a t e d 

w i t h the p h y t o p l a n k t o n - z o o p l a n k t o n i n t e r a c t i o n appears t o 

dominate. 

T h i s e x p l a n a t i o n suggests a number of ways t o r e c o v e r s t a b l e 

c y c l e s f o r low F. A s u f f i c i e n t d e c r e a s e i n the r a t e of n u t r i e n t 

i n p u t , V.RO, or i n c r e a s e i n maximum growth r a t e , A, w i l l p r e v e n t 

n u t r i e n t b u i l d - u p . Changes can a l s o be made i n o t h e r parameters 

which i n c r e a s e P, compensating f o r the decrease i n F. For 

example, P i s s c a l e d by the g r a z i n g h a i f - s a t u r a t i o n c o n s t a n t , D. 

When D i s i n c r e a s e d from 100 t o 175 ug C . l " 1 , (the v a l u e used by 

L a n d r y ) , the s o l u t i o n of the f u l l model f o r F=0.2 ( F i g 11c) 

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

v a r i a b l e model 2.2 ( F i g 10b). 

An o b v i o u s way t o v i o l a t e the f a s t - v a r i a b l e assumption i s t o 

i n c r e a s e B. I f S t e e l e ' s v a l u e f o r B of 96 ug C ( e q ) . l _ 1 i s 

adopted, the time s c a l e f o r changes i n n u t r i e n t becomes 

comparable t o t h a t of changes i n p h y t o p l a n k t o n and the p r e c e d i n g 

a pproximate t r e a t m e n t cannot be a p p l i e d . In f a c t , f o r F=0.4,GX = 

0.05 and D = 100 ug C . l " 1 , r a p i d l y d i v e r g i n g o s c i l l a t i o n s i n P 

and R a r e o b t a i n e d i n n u m e r i c a l s o l u t i o n s on i n c r e a s i n g B t o 96. 
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A s t a b l e c y c l i c s o l u t i o n c an be r e c o v e r e d by i n c r e a s i n g D t o 175 

^jg C . l " 1 , t h i s s o l u t i o n b e i n g c h a r a c t e r i s e d by c o n s i s t e n t l y h i g h 

P and low R/B. 

A n o t h e r a p p r o a c h w h i c h a p p e a r s t o be u s e f u l i n i n t e r p r e t i n g 

t h e s e n u m e r i c a l r e s u l t s i s t o compare them w i t h a n a l y t i c r e s u l t s 

f r o m a more m a t h e m a t i c a l l y t r a c t a b l e model o b t a i n e d by d r o p p i n g 

t h e c o p e p o d age s t r u c t u r e : 

R = V.RO - A.R.P/(B+R) + U.F.G 2.6a 

P = A.R.P/(B+R) - G . C . f ( P ) 2.6b 

G = 0.7.G.C.f(P) - m.G 2.6c 

where G i s c o p e p o d b i o m a s s . 

T h i s s y s t e m p o s s e s s e s a n o n - t r i v i a l e q u i l i b r i u m s o l u t i o n 

(R,P,G) d e t e r m i n e d by 

f ( P ) = m/(0.7.C) 

G = 0.7.V.R0/(m-0.7.U.F) 

A.R.P/(B+R) = V.R0.m/(m-0.7.U.F). 

A T a y l o r - s e r i e s e x p a n s i o n a b o u t t h i s e q u i l i b r i u m y i e l d s t h e 

l i n e a r s y s t e m 

/ • \ 

SR 

SP 

SG 

G. 

I 8R 

SP 

SG 

where the c o n s t a n t m a t r i x GV has t r a c e 
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I c- = -A.B.P/(B+R) + G . C . ( f ( P ) / P - f ' ( P ) ) . 2.7 

I t i s w e l l - k n o w n t h a t a n e c e s s a r y c o n d i t i o n f o r t h e l o c a l 
A A > 

s t a b i l i t y o f (R,P,G) i s t h a t 2. c,, be n e g a t i v e . In t h e a b s e n c e 

of t h r e s h o l d s (PI = 0 ) , t h e s e c o n d t e r m i n 2.7 i s p o s i t i v e ; t h i s 

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

( H o l l i n g , 1 9 6 5 ) . The f i r s t t e r m i s n e g a t i v e and r e p r e s e n t s t h e 

s t a b i l i z i n g e f f e c t of n u t r i e n t l i m i t a t i o n . I f B i s i n c r e a s e d 

w i t h t h e o t h e r p a r a m e t e r s i n 2.6 h e l d c o n s t a n t , t h e f i r s t t erm 

d e c r e a s e s l i k e 1/B w h i l e t h e s e c o n d t e r m r e m a i n s c o n s t a n t ; t h u s 

i n c r e a s i n g B t e n d s t o d e s t a b i l i z e t h e s y s t e m . I f D i s i n c r e a s e d 

and t h e o t h e r p a r a m e t e r s h e l d c o n s t a n t , i t c a n a l s o be shown t h a t 

t h e s e c o n d t e r m d e c r e a s e s l i k e 1/D w h i l e t h e f i r s t t e r m i n c r e a s e s 

i n m a g n i t u d e , so t h a t i n c r e a s i n g D t e n d s t o s t a b i l i z e t h e s y s t e m . 

T h i s i s c o n s i s t e n t w i t h t h e s i m u l a t i o n r e s u l t s r e p o r t e d above f o r 

S t e e l e ' s m o d e l . 

T h i s c o n c l u d e s t h e a n a l y s i s of t h e n u t r i e n t l i m i t e d p e r i o d . 

B e f o r e p r o c e e d i n g , i t seems a d v i s a b l e t o summarise t h e r e s u l t s 

o b t a i n e d so f a r . By use of a s e r i e s of a p p r o x i m a t i o n s b a s e d on 

t h e r e c o g n i t i o n of f a s t and s l o w t i m e s c a l e s , s t a b l e c y c l i c 

s o l u t i o n s t o S t e e l e ' s model have been p r e d i c t e d i n t h e a b s e n c e of 

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

m e t a b o l i c r a t e . Computer s i m u l a t i o n has shown t h a t t h e s e 

s o l u t i o n s do e x i s t but a r e r e s t r i c t e d t o a r e g i o n i n p a r a m e t e r 

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

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

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

Of c o u r s e , S t e e l e demanded of h i s model t h a t i t r e p r o d u c e 
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the q u a l i t a t i v e f e a t u r e s c h a r a c t e r i s t i c of the observed s e a s o n a l 

c y c l e i n the N o r t h Sea, s t a r t i n g from a p r e s c r i b e d s e t of i n i t i a l 

c o n d i t i o n s c o r r e s p o n d i n g t o the i n i t i a t i o n of the s p r i n g bloom. 

The e x i s t e n c e of a s t a b l e c y c l i c s o l u t i o n f o r a p a r t i c u l a r s e t of 

parameters i n no way guarantees t h a t the t r a n s i e n t approach t o 

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

S t e e l e ' s c r i t e r i a . In f a c t , i f the v a l u e s B = 10 pg C ( e q ) . ! " 1 , F 

= 0.4, D = 100 pg C . l " 1 and GX = 0.05 d a y " 1 , c o r r e s p o n d i n g to the 

s t a b l e c y c l e of F i g 11a, are used t o g e t h e r w i t h S t e e l e ' s i n i t i a l 

c o n d i t i o n s , the r e s u l t i n g s i m u l a t i o n i s most u n r e a l i s t i c ( F i g 

12a). D u r i n g the s p r i n g bloom, a l a r g e c o h o r t of copepods i s 

produced. I n d i v i d u a l copepods i n i t i a l l y see h i g h p h y t o p l a n k t o n 

c o n c e n t r a t i o n s and grow r a p i d l y , q u i c k l y p r o d u c i n g a v e r y h i g h 

g r a z i n g p r e s s u r e on the p h y t o p l a n k t o n . The p h y t o p l a n k t o n 

c o n c e n t r a t i o n d e c l i n e s q u i c k l y and d u r i n g the p r o l o n g e d p e r i o d of 

low P which f o l l o w s , the copepods s t a r v e i n an i m p r e s s i v e but 

r a t h e r u n r e a l i s t i c manner, the c o n s t a n t m e t a b o l i c r a t e r e d u c i n g 

t h e i r weight t o z e r o by day 54. 

To p r e v e n t t h i s from happening, i t i s o b v i o u s l y n e c e s s a r y t o 

reduce t h i s b u r s t of i n t e n s e g r a z i n g p r e s s u r e . One way t o do 

t h i s i s t o i n t r o d u c e a p r e d a t i o n term which r e s u l t s i n h i g h 

copepod m o r t a l i t y r a t e s when copepod numbers a r e h i g h , t h e r e b y 

r a p i d l y r e d u c i n g the s i z e of t h i s l a r g e second c o h o r t . T h i s 

appears t o be the p r i m a r y r o l e of Landry's q u a d r a t i c p r e d a t i o n 

term; any s t a b i l i z i n g e f f e c t of t h i s term i n the l a t e r n u t r i e n t -

l i m i t e d regime i s of secondary i m p o r t a n c e . Another a l t e r n a t i v e 

i s t o s e t a maximum l i m i t on c o h o r t s i z e i n the manner of S t e e l e 

and M u l l i n (1977), who made ZO a h y p e r b o l i c f u n c t i o n of 



58 

F i g u r e 12a. A t t e m p t e d s i m u l a t i o n o f s p r i n g b l o o m 

u s i n g t h e s y s t e m 2.1 w i t h B=10, F=0.4, 

D=100 and GX=0.05. 
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r e p r o d u c t i v e s t o r e , S. 

A t h i r d a l t e r n a t i v e i s t o i n c r e a s e t h e h a l f - s a t u r a t i o n 

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

p h y t o p l a n k t o n d e n s i t i e s . T h i s has a l r e a d y been done by L a n d r y , 

who i n c r e a s e d D from 100 t o 175 jag C . l - 1 . I f t h e same change i s 

made t o t h e s i m u l a t i o n d e s c r i b e d a bove, t h e r e s u l t i s much 

im p r o v e d ( F i g 1 2 b ) . P h y t o p l a n k t o n d e p l e t i o n i s l e s s p r o n o u n c e d 

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

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

bloom i s s t i l l u n r e a l i s t i c a l l y h i g h , i n d i v i d u a l s b e i n g r e d u c e d 

from more t h a n 3 pq C t o l e s s t h a n 0.35 pq C by s t a r v a t i o n . I t 

i s p o s s i b l e t o do much b e t t e r t h a n t h i s w i t h o u t a d o p t i n g 

t h r e s h o l d s o r L a n d r y ' s p r e d a t i o n t e r m . In F i g 12c, t h e r e s u l t s 

o f a s i m u l a t i o n u s i n g F=0.5,GX=0.04, B=10 and D=175 a r e 

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

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

o n l y a b o u t 50%. The f i n a l s i m u l a t i o n ( F i g 12d) u s e s an even 

l a r g e r v a l u e of D (250 pq C . l " 1 ) and L a n d r y ' s c o m b i n a t i o n 

i n g e s t i o n - d e p e n d e n t and c o n s t a n t m e t a b o l i c r a t e (E=0.3, F=0.2). 

The r e s u l t i n g c o p e p o d w e i g h t l o s s f o l l o w i n g t h e s p r i n g bloom i s 

l i m i t e d t o l e s s t h a n 25%. 

2.4 C o n e l u s i o n s . • 

P e r h a p s t h e most s t r i k i n g r e s u l t of t h i s r e v i e w o f S t e e l e ' s 

s i m u l a t i o n model i s t h a t ' r e a l i s t i c ' i m i t a t i o n s o f t h e s e a s o n a l 

p l a n k t o n c y c l e i n t h e N o r t h Sea can be o b t a i n e d f r o m t h e model 

w i t h o u t i n v o k i n g t h r e s h o l d s i n h e r b i v o r e g r a z i n g o r q u a d r a t i c 

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



F i g u r e 12b. S i m u l a t i o n o f s p r i n g and summer w i t h p a r a m e t e r s 

u s e d f o r F i g 12a e x c e p t D=175. 



F i g u r e 12c. As f o r F i g 12b except GX=0.04. 



TIME (days) 

F i g u r e 12 d. S i m u l a t i o n o f s p r i n g and summer w i t h F=0.2, 

E=0.3, GX=0.05 and D=250. 
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t h r e s h o l d s or q u a d r a t i c p r e d a t i o n a r e n o t p r e s e n t and i m p o r t a n t 

i n t h e N o r t h Sea e c o s y s t e m , a l t h o u g h i t weakens any argument f o r 

t h e i r e x i s t e n c e b a s e d on t h e i r n e c e s s i t y i n S t e e l e ' s m o d e l . In 

f a c t , t h e r e a p p e a r s t o be b e t t e r e x p e r i m e n t a l e v i d e n c e now f o r 

t h e e x i s t e n c e of t h r e s h o l d - t y p e phenomena, a t l e a s t i n some 

s p e c i e s o f c o p e p o d s ( F r o s t , 1 9 7 5 ) , and t h e a s s u m p t i o n o f a 

c o n s t a n t p e r c a p i t a m o r t a l i t y r a t e f o r c o p e p o d s i s c e r t a i n l y no 

more s a t i s f a c t o r y a way of t r u n c a t i n g t h e f o o d c h a i n t h a n u s i n g 

L a n d r y ' s p r e d a t i o n t e r m . 

The p r e c e d i n g r e s u l t s do i l l u s t r a t e t h e a d v a n t a g e s o f t h e 

q u a l i t a t i v e a n a l y s i s of complex e c o l o g i c a l m o d e l s , w h e r e v e r t h i s 

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

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

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

q u a d r a t i c m o r t a l i t y . T h e s e e x i s t o v e r a l i m i t e d r e g i o n of 

p a r a m e t e r s p a c e and m i g h t not have been f o u n d a t a l l by s i m p l y 

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

The i n t e r a c t i o n s between p a r a m e t e r s w h i c h were r e v e a l e d by t h e 

q u a l i t a t i v e a n a l y s i s t e s t i f y t o t h e i n a d e q u a c y o f s t a n d a r d 

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

t i m e . F o r example, i f t h e h a l f - s a t u r a t i o n c o n s t a n t f o r g r a z i n g 

i s l a r g e enough, s t a b l e c y c l i c s o l u t i o n s e x i s t o v e r a wide r a n g e 

of v a l u e s of B, a t l e a s t 0 < B < 100 jug C ( e q ) . ! ' 1 . However, i f D 

i s l o w e r , s t a b l e s o l u t i o n s o n l y e x i s t f o r B s m a l l and i t c o u l d be 

c o n c l u d e d t h a t t h e v a l u e o f B i n n a t u r e i s c r i t i c a l . S t e e l e ' s 

s i m u l a t i o n r e s u l t s were i n s e n s i t i v e t o c h a n g e s i n B, but 

t h r e s h o l d s i n g r a z i n g and p r e d a t i o n were a l r e a d y i n f o r c e . He 

d i d n o t o b t a i n r e a s o n a b l e r e s u l t s when t h e t h r e s h o l d s were 
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o m i t t e d due p a r t l y t o t h e v a l u e s assumed f o r B and D. 

The i n s i g h t i n t o S t e e l e ' s model o b t a i n e d h e r e s u g g e s t s a 

b r o a d e r a p p r o a c h t o t h e b i o l o g i c a l q u e s t i o n of h e r b i v o r e r e s p o n s e 

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

The major p r o b l e m e n c o u n t e r e d h e r e i n o b t a i n i n g a r e a l i s t i c 

s e a s o n a l p a t t e r n from S t e e l e ' s model i n v o l v e s t h e t r a n s i e n t 

r e s p o n s e r a t h e r t h a n s t a b i l i t y ; of t h e r e g i o n o f p a r a m e t e r s p a c e 

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

a r e a l i s t i c a p p r o a c h t o t h i s c y c l e from i n i t i a l c o n d i t i o n s o f 

h i g h n u t r i e n t . As was e x p l a i n e d e a r l i e r , t h e d i f f i c u l t y l i e s i n 

t h e u n r e a l i s t i c w e i g h t l o s s e s w h i c h can o c c u r i n t h e p o s t - b l o o m 

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

b a s a l m e t a b o l i c r a t e . 

S t e e l e a v o i d e d t h i s d i f f i c u l t y i n h i s s t a n d a r d s i m u l a t i o n by 

a s s u m i n g a t h r e s h o l d i n g r a z i n g ( t h e r e b y p r e v e n t i n g extreme 

d e p l e t i o n o f p h y t o p l a n k t o n ) and a m e t a b o l i c r a t e e n t i r e l y 

p r o p o r t i o n a l t o i n g e s t i o n ( z e r o b a s a l m e t a b o l i s m ) , so t h a t 

c o p e p o d w e i g h t l o s s was i m p o s s i b l e . (When a n o n - z e r o b a s a l 

m e t a b o l i c r a t e was a d o p t e d i n one of S t e e l e ' s t r i a l s i m u l a t i o n s , 

c o p e p o d w e i g h t l o s s d i d o c c u r and t h e r e s u l t was c o n s e q u e n t l y 

d i s m i s s e d as u n r e a l i s t i c ) . In a l a t e r , more d e t a i l e d a n a l y s i s of 

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

S t e e l e and F r o s t (1977) c o n c l u d e d t h a t t h e r e i s an i m p o r t a n t 

component o f m e t a b o l i s m p r o p o r t i o n a l t o f i l t e r i n g r a t e , not 

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

o b t a i n e d i s r o u g h l y c o n s i s t e n t w i t h S t e e l e ' s (1974) a s s u m p t i o n as 

b o t h i n v o l v e r e d u c e d f i l t e r i n g r a t e a t low f o o d d e n s i t i e s and 

n o n - n e g a t i v e g r o w t h a t a l l f o o d d e n s i t i e s . 
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S t e e l e and F r o s t ' s argument does imply t h a t an organism 

which does not behave o p t i m a l l y , and i n s t e a d m a i n t a i n s a h i g h 

f i l t e r i n g r a t e a t low food d e n s i t i e s , w i l l be s u b j e c t t h e r e t o a 

h i g h m e t a b o l i c c o s t and r a p i d l o s s of body w e i g h t . T h i s i s 

e q u i v a l e n t t o an assumption of no t h r e s h o l d and a h i g h b a s a l 

m e t a bolism i n S t e e l e ' s (1974) model. O b v i o u s l y , t h i s weight 

l o s s , which w i l l be e s p e c i a l l y s e v e r e f o r s m a l l i n d i v i d u a l s 

a c c o r d i n g t o the W0-7 m e t a b o l i c law, cannot c o n t i n u e i n d e f i n i t e l y . 

There appear t o be two extreme outcomes p o s s i b l e . 

One p o s s i b i l i t y i s t h a t , as i t s body c o n d i t i o n d e t e r i o r a t e s , 

the organism's f i l t e r i n g r a t e and c o n s e q u e n t l y i t s m e t a b o l i c r a t e 

w i l l d e c r e a s e . P r o v i d e d t h i s o c c u r s on a short-enough time s c a l e 

(most l i k e l y f o r s m a l l o r g a n i s m s ) , t h i s p h y s i o l o g i c a l response 

w i l l have the same e f f e c t i n , t h e s i m u l a t i o n model as an ' o p t i m a l ' 

b e h a v i o u r a l response or a t h r e s h o l d . T h i s p o s s i b i l i t y may have 

been e n v i s a g e d by S t e e l e (1974), when he mentioned t h a t responses 

t o food c o n c e n t r a t i o n s might occur on s e v e r a l time s c a l e s . An 

im p o r t a n t p o i n t i s t h a t the p h y s i o l o g i c a l response would not be 

observ e d i n s h o r t - t e r m g r a z i n g e x p e r i m e n t s of the type commonly 

conducted over 24 hours or l e s s u s i n g l a r g e , l a t e - s t a g e copepods 

c o l l e c t e d i n the f i e l d ( M a r s h a l l , 1 9 7 3 ) . E f f e c t s of food 

c o n c e n t r a t i o n and d u r a t i o n (up t o 5 d a y s ) ' o f p r e - c o n d i t i o n i n g on 

f u n c t i o n a l response parameters have been r e p o r t e d f o r f r e s h - w a t e r 

c r u s t a c e a n s (Buckingham,1978). 

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

f i l t e r and l o s e weight a t maximum r a t e s u n t i l weight l o s s exceeds 

some maximum p e r m i s s a b l e amount, when the organi s m d i e s . In the 

h i g h l y s i m p l i f i e d s i n g l e c o h o r t v e r s i o n of S t e e l e ' s model, the 
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e n t i r e c o h o r t w i l l d i e s i m u l t a n e o u s l y . In a more r e a l i s t i c 

m u l t i - c o h o r t v e r s i o n , as p r e s e n t e d by Landry (1976), or one 

i n v o l v i n g d i f f e r e n c e s i n growth r a t e between i n d i v i d u a l s , as 

r e p o r t e d even i n l a b o r a t o r y c u l t u r e s under homogeneous c o n d i t i o n s 

( P a f f e n h o f f e r and H a r r i s , 1 9 7 6 ) , s t a r v a t i o n m o r t a l i t y w i l l l e a d t o 

a d e c r e a s e i n g r a z i n g p r e s s u r e on the p h y t o p l a n k t o n and, a t l e a s t 

f o r s m a l l z o o p l a n k t o n , may have a s i m i l a r q u a l i t a t i v e e f f e c t t o a 

g r a z i n g t h r e s h o l d . 

Thus a l l t h r e e t y p e s of response t o low food d e n s i t i e s (the 

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

response and s t a r v a t i o n m o r t a l i t y ) c o u l d ensure r e a s o n a b l e 

t r a n s i e n t b e h a v i o u r i n S t e e l e ' s model. The a c t u a l r e s p o n s e , 

which p r o b a b l y l i e s somewhere between these extremes, may be 

i m p o r t a n t i n o t h e r c i r c u m s t a n c e s , s u c h as the S u b a r c t i c P a c i f i c , 

and i t s e x p e r i m e n t a l d e f i n i t i o n appears t o be a c h a l l e n g i n g and 

v a l u a b l e g o a l . Most of the c u r r e n t e x p e r i m e n t a l approaches 

a d d r e s s o n l y one a s p e c t . The s h o r t - t e r m g r a z i n g e x p e r i m e n t s 

r e f e r r e d t o above can c o n s i d e r o n l y the b e h a v i o u r a l r e s ponse. 

There have been a number of l a b o r a t o r y s t u d i e s of r e s p i r a t i o n 

r a t e s and weight l o s s i n s t a r v e d i n d i v i d u a l s (Reeve et aj. ,1970; 

Ikeda,1977). A g a i n , most of the s t u d i e s have been conducted on 

l a t e - s t a g e i n d i v i d u a l s , and any p h y s i o l o g i c a l e f f e c t of weight 

l o s s on f i l t e r i n g r a t e cannot be measured i n s t a r v e d i n d i v i d u a l s , 

w h i l e measurements of r e s p i r a t i o n r a t e s a r e open t o the problems 

of i n t e r p r e t a t i o n " d i s c u s s e d by S t e e l e ( 1 9 7 4 ) . I t i s i n t e r e s t i n g 

t o note t h a t C h e c k l e y (1980) has r e p o r t e d mean s u r v i v a l t i m e s f o r 

P a r a c a l a n u s parvus females w i t h o u t food t o be 4-5 days so t h a t 

s t a r v a t i o n m o r t a l i t y c o u l d be a s i g n i f i c a n t f a c t o r , a t l e a s t f o r 
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s m a l l copepods w i t h o u t f a t s t o r e s . I t i s o b v i o u s l y not an 

i m p o r t a n t c o n s i d e r a t i o n f o r the l a t e s t a g e s of l a r g e r s p e c i e s 

such as C a lanus plumchrus which b u i l d up e x t e n s i v e f a t s t o r e s 

( F u l t o n , 1 9 7 3 ) . 

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

q u e s t i o n appear t o be those r e p o r t e d by P a f f e n h o f f e r (1970), and 

r e v i e w e d by P a f f e n h o f f e r and H a r r i s ( 1 9 7 9 ) , f o r s t u d y i n g growth, 

m o r t a l i t y and c l e a r a n c e r a t e s over the e n t i r e copepod l i f e c y c l e 

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

f o r Calanus p a c i f i c u s and Temora l o n g i c o r n u s a t low food 

d e n s i t i e s (about 20 jug C . l " 1 ) , a l t h o u g h these food d e n s i t i e s were 

s t i l l s u f f i c i e n t t o a l l o w growth a t c l o s e t o maximum r a t e s 

( P a f f e n h o f f e r , 1 9 7 0 ; P a f f e n h o f f e r and H a r r i s , 1 9 7 6 ) . I t would 

c e r t a i n l y be i n t e r e s t i n g t o see t h e s e e x p e r i m e n t s r e p e a t e d a t 

even lower food d e n s i t i e s . 



68 

CHAPTER 3 

PHYTOPLANKTON AT O.S.P.: DATA ANALYSIS AND MODELLING 

3.1 I n t r o d u c t i o n 

The aim i n t h i s c h a p t e r i s t o d e v e l o p a r e a l i s t i c model of 

p h y t o p l a n k t o n growth a t O.S.P. The model i s based p r i m a r i l y on 

an a n a l y s i s of data c o l l e c t e d from the w e a t h e r s h i p s a t O.S.P. and 

the l e v e l of d e t a i l c o n s i d e r e d has been chosen t o match these 

o b s e r v a t i o n s . The u n d e r l y i n g s t r u c t u r e of the model i s adapted 

from the l i t e r a t u r e , as a r e c e r t a i n parameter v a l u e s which cannot 

be i n f e r r e d from the d a t a . The model i s used o n l y t o p r e d i c t net 

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

but i s c o n s t r u c t e d i n such a way t h a t i t can e a s i l y be extended 

t o i n c l u d e g r a z e r s i n Chapter 4, where the q u a l i t a t i v e hypotheses 

r a i s e d i n Chapter 1 w i l l be a d d r e s s e d q u a n t i t a t i v e l y . 

3.2 Data A n a l y s i s 

3.2.1 D e s c r i p t i o n of the Data S e t . 

We a t h e r s h i p o b s e r v a t i o n s r e l a t e d t o p h y t o p l a n k t o n f o r the 

y e a r s 1964 t o 1976 have been p u b l i s h e d i n m a n u s c r i p t form 

(Stephens,1966; Stephens,1968; Stephens,1970; Stephens,1977). 

V a r i a b l e s measured i n c l u d e • S e c c h i d e p t h , c h l o r o p h y l l a, 1 4 C 

uptake r a t e s and n i t r a t e c o n c e n t r a t i o n . C h l o r o p h y l l s b and c 

were measured s t a r t i n g i n 1969. The d a t a r e c o r d c o n s i s t s of 

a p p r o x i m a t e l y 200 depth p r o f i l e s and an a d d i t i o n a l 600 s u r f a c e 

o b s e r v a t i o n s , a l t h o u g h not a l l v a r i a b l e s were n e c e s s a r i l y 

measured on a l l days or a t a l l d e p t h s . 

There a r e c e r t a i n p e c u l i a r i t i e s t o the s a m p l i n g regime which 



69 

can be seen i n the s c a t t e r p l o t of s u r f a c e c h l o r o p h y l l 

c o n c e n t r a t i o n s g i v e n i n F i g 13. From 1964 t o 1968, o b s e r v a t i o n s 

were made from o n l y one of the two w e a t h e r s h i p s , r e s u l t i n g i n a 

s e r i e s of 6 week gaps i n the time s e r i e s . W h i l e on s t a t i o n , 

s u r f a c e samples were c o l l e c t e d e v e r y second day, more or l e s s 

r e g u l a r l y . A f t e r 1968, o b s e r v a t i o n s were made from both 

w e a t h e r s h i p s , but the sampl i n g f r e q u e n c y dropped t o one t o s i x 

o b s e r v a t i o n s per 6 week c r u i s e . U s u a l l y one or two p r o f i l e s were 

taken on each c r u i s e . 

3.2.2 C h l o r o p h y l l Data. 

The c o n c e n t r a t i o n of c h l o r o p h y l l a has been r o u t i n e l y 

measured from the w e a t h e r s h i p a t O.S.P. and i s the p r i n c i p a l 

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

p l o t t e d i n F i g 13 a r e g e n e r a l l y r e p r e s e n t a t i v e of the mixed l a y e r 

d e s c r i b e d i n Chapter 1. I t i s c l e a r from F i g 13 t h a t c h l o r o p h y l l 

a a t O.S.P. tends t o be u n i f o r m l y low: l e s s than 1 ug C h i a . l " 1 

i n a l l but a few o b s e r v a t i o n s . T h i s f e a t u r e of the S u b a r c t i c 

P a c i f i c has been remarked upon by many r e s e a r c h e r s (Semina,1958; 

H e i n r i c h , 1 9 6 2 ; Parsons,1965) and i s i n sharp c o n t r a s t t o the 

c l a s s i c s p r i n g bloom seen i n o t h e r temperate p l a n k t o n i c 

ecosystems such as the S t r a i t of G e o r g i a ( P a r s o n s , 1 9 6 5 ) , the 

No r t h Sea ( S t e e l e , 1 9 7 4 ) and the N o r t h A t l a n t i c ( C ushing,1959). 

E x c e p t i o n s t o the r u l e of c o n s t a n c y can be seen i n F i g 13: 

s c a t t e r e d h i g h v a l u e s , from 1 t o 4 ug C h i a . l " 1 were obser v e d i n 

1964,1965,1969,1972 and .1975. In 1964,1965 and 1969, thes e h i g h 

v a l u e s o c c u r i n s m a l l groups, a p a t t e r n c o n s i s t e n t w i t h a s h o r t 

l i v e d bloom (of low i n t e n s i t y compared w i t h c o a s t a l blooms (eg 

P a r s o n s , 1 9 6 5 ) ) , or w i t h the a d v e c t i o n of a 'patch' p a s t the 
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Figure 13. Surface observations of chlorophyll a from the 
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values, given to nearest integer by d i g i t above.) 
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s t a t i o n . The h i g h o b s e r v a t i o n s i n 1975 are i s o l a t e d but the 

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

might be e x p e c t e d t o c o i n c i d e w i t h a s h o r t - l i v e d bloom. 

The i m p l i c a t i o n s of t h e s e h i g h o b s e r v a t i o n s f o r t h e o r i e s of 

p h y t o p l a n k t o n r e g u l a t i o n i n the S u b a r c t i c P a c i f i c w i l l be 

d i s c u s s e d l a t e r . Any s e a s o n a l or a n n u a l p a t t e r n i n t h e i r 

o c c u r r e n c e would be of i n t e r e s t , but i t i s c l e a r from F i g 13 t h a t 

the s a m p l i n g i n t e n s i t y i s not s u f f i c i e n t t o r e v e a l such a 

p a t t e r n . H i g h v a l u e s o c c u r i n June,1964, J u l y and August,1965, 

March and September,1969, A p r i l and December,1972 and J a n u a r y , 

June, J u l y and October,1975, r e v e a l i n g no c o n s i s t e n t s e a s o n a l 

p a t t e r n . Gaps i n the time s e r i e s are such t h a t h i g h v a l u e s c o u l d 

have e a s i l y been missed i n o t h e r months or y e a r s . 

Any c o n s i s t e n t l o w - a m p l i t u d e s e a s o n a l p a t t e r n i n the 

background C h i a v a l u e s c o u l d a l s o be of i n t e r e s t . Annual and 

s e a s o n a l c o n t r i b u t i o n s t o v a r i a b i l i t y i n a time s e r i e s can be 

d i s t i n g u i s h e d by p e r f o r m i n g a r u n n i n g a n n u a l average and l o o k i n g 

f o r s e a s o n a l v a r i a t i o n i n the r e s i d u a l s ( K e n d a l l , 1 9 7 3 ) . ( The 

word 'annual' i s used h e r e , f o l l o w i n g K e n d a l l (1973), t o denote 

year t o year v a r i a t i o n s . These may be r e f e r r e d t o as i n t e r -

a nnual v a r i a t i o n s by some a u t h o r s . The s e a s o n a l p a t t e r n s 

d i s c u s s e d here a r e s h o r t e r term f l u c t u a t i o n s of 12 month p e r i o d . ) 

Two problems p r e v e n t such a s t r a i g h t - f o r w a r d approach t o these 

d a t a . One i s t h a t the o c c a s i o n a l h i g h v a l u e s c o n t r i b u t e 

o v e r w h e l m i n g l y t o the v a r i a n c e and w i l l dominate any r e s u l t i n g 

p a t t e r n . T h i s has been overcome here by l o o k i n g f o r a s e a s o n a l 

p a t t e r n i n the s i x week c r u i s e medians, p l o t t e d i n F i g 14a,c. 

The second problem i s t h a t the presence of i r r e g u l a r gaps i n the 
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t i m e s e r i e s w i l l l e a d t o c o n f u s i o n of a n n u a l and s e a s o n a l 

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

two-way a n a l y s i s of v a r i a n c e w i t h empty b l o c k s . A s o l u t i o n t o 

th e l a t t e r p r o b l e m , s u g g e s t e d by M o s t e l l e r and T u k e y ( 1 9 7 7 ) , i s t o 

i t e r a t e . 

The p r o c e d u r e t h e y d e s c r i b e has been a d a p t e d t o t h e t i m e 

s e r i e s p r o b l e m as f o l l o w s . An a n n u a l s m o o t h i n g (moving window o f 

w i d t h one y e a r ) i s a p p l i e d t o t h e t i m e s e r i e s and t h e f i r s t t h r e e 

s e a s o n a l h a r m o n i c s ( p e r i o d one y e a r , o n e - h a l f y e a r and o n e - t h i r d 

y e a r ) a r e l e a s t - s q u a r e s f i t t e d t o t h e r e s i d u a l s . The r e s i d u a l s 

f r o m t h e s e a s o n a l f i t a r e t h e n added back t o t h e a n n u a l smooth 

and r e - s m o o t h e d ; t h e r e s u l t i n g r e s i d u a l s a r e added back t o t h e 

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

p r o c e d u r e i s r e p e a t e d u n t i l no f u r t h e r change o c c u r s i n a n n u a l 

smooth o r s e a s o n a l h a r m o n i c s . (The same f i n a l r e s u l t s a r e of 

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

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

th e f o r m : 

Y ( t ) = Y A ( t ) + Y s ( t ) + e ( t ) 

where Y ^ ( t ) r e p r e s e n t s an a n n u a l e f f e c t , Y s ( t ) a s e a s o n a l e f f e c t 

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

a n n u a l and s e a s o n a l components so a s t o m i n i m i z e t h e sum of 

s q u a r e s o f u n e x p l a i n e d r e s i d u a l s . 

In t h e c a s e of C h i a, t h e f i n a l a n n u a l and s e a s o n a l 

components a c c o u n t e d f o r 19% a n d 12% r e s p e c t i v e l y o f t h e o r i g i n a l 

SSQ a b o u t t h e mean. B e c a u s e of t h e gaps i n t h e t i m e s e r i e s , no 
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attempt has been made t o t e s t f o r s i g n i f i c a n c e of the s e 

components. The e s t i m a t e d s t a n d a r d d e v i a t i o n of r e s i d u a l s i s 

0.12 ug C h i a . l " 1 compared w i t h a s e a s o n a l c y c l e a m p l i t u d e of 0.2 

ug C h i a . l " 1 . T h i s c y c l e a r i s e s almost e n t i r e l y from the second 

h a l f of the time s e r i e s . When the proce d u r e i s a p p l i e d t o the 

p e r i o d s 1964-1968 and 1969-1976 s e p a r a t e l y , the s e a s o n a l c y c l e 

f o r the f i r s t p e r i o d has much lower a m p l i t u d e (0.04 ug C h i a . l " 1 ) 

and e x p l a i n s o n l y 1.5% of the SSQ about the mean ( F i g 1 4 ) . 

C o n c e n t r a t i o n s of C h i b and C h i c, measured a f t e r 1968, 

p o t e n t i a l l y c o n t a i n i n f o r m a t i o n about the taxonomic c o m p o s i t i o n 

of the p h y t o p l a n k t o n . S c a t t e r p l o t s of the r a t i o s C h i b/Chl a 

and C h i c / C h l a a r e g i v e n i n F i g 15. Seaso n a l and annual 

p a t t e r n s were sought among c r u i s e medians of t h e s e r a t i o s u s i n g 

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

found f o r the C h i b/Chl a r a t i o i s of v e r y s m a l l a m p l i t u d e , 

e x p l a i n i n g o n l y 4% of the SSQ about the mean. The annual smooth 

e x p l a i n e d 44% of the SSQ and v a r i e d from a low of 0.28 i n 1969 t o 

a h i g h of 0.83 i n 1975 ( F i g 1 6 ) . 

The s e a s o n a l c y c l e o b t a i n e d f o r C h i c / C h l a ( F i g 17) 

e x p l a i n e d 11% of the SSQ about the mean, w h i l e the annua l smooth 

e x p l a i n e d 30%. The average v a l u e of C h i c / C h l a was 1.6, 

compared w i t h 0.6 f o r C h i b/Chl a, both r a t i o s showing an 

i n c r e a s i n g t r e n d throughout the p e r i o d of o b s e r v a t i o n s . 

3.2.3 Data. 

P r i m a r y p r o d u c t i v i t y has been r o u t i n e l y measured a t 

O.S.P. s i n c e 1964. I n c u b a t i o n s were u s u a l l y c o nducted from noon 

t o 1800 h ( l o c a l t i m e ) and average uptake r a t e s r e p o r t e d as jug 

C . l ^ . h r " 1 ) . Uptake r a t e s per u n i t C h i a have been c a l c u l a t e d 
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Figure 16. Surface Chi b/Chl a: (a) Cruise medians and annual 

smooth for 1969-76. (b) Seasonal f i t plus residuals 

for 1969-76. 



Figure 17. Surface Chi c/Chl a: (a) Cruise medians and annual 

smooth for 1969-76. (b) Seasonal f i t plus residuals 

f o r 1969-76. 



79 

u s i n g the c o i n c i d e n t measurements of C h i a and w i l l be r e f e r r e d 

t o here by the symbol P. V a l u e s of t h i s r a t i o f o r a l l s u r f a c e 

samples, denoted by P(0) (ug C.ug C h i a _ 1 . h r _ 1 ) , are p l o t t e d i n 

F i g 18. I t can be seen t h e r e t h a t the s c a t t e r i n P(0) i n c r e a s e s 

markedly a f t e r 1968. A number of anomalous v a l u e s ( f o r example, 

21 pg C.pg C h i a ^ . h r " 1 on 13th December, 1970, which saw a d a i l y 

t o t a l of 20 l y s o l a r r a d i a t i o n ) a l s o appear i n the second h a l f of 

the time s e r i e s . H i s t o g r a m s of the f r e q u e n c y d i s t r i b u t i o n of 

P ( 0 ) , s q u a r e - r o o t s c a l e d t o reduce skewness, f o r the p e r i o d s 

1964-1968 and 1969-1976 are p l o t t e d i n F i g 19. W h i l e the h i g h 

v a l u e s a r e most i m p r e s s i v e i n the second h a l f of F i g 18, the 

h i s t o g r a m r e v e a l s a l a r g e number of v e r y low v a l u e s from 1969 on, 

and a tendency f o r the g a u s s i a n - s h a p e d d i s t r i b u t i o n f o r 1964-1968 

t o become almost u n i f o r m i n 1969-1976. 

S e a s o n a l and a n n u a l p a t t e r n s based on c r u i s e medians of P(0) 

were e x t r a c t e d u s i n g the p r o c e d u r e d e s c r i b e d above f o r 

c h l o r o p h y l l . The s e a s o n a l p a t t e r n f o r 1964-1968 i s as e x p e c t e d 

w i t h low v a l u e s from December t o March and a broad peak from June 

t o August ( F i g 20a,b). T h i s c y c l e e x p l a i n s 47% of the SSQ about 

the mean, w i t h the a n n u a l smooth e x p l a i n i n g an a d d i t i o n a l 24%. 

The s e a s o n a l c y c l e o b t a i n e d f o r 1969-1976 ( F i g 20c,d) e x p l a i n s 

o n l y 20% of the SSQ about the mean, and the h i g h s t a n d a r d 

d e v i a t i o n of r e s i d u a l s (0.71) i s not s u r p r i s i n g i n view of the 

i n c r e a s e d s c a t t e r noted above. The m i d - w i n t e r peak i n the 

s e a s o n a l c y c l e o b t a i n e d f o r t h i s p e r i o d may w e l l be an a r t i f a c t . 

The s u r f a c e o b s e r v a t i o n s of 1 4 C uptake r a t e s from 1969 t o 1976 

a r e not i n c l u d e d i n the r e m a i n i n g a n a l y s i s because of the 

d i s c r e p a n c i e s a l r e a d y n o t e d , and o t h e r s d i s c u s s e d l a t e r . 
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F i g u r e 18. Surface observations of p r o d u c t i v i t y per u n i t C h i a 

from the weatherships at O.S.P. ( T r i a n g l e s as i n F i g 13.) 
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Figure 19. Frequency histograms for P(0) 

(square-root scaled) : 

(a) 1964-68, 

(b) 1969-76. 
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As n o t e d i n Chapter 1, m a c r o - n u t r i e n t s a r e abundant a t 

O.S.P. and p r i m a r y p r o d u c t i o n i s a p p a r e n t l y l i g h t - l i m i t e d . T o t a l 

d a i l y s o l a r r a d i a t i o n i s measured on the w e a t h e r s h i p s and 

r e p o r t e d i n the Monthly R a d i a t i o n Summary. P h o t o s y n t h e t i c a l l y 

a c t i v e r a d i a t i o n at the s u r f a c e has been c a l c u l a t e d f o l l o w i n g 

Parsons and Anderson (1970) as the minimum of obser v e d t o t a l 

r a d i a t i o n and o n e - h a l f the t h e o r e t i c a l c l e a r sky r a d i a t i o n f o r 

the same day, and i s denoted here by I e . A p l o t of P(0) a g a i n s t 

I c ( F i g 21) su g g e s t s some r e l a t i o n s h i p between P(0) and I 0 

d e s p i t e the l a r g e s c a t t e r . A l i n e a r r e g r e s s i o n of P(0) on I 0 

g i v e s 

P(0) =• 0.81 + 0.003.1 0 , 

the s l o p e b e i n g 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 a t the 5% 

l e v e l , a l t h o u g h the r e g r e s s i o n e x p l a i n s o n l y 14.6% of the t o t a l 

SSQ about the mean. Both P(0) and I 0 t e n d t o be h i g h i n w i n t e r 

and low i n summer so t h a t i t i s not c l e a r how t h i s s t a t i s t i c a l 

r e l a t i o n s h i p s h o u l d be i n t e r p r e t e d . A t tempts t o f i n d a 

c o n s i s t e n t r e l a t i o n s h i p between P(0) and Ia on time s c a l e s 

d i s t i n c t from t h i s s e a s o n a l c o - v a r i a t i o n were not s u c c e s s f u l . 

R e g r e s s i o n s of P(0) on I 0 w i t h i n c r u i s e s y i e l d e d o n l y two out of 

18 s l o p e s 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 a t the 10% l e v e l , 

w i t h 12 out of 18 s l o p e s b e i n g n e g a t i v e . S i m i l a r r e s u l t s were 

o b t a i n e d f o r r e g r e s s i o n s of P(0) on I 0 by month. 

T h i s f a i l u r e t o f i n d a c o n s i s t e n t s h o r t - t e r m e f f e c t of I G on 

P(0) may be p a r t l y due t o the l a r g e s c a t t e r i n o b s e r v a t i o n s , but 

i t can a l s o be ex p e c t e d on t h e o r e t i c a l grounds i n the absence of 
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any s c a t t e r . W h i l e p h y t o p l a n k t o n g r o w t h o v e r t h e mixed l a y e r a s 

a whole may be l i g h t - l i m i t e d , p h o t o - s a t u r a t i o n o r even p h o t o -

i n h i b i t i o n c a n be e x p e c t e d a t t h e s u r f a c e . The i n f o r m a t i o n 

a v a i l a b l e i n d e p t h p r o f i l e s from O.S.P. can p o t e n t i a l l y 

c o n t r i b u t e much more t o an u n d e r s t a n d i n g of t h e l i g h t - d e p e n d e n c e 

of p h y t o p l a n k t o n p r o d u c t i o n t h e r e . 

The p r o f i l e s t a k e n a t O.S.P. c o n s i s t of sam p l e s a t between 

s i x and t w e l v e d e p t h s . The 1 4 C u p t a k e measurements were made a t 

t h e upper s i x d e p t h s , w h i c h , w i t h a few e x c e p t i o n s , b e l o n g e d t o 

one of 3 s t a n d a r d s e t s : (0,2,5,12,25,50m), (0,3,7,15,25,60m) and 

(0,6,10,25,33,75m). Uptake r a t e s were measured u s i n g s i m u l a t e d 

i n - s i t u i n c u b a t i o n s on deck under a s t a n d a r d s e t of mesh l i g h t 

s c r e e n s . The S e c c h i d e p t h (and p r e s u m a b l y t h e e x t i n c t i o n 

c o e f f i c e n t ) a t O.S.P. v a r i e s a s much as t w o - f o l d o r more from 

summer t o w i n t e r ( P a r s o n s , 1 9 6 5 ) . C o n s e q u e n t l y , t h e l i g h t 

i n t e n s i t y a t t h e i n c u b a t e d sample ( u n d e r a s t a n d a r d l i g h t s c r e e n ) 

need n o t c o i n c i d e w i t h t h e l i g h t i n t e n s i t y a t t h e ( s t a n d a r d ) 

d e p t h f r o m w h i c h t h e sample was t a k e n . In f a c t , t h e i r r a t i o c a n 

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

T h i s means t h a t d i r e c t d e p t h - i n t e g r a t i o n of p r o f i l e s t o o b t a i n 

t o t a l p r o d u c t i o n under 1 m2 i s n o t v a l i d . 

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

between p h o t o s y n t h e s i s and l i g h t i n t e n s i t y as f o l l o w s . The 

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

s u r f a c e l i g h t i n t e n s i t y , a r e known. The p r o f i l e c a n t h e n be 

r e g a r d e d a s a s i n g l e P vs I e x p e r i m e n t , d i s r e g a r d i n g t h e s t a t e d 

d e p t h s e x c e p t as an i n d e x t o t h e c o r r e s p o n d i n g s c r e e n . T h i s 

r e q u i r e s t h e s t r o n g a s s u m p t i o n t h a t t h e p h y t o p l a n k t o n p o p u l a t i o n 
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i s homogeneous w i t h d e p t h , or a t l e a s t t h a t the r e l a t i o n s h i p 

between p r o d u c t i o n per u n i t C h i a and l i g h t i n t e n s i t y i s 

independent of dep t h . T h i s seems p l a u s i b l e i n l a t e - f a l l , w i n t e r 

and s p r i n g when the mixed l a y e r extends below the deepest 1 4 C 

sample. However, i n the l a t e summer and e a r l y f a l l , when the 

s e a s o n a l t h e r m o c l i n e i s s h a l l o w e s t , a d i s t i n c t shade-adapted 

p o p u l a t i o n can be ex p e c t e d below the t h e r m o c l i n e , and r e s u l t s 

o b t a i n e d under the assumption of v e r t i c a l homogeneity must be 

regarde d w i t h s u s p i c i o n . 

Each p r o f i l e from O.S.P. has been used here t o e s t i m a t e 

parameters i n a f o r m u l a f o r the l i g h t - d e p e n d e n c e of 

p h o t o s y n t h e s i s . There a r e a number of form u l a e of t h i s type i n 

the l i t e r a t u r e ( f o r a r e v i e w , see J a s s b y and P i a t t , 1 9 7 6 ) , r a n g i n g 

from the s i m p l e t o the complex (eg Banni s t e r , 1979.) . A s i m p l e 

v e r s i o n of t h a t proposed by S t e e l e (1962): 

P = oc.i . e x p ( - I / I M A X ) 3.1 

has been used h e r e . T h i s e q u a t i o n has been s a t i s f a c t o r i l y f i t t e d 

t o o t h e r s e t s of f i e l d o b s e r v a t i o n s i n v o l v i n g p h o t o - i n h i b i t i o n 

(Hameedi,1977; Chan,pers comm). Other fo r m u l a e have been found 

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

( J a s s b y and P i a t t , 1 9 7 6 ) , but t h e s e r e q u i r e t h r e e parameters t o 

account f o r p h o t o - i n h i b i t i o n , and f i t t i n g more than two 

parameters t o the s i x o b s e r v a t i o n s i n each p r o f i l e seems unwise, 

to say the l e a s t . The t h e o r y proposed by S t e e l e ( 1 9 6 2 ) f o r the 

s e a s o n a l v a r i a t i o n of parameters i n e q u a t i o n 3.1 and t h e i r 

i n t e r p r e t a t i o n i n terms of l i g h t a d a p t a t i o n and cha n g i n g 



88 

c a r b o n : c h l o r o p h y l l r a t i o s w i l l a l s o prove u s e f u l . 

E q u a t i o n 3.1 i s used here t o p r e d i c t d a i l y uptake r a t e s on 

the b a s i s of d a i l y r a d i a t i o n t o t a l s . The e q u a t i o n was f i r s t 

p r oposed f o r i n s t a n t a n e o u s r a t e s , but i t was shown t o be 

a p p l i c a b l e t o d a i l y t o t a l s on the b a s i s of an i d e a l i s e d d i u r n a l 

v a r i a t i o n i n l i g h t i n t e n s i t y ( S t e e l e , 1 9 6 2 ) . As noted e a r l i e r , 

i n c u b a t i o n s a t O.S.P. were u s u a l l y made from 1200 t o 1800 hr 

l o c a l time and average 1*C uptake r a t e s per hour over the 

•in c u b a t i o n p e r i o d were r e p o r t e d . These have been m u l t i p l i e d by 

12 t o g i v e a crude e s t i m a t e of d a i l y uptake. Where the 

i n c u b a t i o n p e r i o d i n c l u d e s dusk, t h i s p rocedure i s most 

r e a s o n a b l e . Where i t does n o t , d a i l y uptake i s u n d e r e s t i m a t e d by 

a s m a l l undetermined amount. Other s o u r c e s of e r r o r , such as 

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

a f t e r n o o n d e p r e s s i o n ( Y e n t s c h and R y t h e r , 1 9 5 7 ; M c A l l i s t e r , 1 9 6 3 ) 

may be more i m p o r t a n t . 

To f i t e q u a t i o n 3.1 t o the p r o f i l e s , i t was r e w r i t t e n as 

Pj = 0C.I o . t r , . e x p ( - I D . t r ; / I M A X ) 

where P; i s the uptake r a t e per u n i t C h i a a t depth i , I 0 the 

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

the f i l t e r used f o r depth i . The q u a n t i t i e s A = <x.I0 and B = 

I0/IM>»X were e s t i m a t e d f o r each p r o f i l e and t h e i r dependence on 

I 0 c o n s i d e r e d l a t e r . I f e r r o r s i n P; were l o g - n o r m a l l y 

d i s t r i b u t e d , the s t a t i s t i c a l model c o u l d be w r i t t e n as : 

l n ( P ; ) = l n ( A ) + l n ( t r j ) - B . t r ; + e; (e ; i . i . d . N(0,a 2) ) 
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r e s u l t i n g i n a c o n v e n i e n t l i n e a r r e g r e s s i o n f o r l n ( A ) and B. 

T h i s was t r i e d but i t was f o u n d t h a t deep (low l i g h t i n t e n s i t y ) 

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

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

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

e n t i r e l y . The o b s e r v a t i o n e r r o r does not d e c r e a s e q u i c k l y enough 

w i t h t h e mean t o be l o g - n o r m a l . 

When a n o n - l i n e a r l e a s t - s q u a r e s f i t t o t h e raw d a t a was 

t r i e d , i t was f o u n d t h a t s h a l l o w ( h i g h l i g h t i n t e n s i t y ) 

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

SSQ o f r e s i d u a l s , and, e s p e c i a l l y where s u r f a c e i n h i b i t i o n was 

e x a g g e r a t e d , deep o b s e r v a t i o n s were i g n o r e d . A t h i r d a t t e m p t was 

made, a g a i n u s i n g t h e n o n - l i n e a r l e a s t - s q u a r e s a p p r o a c h , b u t 

f i r s t s q u a r e - r o o t s c a l i n g t h e o r i g i n a l P; . T h i s s c a l i n g i s u s e d 

t o n o r m a l i z e o b s e r v a t i o n s from a P o i s s o n d i s t r i b u t i o n 

( B a r n e s , 1 9 5 2 ) , but was u s e d h e r e as an e m p i r i c a l measure w h i c h 

r e s u l t e d i n e q u a l w e i g h t b e i n g a t t a c h e d t o s h a l l o w and deep 

o b s e r v a t i o n s ( c f F i g 1 9 a ) . 

As a c h e c k on p a r a m e t e r e s t i m a t e s o b t a i n e d u s i n g S t e e l e ' s 

e q u a t i o n ( 1 ) , an ad-hoc p r o c e d u r e was a l s o u s e d . A s t r a i g h t l i n e 

was f i t t e d t h r o u g h t h e t h r e e d e e p e s t o b s e r v a t i o n s and t h e o r i g i n 

t o e s t i m a t e A. O b s e r v a t i o n s a t s u c c e s s i v e l y s h a l l o w e r d e p t h s 

were t h e n i n c l u d e d , b u t u n l e s s t h i s r e s u l t e d i n a h i g h e r e s t i m a t e 

o f A, t h e o r i g i n a l e s t i m a t e was r e t a i n e d . The h i g h e s t o b s e r v e d 

P ; , d e n o t e d by P M A X , was a l s o n o t e d f o r e a c h p r o f i l e . 

The p a r a m e t e r oc r e p r e s e n t s a p h o t o s y n t h e t i c e f f i c i e n c y , 

h a v i n g u n i t s o f mg C.mg C h i a _ 1 . l y " 1 , and has been measured on 

many o c c a s i o n s . E a r l y v a l u e s a r e g i v e n i n terms of l u x - h r r a t h e r 
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than l y and c o n v e r s i o n can be p r o b l e m a t i c a l . S t e e l e ( 1 9 6 2 ) 

proposed a u n i v e r s a l v a l u e of 4.10" 4 mg C.mg C h i a ^ . l u x - h r " 1 or 

.48 mg C.mg C h i a ^ . l y 1 . Steeman N i e l s e n ( 1 9 7 8 ) suggests t h a t a 

v a l u e of 0.5 mg C.mg C h l a ^ . l y 1 may be assumed f o r most 

p h y t o p l a n k t o n . On the o t h e r hand, a t h e o r e t i c a l maximum of 2 mg 

C.mg C h i a ^ . l y 1 i s proposed by B a n n i s t e r ( 1 9 7 4 ) , and h i g h 

v a l u e s , g r e a t e r than lmg C.mg C h i a ^ . l y 1 , have been r e p o r t e d 

f o r l a b o r a t o r y p o p u l a t i o n s (Chan,1978), and i n the f i e l d 

(Hameedi,1977) . 

A p l o t of A ( e s t i m a t e d u s i n g the ad hoc p r o c e d u r e ) v e r s u s I 

f o r the p e r i o d 1964-1968 i s g i v e n i n F i g 22. The l i n e drawn i s 

the b e s t f i t t o a s t r a i g h t l i n e t h r o u g h the o r i g i n ; i t has a 

s l o p e c o r r e s p o n d i n g t o ot = 0.25 mg C.mg C h i a " 1 . l y 1 . The 

e s t i m a t e s of A o b t a i n e d u s i n g e q u a t i o n 3.1 y i e l d e d a s i m i l a r 

p l o t , w i t h od=0.34 mg C.mg C h i a'1.ly'1. Because of the 

c o n s i d e r a b l e s c a t t e r , the 95% c o n f i d e n c e l i m i t s f o r each v a l u e 

i n c l u d e s the o t h e r . 

An e q u i v a l e n t p l o t f o r the p e r i o d 1969-1976 showed no 
A 

r e l a t i o n s h i p a t a l l between A and I„ . The reason f o r t h i s 

q u i c k l y became apparent on i n s p e c t i o n of i n d i v i d u a l p r o f i l e s . In 

F i g 23, 10 randomly s e l e c t e d p r o f i l e s of P; v e r s u s depth a r e 

g i v e n f o r t h e p e r i o d s 1964-1968 and 1969-1976. Stephens(1977) 

has e x p r e s s e d r e s e r v a t i o n s c o n c e r n i n g some of the 1 4 C 

o b s e r v a t i o n s a f t e r 1969. In view of the i n c r e a s e d s c a t t e r and 

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

e a r l i e r , and the i n c o h e r e n t p a t t e r n of P w i t h depth as shown i n 

F i g 23, a l l 1 4 C o b s e r v a t i o n s a f t e r 1969 have been i g n o r e d and the 

r e m a i n i n g d i s c u s s i o n a p p l i e s o n l y t o the p e r i o d 1964-68. T h i s 
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F i g u r e 22. S c a t t e r p l o t of A v s I f o r 1964-68. ( L i n e 

drawn i s l e a s t - s q u a r e s f i t t h r o u g h o r i g i n . ) 



92 

ioo i i I r I 
(b) 

Figure 23. Depth profiles of P for (a) 1964-68 and (b) 1969-76. 

(Straight-line segments connect observations.) 
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reduces the number of p r o f i l e s from 200 t o 45 and s e v e r e l y 

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

examining s e a s o n a l p a t t e r n s and a n n u a l a n o m a l i e s . 

Rather than p l o t % vs I 0 and e s t i m a t e a s i n g l e mean v a l u e of 

cx , an e s t i m a t e <X = A / I 0 can be c a l c u l a t e d f o r each p r o f i l e . A 
A 

p l o t of monthly means of oc ( F i g 24) suggests a s t r o n g s e a s o n a l 

p a t t e r n i n oc w i t h a maximum i n w i n t e r and minimum i n summer. In 

l a b o r a t o r y e x p e r i m e n t s , cx has been found t o v a r y w i t h 

p h y t o p l a n k t o n c o m p o s i t i o n and w i t h e n v i r o n m e n t a l c o n d i t i o n s such 

as t e m p e r a t u r e , n u t r i e n t s and l i g h t q u a l i t y ( P a rsons e_t a l , 

1977). The low v a l u e s i n August and September must be viewed 

w i t h some s u s p i c i o n as the t h e r m o c l i n e i s s h a l l o w a t t h i s time 

and the assumption of v e r t i c a l homogeneity of the p h y t o p l a n k t o n 

may be v i o l a t e d . Even d i s c o u n t i n g these v e r y low v a l u e s , the 

r e m a i n i n g monthly means ar e l e s s than or e q u a l t o Steeman 

N i e l s e n ' s v a l u e of 0.5 mg C.mg C h i a ~ x . l y _ 1 which i s i n t u r n low 

compared w i t h o t h e r r e c e n t o b s e r v a t i o n s mentioned above. 

The i n t e r p r e t a t i o n of e s t i m a t e s of B i s not as 
A 

s t r a i g h t f o r w a r d . I f I M A x was c o n s t a n t , a p l o t of B vs I s h o u l d 

show a l i n e a r r e l a t i o n . However, Stee'le(1962) quotes a number of 

s t u d i e s i n which I M A x was found t o c o - v a r y w i t h I c so t h a t 

MAX l a y between 2 and 3. S t e e l e and B a i r d ( 1 9 6 1 ) found lower 

v a l u e s of t h i s r a t i o , between 1 and 2, i n the N o r t h Sea i n 

summer. In a t h e o r e t i c a l d i s c u s s i o n , S t e e l e ( 1 9 6 2 ) a t t r i b u t e d 

t h i s c o - v a r i a t i o n t o l i g h t a d a p t a t i o n by p h y t o p l a n k t o n t o 

s e a s o n a l l i g h t i n t e n s i t y t h r ough changes i n the 

c a r b o n : c h l o r o p h y l l r a t i o , and used a f i x e d v a l u e f o r I„/I M Ax of 

2. 



F i g u r e 24. M o n t h l y a v e r a g e s o f OL. ( L i n e f i t t e d b y eye.) 
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Estimates of B are p l o t t e d a g a i n s t I 0 i n F i g 25. While 

there i s no suggestion of a l i n e a r r e l a t i o n between B and I 0 , as 

would be expected i f I M A x was const a n t , the s c a t t e r i s ra t h e r 

l a r g e to d e s c r i b e B as constant. The average value of B, 1.2, 

l i e s i n the range suggested by S t e e l e and Baird(1961) and i s 

lower than values r e p o r t e d in other r e f e r e n c e s quoted i n 

St e e l e ( 1 9 6 2 ) . 

Theory suggests that the s c a t t e r i n F i g 25 might be 

e x p l a i n e d by a more c a r e f u l c o n s i d e r a t i o n of the time-course of 

l i g h t a d a p t a t i o n . I t i s u n l i k e l y that phytoplankton can maintain 

a constant r a t i o of I 0 / I M A X , s i n c e t h i s r e q u i r e s instantaneous 

a d a p t a t i o n to changing l i g h t i n t e n s i t y . C e l l s c o u l d adapt to 

seasonal l i g h t i n t e n s i t i e s (Steele,1962) through some long-term 

averaging response. A seasonal average l i g h t i n t e n s i t y , I s ( t ) , 

was c a l c u l a t e d using a running average with a window of width 20 

days. Estimates of the seasonal a d a p t a t i o n parameter, B s, given 
A A 

by B s = I S / I ^ x = B . I S / I 0 , showed no l e s s - s c a t t e r than estimates 

of B i t s e l f . L i g h t a d a p t a t i o n through changes i n C:Chl a r a t i o s 

has been r e p o r t e d to occur on time s c a l e s of a few days (Steeman 

N i e l s e n and Park,1964). A simple model f o r l i g h t - a d a p t a t i o n on 

these time s c a l e s would allow the parameter I M A ) < to vary as a 

l i n e a r combination of r a d i a t i o n on the preceding days. Such a 

model was f i t t e d to the p r o f i l e r e s u l t s as a l i n e a r r e g r e s s i o n i n 

the form: 

1/B(t) = W / I 0 ( t ) = b 0 + b 4 , I 0 ( t - l ) / I 0 (t) + bs . I 0 (t-2)/l 0 (t) 

+ b 3 . I 0 (t-3)/l 0 (t) , 
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Figure 25. S c a t t e r p l o t o f B v s I Q f o r 1964-68. 
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but t h i s d i d not produce a s i g n i f i c a n t r e d u c t i o n i n the v a r i a n c e 

of 1/B. 

In F i g 26, a p l o t of P M A X v e r s u s I 0 i s g i v e n . Under 

i n s t a n t a n e o u s a d a p t a t i o n ( I 0 / l M A x c o n s t a n t ) , P̂AX s h o u l d i n c r e a s e 

l i n e a r l y w i t h I 0 . The l i n e i n F i g 26 r e p r e s e n t s the best f i t t o 

a s t r a i g h t l i n e t h r o u g h the o r i g i n and has a s l o p e of 0.01 ± 

0.001, c o r r e s p o n d i n g t o an average v a l u e f o r I 0 / I M A x between 0.9 

and 1.2, c o n s i s t e n t w i t h the average v a l u e o b t a i n e d by f i t t i n g 

e q u a t i o n 3.1 t o p r o f i l e s . I t i s i n t e r e s t i n g t h a t the p o i n t s i n 

F i g 26 a t low l i g h t i n t e n s i t i e s ( l e s s than 120 l y / d a y ) tend t o 

l i e above t h i s l i n e t h r ough the o r i g i n . T h i s i s c o n s i s t e n t w i t h 

the e x i s t e n c e of a lower l i m i t t o l i g h t a d a p t a t i o n ; t h a t i s , a 

minimum v a l u e of I M A X , and a c c o r d i n g t o S t e e l e ( 1 9 6 2 ) a minimum 

C:Chl a - r a t i o , which i s enc o u n t e r e d a t the s e l i g h t i n t e n s i t i e s . 

The r e s u l t s o b t a i n e d from a n a l y s i s of 1 4 C p r o f i l e s a t 

O.S.P. can t h e r e f o r e be summarised as f o l l o w s . P h o t o s y n t h e t i c 

e f f i c i e n c y oc i s low a t O.S.P. , w i t h a s e a s o n a l c y c l e r a n g i n g 

from about 0.45 mg C.mg C h i a ^ . l y " 1 from October t o A p r i l t o 0.3 

mg C.mg C h i a ^ . l y " 1 or l e s s from May t o September. There i s 

r e a s o n a b l e e v i d e n c e of a d a p t a t i o n t o l i g h t i n t e n s i t y w i t h an 

i n c r e a s e i n I M A X and P M A X w i t h i n c r e a s i n g I„ , a l t h o u g h the d a t a 

a r e not s u f f i c i e n t t o d i s t i n g u i s h amongst ' i n s t a n t a n e o u s ' , s h o r t -

term or l o n g - t e r m a d a p t a t i o n t o changes i n s o l a r i r r a d i a n c e . 

Some of the s c a t t e r i n F i g 25 can be e x p l a i n e d by a l l o w i n g 
A 

the r a t i o I M A x / I o t o v a r y s e a s o n a l l y . Monthly averages of B and 
A 

Bs a r e p l o t t e d i n F i g 27. Both show the same s e a s o n a l t r e n d . 

The h i g h v a l u e s i n F e b r u a r y t o May agree r o u g h l y w i t h S t e e l e ' s 

f i g u r e of 2.0. T h i s i s a p e r i o d of deep mixed l a y e r s and 
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i n c r e a s i n g l i g h t i n t e n s i t y . Throughout the remainder of the 

y e a r , monthly averages of B a r e low and c o r r e s p o n d t o maximum 

growth a t or near the s u r f a c e . The v e r y low v a l u e s i n August and 

September may a g a i n be due t o the breakdown of the assumption of 

v e r t i c a l homogeneity. 

In view of the low number of p r o f i l e s c o n s i d e r e d and the 

u n e x p l a i n e d s c a t t e r i n e s t i m a t e s of OL and B, t h e s e s e a s o n a l 

c y c l e s i n oc and B must be r e g a r d e d as b e i n g suggested r a t h e r than 

c o n f i r m e d by the d a t a . The h i g h s c a t t e r , t o g e t h e r w i t h the s i x 

week gaps i n the s a m p l i n g regime d u r i n g 1964 t o 1968, has a l s o 

p r e v e n t e d a s e a r c h f o r annual v a r i a t i o n i n t h e s e p a r a m e t e r s . The 

l o s s of the 1 4 C d a t a from 1969-1976 has been a c o n s i d e r a b l e 

h a n d i c a p i n t h e s e r e s p e c t s . 

3.2.4 N i t r a t e Data. 

N i t r a t e c o n c e n t r a t i o n s i n b o t h s u r f a c e and deep samples were 

r e c o r d e d a f t e r 1966. The f r e q u e n c y of o b s e r v a t i o n s i s low d u r i n g 

1966-1968 and i n c r e a s e s s u b s t a n t i a l l y t h e r e a f t e r ( F i g 2 8 ) . 

S e a s o n a l and a n n u a l summaries were c a l c u l a t e d as f o r o t h e r 

v a r i a b l e s and are g i v e n i n F i g 29. The annual smooth and 

s e a s o n a l c y c l e remove 42% and 37% r e s p e c t i v e l y of the t o t a l SSQ 

about the mean. The s t a n d a r d d e v i a t i o n of r e s i d u a l s i s 2.1 jug 

a t . l " 1 compared w i t h a s e a s o n a l c y c l e r a n g i n g from 7 t o 15 ug 

a t . l " 1 . 

In a d d i t i o n , average n i t r a t e v a l u e s i n the depth ranges 0-

20,20-40,40-80, 80-130 and 130-200 m were c a l c u l a t e d f o r each 

p r o f i l e and the annual smooth and average s e a s o n a l c y c l e 

e x t r a c t e d ( u s i n g i n d i v i d u a l p r o f i l e s r a t h e r than c r u i s e medians) 

f o r each depth range. The r e s u l t i n g s e a s o n a l c y c l e s and the 
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a n n u a l smooths are p l o t t e d i n F i g 30. The s e a s o n a l c y c l e s f o r 0-

20m and 20-40m are both s i m i l a r t o t h a t o b t a i n e d f o r s u r f a c e 

samples and a l l can be e x p l a i n e d as a r e s u l t of uptake by 

p h y t o p l a n k t o n d u r i n g s p r i n g and summer, w i t h a minimum o c c u r r i n g 

about the time of maximum s t a b i l i s a t i o n of the water column. The 

f i r s t change i n s e a s o n a l c y c l e w i t h depth comes a t 40-80m and i s 

q u i t e i n t e r e s t i n g . A s m a l l d e c l i n e i n n i t r a t e c o n c e n t r a t i o n 

o c c u r s i n s p r i n g and e a r l y summer, but as the t h e r m o c l i n e 

s h a l l o w s t o above 40m, an i n c r e a s e i n n i t r a t e c o n c e n t r a t i o n 

o c c u r s . T h i s i s presumably due t o a c o m b i n a t i o n of reduced 

n i t r a t e uptake ( p h y t o p l a n k t o n a t the s e depths a r e no l o n g e r mixed 

upward i n t o r e g i o n s of h i g h l i g h t i n t e n s i t y ) , v e r t i c a l m i x i n g 

from below and p o s s i b l y r e c y c l i n g . 

The s e a s o n a l c y c l e s f o r the t h r e e upper depth ranges e x p l a i n 

41%, 33% and 8% r e s p e c t i v e l y of the t o t a l SSQ about the means. 

The s e a s o n a l c y c l e a t 80-130m e x p l a i n s o n l y 6% of the SSQ; the 

p r i n c i p a l i n t e r p r e t a b l e f e a t u r e i n the c y c l e i s the minimum i n 

Fe b r u a r y and March, the time of maximum mixed l a y e r d e p t h , when 

n u t r i e n t d e p l e t e d water from the p r e v i o u s summer i s mixed t o 

thes e d e p t h s . The s e a s o n a l c y c l e at-130-200m e x p l a i n s o n l y 3% of 

the t o t a l SSQ w h i l e the an n u a l smooth e x p l a i n s 49%. The 

c o n s i d e r a b l e v a r i a t i o n i n n i t r a t e c o n c e n t r a t i o n a t t h e s e depths 

i s not of a s e a s o n a l n a t u r e and presumably r e f l e c t s the passage 

of l a r g e water masses w i t h d i f f e r e n t n u t r i e n t h i s t o r i e s p a s t the 

s t a t i o n . 

3.2.5 N i t r a t e C o n c e n t r a t i o n and P r o d u c t i o n . 

The average s e a s o n a l c y c l e i n n i t r a t e c o n c e n t r a t i o n a t the 

s u r f a c e has a minimum of 7 jug a t . l - 1 but lower v a l u e s of 2.7, 1.9 
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Figure 30. Ni t r a t e concentrations (mg at.m J) from depth 

p r o f i l e s . Layer averages and annual smooths, 

seasonal f i t s plus residuals. 

(a) 0 - 20m. 

(b) 20 - 40m. 

(c) 40 - 80m. 

(d) 80 - 130m. 

(e) 130 - 200m. 
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Figure 30a. 











I l l 

and 1.1 jug a t . l " 1 were obser v e d t o depths of 50 t o 75 m. V a l u e s 

r e p o r t e d from n u t r i e n t - d e p l e t e d waters a r e u s u a l l y l e s s than 1 

y j g a t . l " 1 (McCarthy and Goldman,1978) and even the lower v a l u e s 

from O.S.P. would not n o r m a l l y be c o n s i d e r e d t o l i m i t 

p h y t o p l a n k t o n growth. The p o s s i b i l i t y remains t h a t p h y t o p l a n k t o n 

at O.S.P. have u n u s u a l l y h i g h h a l f - s a t u r a t i o n c o n s t a n t s f o r 

growth and t h i s would a f f e c t g r e a t l y the t r e a t m e n t of 

p h y t o p l a n k t o n - z o o p l a n k t o n i n t e r a c t i o n s . 

The time s e r i e s a v a i l a b l e here a re not s u i t e d t o t e s t i n g f o r 

n u t r i e n t dependence of p h o t o s y n t h e s i s . However, i n the absence 

of e x p e r i m e n t a l e v i d e n c e c o n c e r n i n g n u t r i e n t uptake k i n e t i c s at 

O.S.P. , a check was made f o r u n u s u a l l y low v a l u e s of P(0) a t 

these t i m e s -of low n u t r i e n t c o n c e n t r a t i o n . To a v o i d c o n f u s i o n 

w i t h e f f e c t of l i g h t i n t e n s i t y , v a l u e s of P(0) over the p e r i o d 

May t o October were p l o t t e d a g a i n s t n i t r a t e c o n c e n t r a t i o n . There 

i s no e v i d e n c e of any dec r e a s e i n P(0) a t low n i t r a t e 

c o n c e n t r a t i o n s ( F i g 3 1 ) . A g a i n , these r e s u l t s must be taken as 

s u g g e s t i v e o n l y . The s c a t t e r i n F i g 31 i s l a r g e enough t o mask 

any s l i g h t downward t r e n d a t low n i t r a t e c o n c e n t r a t i o n s so t h a t 

v a l u e s of a h a l f - s a t u r a t i o n c o n s t a n t between 0.1 and 2 jjg a t . l " 1 

would p r o b a b l y not be d i s t i n g u i s h e d . A second r e s e r v a t i o n i s 

that,- i f c e l l s responded t o n u t r i e n t l i m i t a t i o n by i n c r e a s i n g 

t h e i r C:Chl a r a t i o ( S t e e l e , 1 9 6 2 ; A n t i a et a l ,1963), a de c r e a s e 

i n growth r a t e might not be r e f l e c t e d i n d e c r e a s e d P ( 0 ) . 

3.3 A P h y t o p l a n k t o n Growth Model. 

3.3.1 I n t r o d u c t i o n . 

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



0 5 10 15 
NITRATE (MG RT/MXX3) 

Figure 31. P(0) vs low surface nitrate values, May to October, 

1964-68. 
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the l i t e r a t u r e where n e c e s s a r y , w i l l now be used t o c o n s t r u c t a 

model of p h y t o p l a n k t o n growth a t O.S.P. which can be d r i v e n by 

time s e r i e s of o b s e r v a t i o n s of p h y s i c a l v a r i a b l e s . A s i m p l e 

study of the s e a s o n a l c y c l e of net p r i m a r y p r o d u c t i o n a t 

O.S.P. has appeared p r e v i o u s l y ( M c A l l i s t e r , 1 9 6 9 ) , but a more 

s o p h i s t i c a t e d approach, f o l l o w i n g the example of S t e e l e ( 1 9 7 4 ) and 

Jamart et a l ( 1 9 7 7 ) , i s i n t e n d e d h e r e . 

3.3.2 P h y s i c a l S t r u c t u r e and D r i v i n g V a r i a b l e s . 

Based on the arguments p r e s e n t e d i n Chapter 1, p h y t o p l a n k t o n 

s t a t e v a r i a b l e s w i l l be t r e a t e d as f u n c t i o n s of time t and depth 

z but not h o r i z o n t a l p o s i t i o n ; t h a t i s , a water column 1 metre 

square w i l l be m o d e l l e d . The v e r t i c a l d i s t r i b u t i o n of 

p h y t o p l a n k t o n w i l l be de t e r m i n e d by the depth-dependent p r o c e s s e s 

of growth and g r a z i n g as w e l l as v e r t i c a l m i x i n g . The s e a s o n a l 

changes i n the p h y s i c a l s t r u c t u r e of the water column are 

reviewed here as background t o the m o d e l l i n g of v e r t i c a l m i x i n g 

of p h y t o p l a n k t o n . 

The mixed l a y e r i s deepest ( g r e a t e r than 100m) i n March, a t 

the end of the p e r i o d of net heat l o s s . The f o r m a t i o n and 

maintenance of the s e a s o n a l t h e r m o c l i n e i n subsequent months 

o c c u r s t h r o u g h the a l t e r n a t i o n of p e r i o d s of calm, sunny weather 

which produce s h a l l o w , t r a n s i e n t t h e r m o c l i n e s , w i t h p e r i o d s of 

h i g h wind a c t i o n d u r i n g which t h e s e t r a n s i e n t s t r u c t u r e s a r e 

mixed downward t o s t r e n g t h e n the s e a s o n a l t h e r m o c l i n e 

(Denman,1972). The l a t t e r s h a l l o w s t h r o u g h the p e r i o d of net 

heat g a i n t o rea c h a minimum of about 30m i n August t o September. 

I t i s then eroded d u r i n g the p e r i o d of net heat l o s s , b o t h by 

c o n v e c t i o n a l o v e r t u r n and by wind m i x i n g . 
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T h e r e a r e two c o n v e n t i o n a l ways t o r e p r e s e n t v e r t i c a l m i x i n g 

i n a p h y t o p l a n k t o n m o d e l . I t c a n be r e p r e s e n t e d as a d i f f u s i o n 

p r o c e s s , a s i n J a m a r t e t a_l ( 1 9 7 7 ) , w i t h d i f f u s i o n r a t e s 

d e p e n d e n t on d e p t h and t i m e , h i g h r a t e s b e i n g assumed above t h e 

t h e r m o c l i n e and l o w e r r a t e s w i t h i n and below i t . The r e s u l t i n g 

p a r t i a l d i f f e r e n t i a l e q u a t i o n f o r p h y t o p l a n k t o n c o n c e n t r a t i o n as 

a f u n c t i o n o f d e p t h and t i m e can be s o l v e d n u m e r i c a l l y . A 

s i m p l e r a p p r o a c h i s t o r e g a r d t h e m i x e d l a y e r above t h e 

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

m i x i n g overwhelms d e p t h - v a r y i n g b i o l o g i c a l p r o c e s s e s (eg 

S t e e l e , 1 9 7 4 ) . 

I t i s c l e a r from t h e above r e v i e w t h a t n e i t h e r a p p r o a c h i s 

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

and t h e f o r m a t i o n and breakdown o f t r a n s i e n t t h e r m o c l i n e s mean 

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

l a y e r c a n o n l y be r e g a r d e d as a p p r o x i m a t i o n s . , w h i c h may be 

s a t i s f a c t o r y on l o n g e r t i m e s c a l e s , but a r e c e r t a i n l y i n a c c u r a t e 

on a day t o day b a s i s . I t a l s o seems u n l i k e l y t h a t t h e p r o c e s s 

of c o n v e c t i v e o v e r t u r n i n f a l l o r w i n t e r w i l l be a c c u r a t e l y 

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

r e a s o n t o b e l i e v e t h a t t h e d i f f u s i o n r e p r e s e n t a t i o n i s more 

a c c u r a t e , t h e s i m p l e r u n i f o r m m i x e d - l a y e r model i s u s e d h e r e . 

(The f a c t t h a t a l m o s t a l l C h i a p r o f i l e s f r o m O.S.P. show no 

s i g n i f i c a n t v e r t i c a l v a r i a t i o n w i t h i n t h e m i x e d l a y e r can be 

t a k e n a s e m p i r i c a l s u p p o r t f o r t h e s i m p l e r a p p r o a c h ) . 

The t o p 150m of t h e w ater column i s r e p r e s e n t e d i n t h e 

m o d e l . T h i s i n c l u d e s a m i x e d l a y e r o f d e p t h z M ( t ) w i t h i n w h i c h 

p h y t o p l a n k t o n c o n c e n t r a t i o n w i l l be assumed t o be i n d e p e n d e n t o f 
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d e p t h . S i n c e z M v a r i e s over t i m e , the c o n c e n t r a t i o n below the 

mixed l a y e r as a f u n c t i o n of depth must be m o d e l l e d . In the 

model, p h y t o p l a n k t o n c o n c e n t r a t i o n C ( z , t ) i s r e p r e s e n t e d by the 

v a l u e s C ( z i , t ) , i=1...30, i n 5m t h i c k l a y e r s . (The nominal 

depths z; a r e a r b i t r a r i l y t a ken a t the m i d p o i n t s of t h e i r 

r e s p e c t i v e l a y e r s . ) The mixed l a y e r depth i s g i v e n t o the n e a r e s t 

5m and c o n c e n t r a t i o n s C ( z , , t ) f o r z-, l e s s than z M ( t ) are s e t 

e q u a l a t each d a i l y s t e p . When z M i n c r e a s e s from one day t o the 

n e x t , the l a y e r s above the new mixed l a y e r depth are averaged. 

In view of the slow changes i n s a l i n i t y and n u t r i e n t 

c o n c e n t r a t i o n s below the s e a s o n a l t h e r m o c l i n e , i t can be assumed 

t h a t m i x i n g r a t e s t h e r e a r e v e r y low. For s i m p l i c i t y , i t i s 

assumed here t h a t l o c a l depth-dependent p r o c e s s e s of growth and 

g r a z i n g dominate the e f f e c t s of m i x i n g below the t h e r m o c l i n e ; the. 

5m l a y e r s t h e r e are l e f t unconnected. 

The p h y s i c a l d r i v i n g v a r i a b l e s a r e mixed l a y e r d e p t h , 

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

s e c c h i d e p t h . These a r e a v a i l a b l e as time s e r i e s (at v a r y i n g 

l e v e l s of completeness) from w e a t h e r s h i p o b s e r v a t i o n s . The mixed 

l a y e r d epth has been d e t e r m i n e d from STD p r o f i l e s , p r o v i d e d by 

Environment Canada on magnetic d a t a t a p e , i n the f o l l o w i n g 

manner. The p o t e n t i a l energy r e q u i r e d t o mix the water column 

down t o depth z, P E ( z ) , was c a l c u l a t e d a s : 

A v a l u e of PE(z) of 0.02 j . c n r 2 was chosen t o d e f i n e the mixed 

l a y e r d epth z M . T h i s i s comparable t o the m i x i n g energy p r o v i d e d 

PE(z) 
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by a t y p i c a l wind storm (Denman,1973) or the d e c r e a s e i n PE which 

would r e s u l t from s e v e r a l calm sunny days. By u s i n g t h i s 

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

p e r i o d s of calm were i g n o r e d and a smoother time s e r i e s f o r mixed 

l a y e r depth r e s u l t e d . I f p r o f i l e s had been a v a i l a b l e f o r each 

day, t h e s e t r a n s i e n t t h e r m o c l i n e s c o u l d have been t r e a t e d as 

s h a l l o w mixed l a y e r s but i t was n e c e s s a r y t o i n t e r p o l a t e over 

gaps of s e v e r a l days and o c c a s i o n a l l y s e v e r a l weeks. Under these 

c i r c u m s t a n c e s , the use of the above c r i t e r i o n was judged l e s s 

l i k e l y t o r e s u l t i n e r r o n e o u s i n t e r p o l a t i o n . I t i s c o n s i s t e n t 

w i t h the use of the u n i f o r m l y - m i x e d l a y e r approach as an 

a p p r o x i m a t i o n v a l i d on time s c a l e s of s e v e r a l days or l o n g e r . 

The temperature i n the mixed l a y e r was taken as the s u r f a c e 

temperature i n STD p r o f i l e s . To a v o i d s t o r i n g and reading-, l a r g e 

q u a n t i t i e s of temperature p r o f i l e d a t a on each s i m u l a t i o n r u n , 

the t e m p e r a t u r e below the mixed l a y e r was assumed t o drop o f f 

e x p o n e n t i a l l y towards 5 C w i t h a decay c o n s t a n t of 20m, chosen 

a f t e r i n s p e c t i o n of temperature p r o f i l e s i n one y e a r . T h i s 

r a t h e r crude r e p r e s e n t a t i o n was c o n s i d e r e d s u f f i c i e n t as almost 

a l l p h y t o p l a n k t o n p r o d u c t i o n a t O.S.P. o c c u r s w i t h i n the mixed 

l a y e r and the e f f e c t s of s m a l l e r r o r s i n temperature-dependent 

growth r a t e s below the mixed l a y e r a r e i n s i g n i f i c a n t . 

D a i l y s o l a r r a d i a t i o n was taken from the Monthly R a d i a t i o n 

Summaries and p h o t o s y n t h e t i c a l l y a c t i v e r a d i a t i o n , I„ , was 

c a l c u l a t e d as d e s c r i b e d i n the a n a l y s i s of 1 4 C p r o f i l e s . Gaps i n 

the time s e r i e s were f i l l e d by the 1964 t o 1976 means f o r t h a t 

day of the y e a r . 

The d r i v i n g v a r i a b l e w i t h the l e a s t complete time s e r i e s i s 
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s e c c h i d e p t h , SD, which was used t o determine the background 

e x t i n c t i o n c o e f f i c i e n t f o r l i g h t a c c o r d i n g t o the f o r m u l a : k 8 = 

1.7/SD (Parsons et a l ,1977). The o b s e r v a t i o n s suggest a 

s e a s o n a l c y c l e w i t h a minimum i n summer and maximum i n w i n t e r , as 

w e l l as c o n s i d e r a b l e year t o year v a r i a t i o n . As o b s e r v a t i o n s a r e 

not a v a i l a b l e f o r a l l y e a r s , an average s e a s o n a l c y c l e was 

e x t r a c t e d and used f o r a l l y e a r s : 

SD = 14.4 + 2.8 SIN(2. 77 . ( t + 41)/365) 3.2 

3.3.3 B i o l o g i c a l B a s i s f o r the Model. 

The p h y t o p l a n k t o n biomass i n the model i s d e f i n e d as p l a n t 

carbon (pg C I - 1 ) . S t a n d i n g s t o c k i s observed as C h i a and 

comparison of p r e d i c t i o n s w i t h o b s e r v a t i o n s w i l l r e q u i r e a 

knowledge of the c a r b o n r c h l o r o p h y l l r a t i o . T h i s i s n e c e s s a r y i n 

any case as our a n a l y s i s of 1 * C uptake r a t e s a l l o w s us t o p r e d i c t 

carbon produced per u n i t C h i a, whereas a dynamic model r e q u i r e s 

a growth r a t e i n d a y s " 1 . The s i g n i f i c a n c e of t h i s problem was 

emphasized by E p p l e y ( 1 9 7 2 ) , but i t remains u n s o l v e d due t o the 

l a c k of a r e l i a b l e method f o r measuring l i v i n g p l a n t carbon i n 

the f i e l d . 

In the absence of d i r e c t o b s e r v a t i o n s of C:Chl a r a t i o s , a 

t h e o r e t i c a l framework which w i l l a l l o w t h e i r p r e d i c t i o n i s 

n e c e s s a r y . The t h e o r y used here was p r e s e n t e d by S t e e l e ( 1 9 6 2 ) 

and depends on t h r e e assumptions : 

(1) At low l i g h t i n t e n s i t i e s , p h o t o s y n t h e s i s i s p r o p o r t i o n a l t o 

C h i a, w i t h some c o n s t a n t p h o t o s y n t h e t i c e f f i c i e n c y <x which i s 

not s u b j e c t t o change th r o u g h l i g h t a d a p t a t i o n . 



118 

(2) The maximum r a t e o f c a r b o n f i x a t i o n p e r c e l l i s g o v e r n e d by 

t h e d a r k r e a c t i o n and, more s p e c i f i c a l l y , by t h e enzyme c o n t e n t 

w h i c h i s assumed p r o p o r t i o n a l t o p l a n t c a r b o n . T h i s i m p l i e s t h e 

e x i s t e n c e of a maximum gr o w t h r a t e , u H ( h r - 1 ) w h i c h i s 

t e m p e r a t u r e - d e p e n d e n t but d o e s n o t change t h r o u g h l i g h t 

a d a p t a t i o n . The d a r k r e s p i r a t i o n r a t e i s assumed t o be a f i x e d 

p e r c e n t a g e of u w . ( N u t r i e n t s w i l l be assumed t o be n o n - l i m i t i n g 

a t O.S.P. ). 

(3) L i g h t a d a p t a t i o n o c c u r s t h r o u g h c h a n g e s i n t h e C : C h l a r a t i o . 

The t h e o r y was r e c o g n i z e d t o be a s i m p l i f i c a t i o n by 

S t e e l e ( 1 9 6 2 ) a t t h e t i m e o f i t s p r o p o s a l . More i s now known of 

t h e s t r u c t u r e and f u n c t i o n of t h e p h o t o s y n t h e t i c a p p a r a t u s i n 

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

o f t h e P-700 m o l e c u l e i n t h e l i g h t c o l l e c t i n g , a p p a r a t u s (Steeman 

N i e l s e n , 1 9 7 4 ) and t h e s i g n i f i c a n c e o f d a r k - r e a c t i o n enzymes s u c h 

as RuDP c a r b o x y l a s e ( B e a r d a l l and M o r r i s , 1 9 7 6 ) . However, t h e s e 

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

l i g h t a d a p t a t i o n a t t h e c e l l u l a r o r p o p u l a t i o n l e v e l . R e c e n t 

s u p p o r t f o r a s p e c t s of S t e e l e ' s t h e o r y (Myers and Graham,1971; 

B a n n i s t e r , 1 9 7 4 ; Steeman N i e l s e n , 1 9 7 4 ) has e n c o u r a g e d i t s use 

h e r e . 

The l i g h t - d e p e n d e n c e of g r o w t h i s b a s e d on t h e r e l a t i o n s h i p 

P = a.l . e x p ( - I / l M A X ) 3.1 

u s e d i n t h e a n a l y s i s of 1 4 C p r o f i l e s . The d a i l y n e t g r o w t h r a t e 

o f p h y t o p l a n k t o n e x p o s e d t o d a i l y r a d i a t i o n I i s t h e n g i v e n by 

p = oi.l . e x p ( - I / I M A ) < )/V - d 3.3 
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where V i s the C:Chl a r a t i o and d i s the r e s p i r a t i o n r a t e 

( d a y " 1 ) . The maximum d a i l y growth r a t e i s g i v e n by 

UMAX = a . I M A X / ( V . e ) - d 

A c c o r d i n g t o assumption ( 2 ) , a maximum (temperature-dependent) 

h o u r l y growth r a t e u H ( T ) can be d e f i n e d , so t h a t 

( X . I M A X / ( V . e ) = u H ( T ) . D L + d 3.4 

where DL i s d a y l e n g t h i n h o u r s . 

R e s p i r a t i o n i s assumed t o be a f i x e d p r o p o r t i o n , v, of pn(T); 

t h a t i s , 

d = V . U H ( T ) . 2 4 3.5 

E q u a t i o n s 3.4 and 3.5 can be r e g a r d e d as d e f i n i n g I M A x r g i v e n 

u H ( T ) and V, or as d e f i n i n g V, g i v e n I M A X and j u H ( T ) . 

L i g h t i n t e n s i t y i s assumed t o f a l l o f f e x p o n e n t i a l l y w i t h 

d e p t h , so t h a t I ( z ) = I 0 e x p ( - / k ( z ' ) . d z ' ) , the e x t i n c t i o n 

c o e f f i c i e n t k ( z ) b e i n g d e f i n e d by k ( z ) = k B + 0.02.C(z)/V(z) 

(Lorenzen,1980, Megard e t a l ,1980). The c o n v e n t i o n a l method f o r 

c a l c u l a t i n g the average growth r a t e over a mixed l a y e r of depth 

z M ( i n which k i s c o n s t a n t ) i s t o i n t e g r a t e 3.3 v e r t i c a l l y t o 

o b t a i n : 

ju = o c . I M A X . ( e x p ( - I M / I M A x ) " e x p ( - I 0 / I , ^ ) ) / ( k . z M . V ) - d 3.6 
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where I M = I 0 e x p ( - k . z M ) i s the l i g h t i n t e n s i t y a t the bottom of 

the mixed l a y e r . U s i n g e q u a t i o n s 3.4 and 3.5, t h i s can be 

r e w r i t t e n a s : 

jj = ju H(T) .DL.e. (1 + 24. V /DL) . (exp ( - I M / I M A X ) - e x p ( - I e / I M A X ) ) / 

( k , z M ) - d 3.7 

Some r e c e n t l a b o r a t o r y and f i e l d e v i d e n c e p r e s e n t e d by 

Marra(1978 a,b) s u g g e s t s t h a t t h i s approach may not be c o r r e c t . 

Marra found t h a t l i g h t - s a t u r a t i o n and p h o t o - i n h i b i t i o n occur over 

time s c a l e s of t e n s of minutes t o hours and t h a t p h o t o s y n t h e t i c 

r a t e s over s h o r t exposure p e r i o d s may i n c r e a s e l i n e a r l y w i t h 

l i g h t i n t e n s i t y up t o v e r y h i g h l e v e l s . I t f o l l o w s t h a t , 

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

p h y t o p l a n k t o n i n the ocean may not e x p e r i e n c e p h o t o - i n h i b i t i o n or 

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

depths w i l l show these e f f e c t s . 

An a c c u r a t e assessment of the Marra e f f e c t a t O.S.P. would 

r e q u i r e much more i n f o r m a t i o n about c i r c u l a t i o n i n the mixed 

l a y e r on s h o r t time s c a l e s , and about p h y t o p l a n k t o n p h y s i o l o g y , 

than i s c u r r e n t l y a v a i l a b l e . U l t i m a t e l y , the assessment of t r u e 

i n - s i t u p h y t o p l a n k t o n p r o d u c t i o n i n the ocean may r e q u i r e t h a t 

the same a t t e n t i o n be p a i d t o s h o r t - t e r m f l u c t u a t i o n s i n ambient 

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

n u t r i e n t a v a i l a b i l i t y ( T u r p i n , 1 9 8 0 ; T u r p i n , H a r r i s o n and 

P a r s l o w , 1 9 8 0 ) . As a crude a p p r a i s a l of the importance of the 

Marra e f f e c t , the average growth r a t e i n the mixed l a y e r can be 

d e t e r m i n e d as a f u n c t i o n of the average l i g h t i n t e n s i t y t h e r e : 
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u = « . I . e x p ( - I / I M A X ) / V - d 3.8 

where I = I 0 . ( l - e x p ( - k . z M ) ) / ( k . z M ) . T h i s almost c e r t a i n l y 

e x a g g e r a t e s the importance of the Marra e f f e c t a s , f o r a l l but 

v e r y s h a l l o w mixed l a y e r s , I / I M A x i s much l e s s than 1 and 

e q u a t i o n 3.8 r e p r e s e n t s a l i n e a r response t o l i g h t i n t e n s i t y , as 

might be e x p e c t e d f o r c o n t i n u o u s v e r y r a p i d m i x i n g of c e l l s 

t h r o u g h t h e mixed l a y e r . 

Below the mixed l a y e r , where d a i l y v e r t i c a l movements of 

p h y t o p l a n k t o n c e l l s a r e assumed t o be v e r y s m a l l , the l o c a l 

growth r a t e a t depth z i s g i v e n by 

p ( z ) = cX.l (z) .exp(-I ( z ) / I M A X ) / V - d 3.9 

In the n u m e r i c a l model, t h i s e x p r e s s i o n has been i n t e g r a t e d over 

each 5m l a y e r t o g i v e 

ju(Zj ) = oc. ( e x p ( - I ( Z j + 2 . 5 ) / I M A X ) - e x p ( - I (z,-2 . 5 ) / l M A X ) ) / 

(5.k.V) - d 3.10 

U s i n g the above e x p r e s s i o n s , p h y t o p l a n k t o n growth r a t e s 

t h r o u g h o u t the water column can now be p r e d i c t e d , g i v e n 

d a y l e n g t h , I 0 , mixed l a y e r d epth and t e m p e r a t u r e , and s e c c h i 

d e p t h . In a d d i t i o n , the parameters ot,ju H(T), and e i t h e r I M A X or 

V must be s p e c i f i e d . 

The temperature dependence of p H was r e v i e w e d by 

E p p l e y ( 1 9 7 2 ) who gave as an upper bound 
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l o g l o ( j J M A X ) = 0.0275.T - 0.070 3.11 

c o r r e s p o n d i n g t o an i n c r e a s e i n growth r a t e per 10°C (Q 1 0 ) of 

1.88X. Growth r a t e s f o r p a r t i c u l a r s p e c i e s g e n e r a l l y l i e below 

t h i s c u r v e and f a l l s h a r p l y away from i t a t s u f f i c i e n t l y h i g h 

t e m p e r a t u r e s . Taxanomic d i f f e r e n c e s i n J U h were c l e a r l y shown by 

Chan(1978), who found t h a t maximum growth r a t e s of diatoms were 

a p p r o x i m a t e l y t w i c e as l a r g e as those of d i n o f l a g e l l a t e s a t 20 C. 

These d i f f e r e n c e s can be a l l o w e d f o r by r e t a i n i n g the c o e f f i c i e n t 

of temperature i n e q u a t i o n 3.11 and v a r y i n g the i n t e r c e p t . 

The s e a s o n a l p a t t e r n of p h y t o p l a n k t o n s p e c i e s c o m p o s i t i o n a t 

O.S.P. i s not well-known. An e x t e n s i v e s e t of o b s e r v a t i o n s of 

l a r g e r diatoms and d i n o f l a g e l l a t e s has been accumulated as p a r t 

of r e g u l a r m i c r o z o o p l a n k t o n s a m p l i n g from the w e a t h e r s h i p s ( d a t a 

p r o v i d e d by Kennedy and F u l t o n ) . However, p r e l i m i n a r y a n a l y s i s 

of more c a r e f u l l y c o l l e c t e d and p r e s e r v e d p h y t o p l a n k t o n samples 

has suggested 'that the p r i m a r y p r o d u c e r s a r e p r e d o m i n a t e l y s m a l l 

( l e s s than 10 ju) f l a g e l l a t e s t h r o u g h o u t the year (R. W a t e r s , p e r s . 

Comm.). The growth of marine n a n o f l a g e l l a t e s as a f u n c t i o n of 

l i g h t i n t e n s i t y has not been as w e l l s t u d i e d as t h a t of diatoms 

and d i n o f l a g e l l a t e s . C o c c o l i t h o p h o r i d s have been r e p o r t e d as the 

dominant p h y t o p l a n k t e r a t O.S.P. on c e r t a i n o c c a s i o n s 

( M c A l l i s t e r , 1 9 6 1 ; I s h i m a r u and Nemoto,1977). A maximum growth 

r a t e of 2 d i v i s i o n s / d a y was r e p o r t e d by Paasche(1967) f o r 

C o c c o l i t h u s h u x l e y i under a 16H:8H l i g h t . d a r k c y c l e a t 20°C. 

T h i s c o r r e s p o n d s t o 

l o g 1 0 (ju H) = 0.0275.T - 1.65 3.12 
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The p h y t o p l a n k t o n r e s p i r a t i o n r a t e i n the model i s a 

c o n s t a n t f r a c t i o n v of ^ u H ( T ) . The v a l u e of V w i l l be shown t o be 

c r i t i c a l i n d e t e r m i n i n g net p h y t o p l a n k t o n growth r a t e s , 

p a r t i c u l a r l y f o r deep mixed l a y e r s . An o f t - q u o t e d v a l u e of 0.1 

was suggested by R y t h e r ( 1 9 5 6 ) , a l t h o u g h he noted the l a r g e range 

i n r e p o r t e d v a l u e s , and observed t h a t a lower v a l u e seemed t o be 

needed t o e x p l a i n p h y t o p l a n k t o n p e r s i s t e n c e i n deep mixed l a y e r s 

i n the ocean. There have been many measurements of v s i n c e , but 

l i t t l e more consensus has r e s u l t e d . I t has r e c e n t l y been 

r e p o r t e d as between 0.03 and 0.07 by H a r r i s and P i c c i n i n ( 1 9 7 7 ) 

and as c o n s i s t e n t l y g r e a t e r than 0.1 by B u r r i s ( 1 9 7 7 ) . 

In s t a n d a r d s i m u l a t i o n s , the s e a s o n a l p a t t e r n of <X 

r e p r e s e n t e d by the s o l i d l i n e i n F i g 24 w i l l be used. The 

s e a s o n a l p a t t e r n f o r B g i v e n by the s o l i d l i n e i n F i g 27 w i l l be 

used t o determine I M„ X f o r the mixed l a y e r , s u b j e c t t o the 

c o n s t r a i n t t h a t the c o r r e s p o n d i n g v a l u e of V a c c o r d i n g t o 

e q u a t i o n s 3.4 and 3.5 must be g r e a t e r than 20. Below the mixed 

l a y e r , V i s s e t e q u a l t o 20 t o r e p r e s e n t a shade-adapted 

p o p u l a t i o n . The use of these e s t i m a t e s i n e q u a t i o n 3.3 h i n g e s on 

an i n t e r p r e t a t i o n of the 1 4 C d a t a which d e s e r v e s some d i s c u s s i o n . 

The parameters oc and I M A x i n e q u a t i o n 3.3 d e t e r m i n e g r o s s 

p h o t o s y n t h e s i s , and e q u a t i o n 3.1 has been f i t t e d t o w e a t h e r s h i p 

o b s e r v a t i o n s as i f the 1*C t e c h n i q u e measured g r o s s 

p h o t o s y n t h e s i s . The i n t e r p r e t a t i o n of 1*C uptake r a t e s has seen 

much c o n t r o v e r s y : i t i s g e n e r a l l y a c c e p t e d t o measure something 

between net and g r o s s p h o t o s y n t h e s i s (Parsons e t a l ,1977). At 

low l i g h t i n t e n s i t i e s , e s p e c i a l l y near or below the compensation 

d e p t h , the 1*C uptake r a t e must be c l o s e t o g r o s s p h o t o s y n t h e s i s , 
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as n e g a t i v e 1 4 C uptake r a t e s a r e not t e c h n i c a l l y p o s s i b l e . Much 

of the sampled depth range a t O.S.P. c o r r e s p o n d s t o such low 

l i g h t i n t e n s i t i e s , e s p e c i a l l y i n w i n t e r . The i n t e r p r e t a t i o n of 
1 4 C uptake r a t e s as g r o s s r a t h e r than net p h o t o s y n t h e s i s i s then 

l e s s l i k e l y t o i n v o l v e major e r r o r . I f an i n t e r p r e t a t i o n as net 

carbon uptake i s p r e f e r r e d , the e s t i m a t e s of oc and I ^ x used i n 

e q u a t i o n 3.3 can be reg a r d e d as p r e d i c t i n g net d a y l i g h t 

p r o d u c t i o n , w i t h a reduced v a l u e of v c o r r e s p o n d i n g t o n o c t u r n a l 

r e s p i r a t i o n o n l y ( c f M c A l l i s t e r , 1 9 6 9 ) . 

3.3.4 S i m u l a t i o n R e s u l t s . 

The development so f a r a l l o w s the p r e d i c t i o n of 

p h y t o p l a n k t o n growth r a t e s over t i m e . The p r e d i c t i o n of 

p h y t o p l a n k t o n s t a n d i n g s t o c k over time r e q u i r e s t h a t z o o p l a n k t o n 

g r a z i n g be m o d e l l e d , and t h i s w i l l be done i n the f o l l o w i n g 

c h a p t e r . In t h i s c h a p t e r , p h y t o p l a n k t o n p r o d u c t i o n w i l l be 

p r e d i c t e d on the b a s i s of the ob s e r v e d p h y t o p l a n k t o n s t a n d i n g 

s t o c k . I t w i l l be assumed t h a t g r a z i n g i s s u f f i c i e n t t o keep 

s t a n d i n g s t o c k i n the mixed l a y e r a t 0.4 ug C h i a . l " 1 , the mean 

observed c o n c e n t r a t i o n . S t a n d i n g s t o c k below the mixed l a y e r 

w i l l not be a l l o w e d t o exceed t h i s c o n c e n t r a t i o n and w i l l be 

a l l o w e d t o f a l l below i t where r e s p i r a t i o n exceeds 

p h o t o s y n t h e s i s . 

In F i g 32, the time s e r i e s of p h y s i c a l d r i v i n g v a r i a b l e s f o r 

the y e a r s 1964 t o 1976 are p l o t t e d . These were used t o p r e d i c t 

p r i m a r y p r o d u c t i o n on the f i x e d s t a n d i n g s t o c k b a s i s , u s i n g the 

s e a s o n a l p a t t e r n s f o r oc and B ( F i g 24,27) d i s c u s s e d above, 

e q u a t i o n 3.12 f o r ju H(T) and a v a l u e f o r v of 0.05. One of the 

noteworthy r e s u l t s of t h i s and subsequent s i m u l a t i o n s i s the l a c k 
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Figure 32. Time series of total solar radiation, 

surface temperature and mixed layer 

depth used to drive simulation model. 



YEAR 
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of y e a r t o y e a r v a r i a t i o n i n p r e d i c t e d p h y t o p l a n k t o n p r o d u c t i o n 

( F i g 33 and T a b l e I I ) . T h i s f e a t u r e w i l l be o f i n t e r e s t i n 

C h a p t e r 4; f o r t h e r e m a i n d e r o f t h i s c h a p t e r , a t t e n t i o n w i l l be 

f o c u s e d on s e a s o n a l p a t t e r n s and r e s u l t s p r e s e n t e d f o r one y e a r , 

1976, t o a v o i d r e p e t i t i o n . 

In t h e a n a l y s i s o f 1 4 C p r o f i l e s , i t was f o u n d t h a t t h e t i m e 

s c a l e o f a d a p t a t i o n t o c h a n g i n g l i g h t i n t e n s i t i e s c o u l d n o t be 

i n f e r r e d from t h e d a t a . The e f f e c t s of d i f f e r e n t a d a p t a t i o n t i m e 

s c a l e s on p r e d i c t e d p r i m a r y p r o d u c t i o n can now be c o n s i d e r e d 

u s i n g t h e m o d e l . T h r e e c a s e s w i l l be c o n s i d e r e d : 

I 0 ( t ) / B ( i n s t a n t a n e o u s a d a p t a t i o n ) , 

( I 0 (t-l-)+I„ (t-2)+I„ ( t - 3 ) )/(3.B) ( s h o r t t i m e s c a l e ) 

I s ( t ) / B ( s e a s o n a l t i m e s c a l e ) . 

B e f o r e c o n s i d e r i n g t h e f i r s t two c a s e s , t h e c o n c e p t o f f i x i n g 

p h y t o p l a n k t o n s t a n d i n g s t o c k must be c o n s i d e r e d more c a r e f u l l y . 

In t h e f i r s t s i m u l a t i o n , l i g h t a d a p t a t i o n on a s e a s o n a l t i m e 

s c a l e was assumed and i t f o l l o w s f r o m e q u a t i o n s 3.4 and 3.5 t h a t 

V ( t ) =< a . I s / ( p»(T).DL.(1 + 24.V/DL).e.B) 3.13 

so t h a t b o t h V and p h y t o p l a n k t o n c a r b o n c o n c e n t r a t i o n i n t h e 

mixed l a y e r , (C = V . 0 . 4 ) , v a r y s m o o t h l y o v e r t i m e . I f 

i n s t a n t a n e o u s l i g h t a d a p t a t i o n i s assumed ( c a s e 1 ) , V ( t ) , g i v e n 

by r e p l a c i n g I s i n e q u a t i o n 3.13 by I Q , w i l l u n d e r g o v e r y l a r g e 

f l u c t u a t i o n s f r o m day t o day, as I 0 d o e s . F i x i n g t h e C h i a 

c o n c e n t r a t i o n a t 0.4 ^ g C h i a . l ' 1 w i l l c a u s e t h e c a r b o n 

(1) l M A X < t ) = 

(2) I M A X ( t ) = 

(3) I M A X ( t ) = 



Figure 33. Predicted d a i l y net production using standard parameter, set (see t e x t ) . 
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Table II 
_2 Predicted annual primary production (gC.m ) at O.S.P. for 

1964 to. 1-976. ( Details of simulation provided i n text.) 

Year Gross (Daylight) Net 

1964 35.2 20.6 

1965 35.5 21.2 

1966 35.2. 19.1 

1967 35.6 20.5 

1968 35.4 21.5 

1969 35.6 20.7 

1970 35.2 19.8 

1971 35.1 18.7 

1972 35.3 20.0 

1973 35.6 19.2 

1974 36.2 21.6 

1975 34.6 17.9 

1976 34.9 19.6 
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c o n c e n t r a t i o n t o f l u c t u a t e i n t h e same manner. A l t h o u g h t h e s e 

s i m u l a t i o n s a r e not e x p l i c i t l y c o n c e r n e d w i t h c o n s e r v a t i o n o f 

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

r e a l i s t i c , e s p e c i a l l y i n v i e w o f t h e g e n e r a l l y low c a r b o n g r o w t h 

r a t e s p r e d i c t e d . I f V i s t o v a r y r a p i d l y , i t seems more 

r e a s o n a b l e t h a t t h i s s h o u l d o c c u r t h r o u g h c h a n g e s i n C h i a 

c o n c e n t r a t i o n . T h i s can be a c c o m p l i s h e d w h i l e k e e p i n g a v e r a g e 

C h i a c o n c e n t r a t i o n s n e a r 0.4 ug C h i a . l " 1 as f o l l o w s : 

(a) F i x a s e a s o n a l l y v a r y i n g c a r b o n c o n c e n t r a t i o n , C s ( t ) , i n t h e 

m i x e d l a y e r by 

C s ( t ) = V s ( t ) .0.4 3.14 

where V s ( t ) i s g i v e n by e q u a t i o n 3.13. 

(b) F i x t h e a c t u a l C : C h l a r a t i o , V, u s i n g one of t h e s h o r t t i m e 

s c a l e m o d e l s ; t h e C h i a c o n c e n t r a t i o n i s t h e n g i v e n by C h i a ( t ) = 

C s ( t ) / V ( t ) . 

In F i g 34, t h e n e t d a i l y p r i m a r y p r o d u c t i o n p r e d i c t e d f o r 

1976 i n t h e f i r s t s i m u l a t i o n i s p l o t t e d a g a i n on an expanded t i m e 

s c a l e . The d a i l y v a l u e s of V and C h i a c o n c e n t r a t i o n i n t h e 

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

s i m u l a t i o n o c c u r r e d on a s e a s o n a l t i m e s c a l e , so t h a t V (= V s ( t ) ) 

v a r i e s s m o o t h l y w h i l e C h i a i s c o n s t a n t a t 0.4 j u g . l - 1 . The 

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

F i g 35. H e r e , V f l u c t u a t e s m a r k e d l y w i t h d a i l y c h a n g e s i n I Q and 

so does C h i a c o n c e n t r a t i o n . On t h e o t h e r hand, s h o r t - t e r m 

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

i s a s i m p l e e x p l a n a t i o n f o r t h i s . The dominant c o n t r i b u t i o n t o 
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Figure 34. Predicted net production, mixed layer Chi a and mixed layer 

C:Chl a ratio for 1976 using standard parameter set and seasonal light 

adaptation. 
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Figure 35. As for Fig . 34,. but with 'instantaneous' light 

adaptation. 
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net p r i m a r y p r o d u c t i o n i n the water column comes from the mixed 

l a y e r . U s i n g e q u a t i o n 3.7, d a i l y p r i m a r y p r o d u c t i o n i n the mixed 

l a y e r i s g i v e n by 

p . C s . z M = C s . p H ( T ) . D L . e . ( 1 + 2 4 . v / D L ) . ( e x p ( - I M / l w ^ ) -

e x p ( - I D / W ) )/k - 2 4 . p H ( T ) .V.C S , z M 3.15 

As T and z M v a r y smoothly over t i m e , the major c o n t r i b u t o r t o 

d a i l y f l u c t u a t i o n s i n p r o d u c t i o n i s the exponent I O / I M A X • F O R 

s e a s o n a l a d a p t a t i o n , I W A X v a r i e s w i t h I S and t h i s exponent 

f l u c t u a t e s from day t o day w i t h I Q . For i n s t a n t a n e o u s 

a d a p t a t i o n , I M A X v a r i e s w i t h I 0 and the exponent does not 

f l u c t u a t e from day t o day. For the i n t e r m e d i a t e case ( 2 ) , V and 

C h i a show reduced s h o r t - t e r m f l u c t u a t i o n as e x p e c t e d ( F i g 36). 

The c h o i c e of the a d a p t a t i o n time s c a l e t h e r e f o r e d e t e r m i n e s 

the s i z e of s h o r t - t e r m f l u c t u a t i o n s i n V, C h i a and d a i l y p r i m a r y 

p r o d u c t i o n . I t has v e r y l i t t l e e f f e c t on average p r i m a r y 

p r o d u c t i o n l e v e l s , as shown i n T a b l e I I I . Comparison of the 

p r e d i c t e d time s e r i e s f o r C h i a i n F i g 35 w i t h o b s e r v a t i o n s i n 

F i g 13 shows t h a t i n s t a n t a n e o u s a d a p t a t i o n r e s u l t s i n much l a r g e r 

day t o day f l u c t u a t i o n s i n C h i a than were obse r v e d d u r i n g the 

i n t e n s i v e s a m p l i n g p e r i o d s from 1964 t o 1968. 

The s e a s o n a l v a r i a t i o n i n V i s s m a l l compared w i t h the f i v e 

f o l d v a r i a t i o n i n I s from w i n t e r t o summer. T h i s v a r i a t i o n i n I s 

i s p a r t l y compensated f o r by the s e a s o n a l v a r i a t i o n i n pH(T) and 

DL. The p r e d i c t e d v a l u e s of V a r e r e a s o n a b l e f o r f l a g e l l a t e s 

a l t h o u g h they would be c o n s i d e r e d l a r g e f o r d i a t o m s , where C:Chl 

a r a t i o s of 20 or l e s s can be e x p e c t e d under low l i g h t 



1 5 0 

C J 

0 ~i 1 1 1 1 1 1 1 1 1—1—i 1 — 

J F M R M J J R S Q N D 
MONTH 

Figure 36. As for Fig 34, but with 3-day adaptation. 
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Table III 
_2 Monthly means of predicted daily net primary production (mgC.m ) at 

O.S.P. using taree light adaptation time scales. 

Seasonal 3-day Instantaneous 
Month 

January 3. "5; 6. 

February 26. 26. 26. 

March 51. 53. 54. 

A p r i l 73. 75. 77. 

May 77. 75. 76. 

June 112. 111. 111. 

July 99. 100. 102. 

August 77. 78. 80. 

September 57. 58. 61. 

October 47. 47. 49. 

November 22. 18. 19. 

December 7. 6. 7. 
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c o n d i t i o n s . I t i s i n t e r e s t i n g t h a t t h e s e a s o n a l v a r i a t i o n i n 

and B, b a s e d on a n a l y s i s of t h e 1*C p r o f i l e s , a l s o r e d u c e s t h e 

s e a s o n a l v a r i a t i o n i n V. The p r e d i c t e d C : C h l a r a t i o f o r 1976 

under t h e a s s u m p t i o n of c o n s t a n t oc (0.5 mg C.mg C h i a ^ . l y " 1 ) and 

c o n s t a n t B (2.0) ( F i g 37) shows a much g r e a t e r p e r c e n t a g e 

i n c r e a s e f r o m w i n t e r t o summer. T h i s s u g g e s t s t h a t t h e s e a s o n a l 

p a t t e r n i n oc and B may be p a r t l y a r e s u l t o f c o n s t r a i n t s on 

a t t a i n a b l e C : C h l a r a t i o s i n O.S.P. p h y t o p l a n k t o n . 

The n e t a n n u a l p r o d u c t i o n t o t a l s i n T a b l e I I a r e r a t h e r low 

compared w i t h p r e v i o u s e s t i m a t e s f o r t h i s r e g i o n (Sanger,1972; 

M c A l l i s t e r , 1 9 6 9 ) . M c A l l i s t e r (1969) gave upper and l o w e r bounds 

of 47 g C m - 2 and 31 g C m " 2 f o r n e t p r i m a r y p r o d u c t i o n , and 61 g 

C m " 2 and 48 g C m " 2 r e s p e c t i v e l y f o r d a y l i g h t p r o d u c t i o n . The 

upper bounds were o b t a i n e d by u s i n g a c o r r e c t i o n f a c t o r o f 1.25 

t o a l l o w f o r e f f e c t s of e n c l o s u r e o f samples o v e r 10 t o 20 hr 

p e r i o d s . H i s a n n u a l c y c l e o f d a i l y p r o d u c t i o n ( F i g 4) has a peak 

e x c e e d i n g 300 mg C m " 2 . d a y " 1 , whereas t h e peak i n F i g 34 does n o t 

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

become c l e a r e r when e q u a t i o n 3.14 f o r net d a i l y p r o d u c t i o n i n t h e 

m i x e d l a y e r i s r e w r i t t e n a s : 

P r o d = 0.4.«.I S.(l-exp ( - B)-24.v . z M.k/(e.(DL+24.V) ) / ( B.k) 3.16 

( T h i s i s f o r t h e c a s e o f i n s t a n t a n e o u s a d a p t a t i o n . The 

a p p r o x i m a t i o n exp ( - I M / I M A X ) 1 has been made). Note t h a t g r o s s 

( o r d a y l i g h t , M c A l l i s t e r ) p r o d u c t i o n depends o n l y on t h e 

p a r a m e t e r s oc and B w h i c h were e s t i m a t e d f r o m 1 4 C p r o f i l e s , and 

t h e e x t i n c t i o n c o e f f i c i e n t . Of t h e p a r a m e t e r s t a k e n from t h e 
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Figure 37. Predicted C:Chl a ratio i n the mixed layer for 

1976 using OC =0.5 and B„ = 2.0. 
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l i t e r a t u r e , y d e t e r m i n e s r e s p i r a t i o n but j u H ( T ) ' does n o t a p p e a r a t 

a l l . T h i s i s not s u r p r i s i n g , s i n c e under t h e c o n s t a n t s t a n d i n g 

s t o c k a s s u m p t i o n , t h e model i s p r e d i c t i n g p r o d u c t i o n p e r u n i t C h i 

a, p r e c i s e l y what i s m easured i n t h e f i e l d . 

I t f o l l o w s t h a t t h e d i f f e r e n c e between M c A l l i s t e r ' s e s t i m a t e 

f o r a n n u a l d a y l i g h t p r o d u c t i o n o f 48 g C m - 2 and t h e e s t i m a t e 

p r o d u c e d h e r e of a b o u t 35 g C m " 2 c a n n o t be a t t r i b u t e d t o t h e 

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

must be due t o t h e use o f d i f f e r e n t w e a t h e r s h i p d a t a , o r 

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

i n t e g r a t i o n o f x 4 C p r o f i l e s f r o m t h e w e a t h e r s h i p t o o b t a i n d a i l y 

p r o d u c t i o n f o r t h e w a t e r column, u s e d by M c A l l i s t e r , was 

c r i t i c i s e d e a r l i e r . However, t h i s was now done f o r t h e 1964-1968 

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

t h e p a r a m e t e r e s t i m a t i o n and s i m u l a t i o n ° a p p r o a c h . The r e s u l t i n g 

a n n u a l d a y l i g h t p r o d u c t i o n e s t i m a t e was 32 g C m - 2 , a l i t t l e -

l o w e r t h a n t h a t o b t a i n e d t h r o u g h p a r a m e t e r e s t i m a t i o n , and about 

2/3 o f M c A l l i s t e r ' s l o w e r v a l u e . T h e r e a r e o t h e r p o s s i b l e c a u s e s 

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

r e l a t i o n s h i p between d e p t h - i n t e g r a t e d p r o d u c t i o n and t h e p r o d u c t 

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

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

e s t i m a t e . He a l s o u s e d o b s e r v a t i o n s from an e a r l i e r t i m e p e r i o d , 

w h i c h were b a s e d on d i f f e r e n t i n c u b a t i o n t e c h n i q u e s . 

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

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

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

The c h o i c e of y i s c l e a r l y c r i t i c a l i n t h e p r e d i c t i o n o f n e t 
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p r i m a r y p r o d u c t i o n . For example, i n c r e a s i n g y t o 0.10 (th e v a l u e 

chosen by Ry t h e r ( 1 9 5 6 ) ) , reduces net annual p r o d u c t i o n a l m o s t t o 

z e r o and r e s u l t s i n n e g a t i v e d a i l y p r o d u c t i o n over h a l f of the 

year ( F i g 3 8 ) . I t i s c l e a r t h a t f o r o c e a n i c environments w i t h 

deep mixed l a y e r s , such as O.S.P., a b e t t e r u n d e r s t a n d i n g of 

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

of net p r i m a r y p r o d u c t i o n . L a b o r a t o r y r e p o r t s of p a r t i a l c e l l 

shutdown and/or low p o s i t i v e net p r o d u c t i o n a t ve r y low l i g h t 

i n t e n s i t i e s (Smayda and M i t c h e l l - l n n e s , 1 9 7 4 ) a r e i n t e r e s t i n g i n 

t h i s r e g a r d . A g a i n the time s c a l e s of f l u c t u a t i o n s i n ambient 

l i g h t i n t e n s i t y and of the p h y s i o l o g i c a l response of c e l l s i n the 

mixed l a y e r may be of c r i t i c a l i m p o r t a n c e . The i n c l u s i o n of l o n g 

time s c a l e a d a p t a t i o n such as the f o r m a t i o n of r e s t i n g s p o r e s 

i n v o l v e d i n the l i f e c y c l e s of some p h y t o p l a n k t e r s c o u l d a l s o 

reduce p r e d i c t e d l o s s r a t e s i n w i n t e r . 

I n s p e c t i o n of e q u a t i o n 3.16 shows t h a t a s i m p l e way t o 

i n c r e a s e a n n u a l p r o d u c t i o n t o M c A l l i s t e r ' s l e v e l s i s t o i n c r e a s e 

oc. The s e a s o n a l p a t t e r n s of net d a i l y p r i m a r y p r o d u c t i o n and 

C:Chl a r a t i o s p r e d i c t e d by the model f o r <X = 1.0 and B = 2.0, 

w i t h the a d d i t i o n a l c o n s t r a i n t t h a t V be l e s s than 100, a r e 

p l o t t e d i n F i g 39. Annual g r o s s p r o d u c t i o n i s 67 g Cm" 2 and net 

p r o d u c t i o n i s 45 g Cm" 2. A v a l u e of cx as l a r g e as 1.0 i s not 

su p p o r t e d by the O.S.P. da t a but i s c e r t a i n l y w i t h i n the range of 

v a l u e s r e p o r t e d from o t h e r f i e l d or l a b o r a t o r y s t u d i e s , as 

d i s c u s s e d above. 

Another way t o i n c r e a s e p r o d u c t i o n i s t o i n t r o d u c e the Marra 

e f f e c t by u s i n g e q u a t i o n 3.8. Wi t h the s e a s o n a l c y c l e s of oc and 

B o b t a i n e d from p r o f i l e a n a l y s i s and used e a r l i e r , p r e d i c t e d 
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Figure 38. Predicted daily net production on increasing V 

to 0.1. 
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Figure 3 9 . Predicted d a i l y net production and mixed l a y e r 

C:Chl a r a t i o f o r oC =1.0, B =2.0 with c o n s t r a i n t 
s 

V 100. ' 
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g r o s s and n e t a n n u a l p r o d u c t i o n i n c r e a s e s t o 54 and 39 g C m - 2 

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

( F i g 40) and i s due t o t h e s u b t r a c t i o n of a c o n s t a n t r e s p i r a t i o n 

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

e a r l i e r , e q u a t i o n 3.8 a l m o s t c e r t a i n l y e x a g g e r a t e s t h e i m p o r t a n c e 

of t h e M a r r a e f f e c t , b ut on t h e b a s i s of t h e s e r e s u l t s f u r t h e r 

t h e o r e t i c a l and e x p e r i m e n t a l i n v e s t i g a t i o n a p p e a r s w a r r a n t e d . 

The e x t i n c t i o n c o e f f i c i e n t , k, a l s o d i r e c t l y a f f e c t s 

p r o d u c t i o n e s t i m a t e s ( e q u a t i o n 3.15). The v a l u e s of k i n t h e 

above s i m u l a t i o n s a r e b a s e d on t h e a v e r a g e s e a s o n a l c y c l e of 

S e c c h i d e p t h ( e q u a t i o n 3 . 2 ) . (The e f f e c t of o b s e r v e d low C h i a 

l e v e l s on t h e e x t i n c t i o n c o e f f i c i e n t i s n e g l i g i b l e . ) The s e c c h i 

d e p t h i s t h e one p h y s i c a l d r i v i n g v a r i a b l e w h i c h was n o t o b s e r v e d 

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

e a c h y e a r and c o n s e q u e n t l y r e p r e s e n t s a s o u r c e of a n n u a l 

v a r i a b i l i t y not i n c l u d e d i n F i g 33 or T a b l e I I . Upper and lower 

e n v e l o p e s t o a p l o t of S e c c h i d e p t h a g a i n s t t i m e of y e a r ( F i g 41) 

were u s e d t o g e n e r a t e s e a s o n a l c y c l e s of p r e d i c t e d n e t d a i l y 

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

e x t i n c t i o n c o e f f i c i e n t s ( F i g 4 2 ) . E s t i m a t e s o f g r o s s and n e t 

a n n u a l p r i m a r y p r o d u c t i o n were 61 g C m - 2 and 35 g C m " 2 

r e s p e c t i v e l y f o r maximum S e c c h i d e p t h s (minimum e x t i n c t i o n 

c o e f f i c i e n t s ) and 25 g C m " 2 and 10 g C m - 2 r e s p e c t i v e l y f o r • 

minimum S e c c h i d e p t h s . T h i s more t h a n t h r e e - f o l d v a r i a t i o n i n 

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

S e c c h i d e p t h need not match t h e e x t r e m e s o b t a i n e d by u s i n g 

e n v e l o p e s f o r a l l y e a r s . 

The c a u s e s of o b s e r v e d s e a s o n a l and a n n u a l v a r i a t i o n s i n 
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F i g u r e 40. P r e d i c t e d d a i l y net p r o d u c t i o n f o r standard 

parameter set w i t h Marra e f f e c t i n t r o d u c e d . 



143 

3 0 

2 5 - < J > a <x>® 

5 - . 
• • 

0 i i i i 1 1 r~—i 1 r 1 1 — 

J F M fl M J J fl S O ' N D 
MONTH 

Figure 41. Observed Secchi depths at O.S.P. vs time of year, 

^before 1964, D 1964 to 1976. Solid lines represent upper and 

lower evelopes and seasonal f i t to observations after 1964. 
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Figure 42a. Predicted d a i l y net production using standard 

parameter set and upper envelope to Secchi depths. 
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Figure 42b. Predicted d a i l y net production using standard 

parameter set and lower envelope to Secchi depths. 
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S e c c h i depth i s . not c l e a r . The c o n c e n t r a t i o n of C h i a i s 

g e n e r a l l y i n s u f f i c i e n t t o account f o r observed S e c c h i depths and 

i n any case does not show c o r r e s p o n d i n g s e a s o n a l or annual 

v a r i a t i o n s . M c A l l i s t e r e t a l ( 1 9 6 1 ) r e p o r t e d 100-200 mg C m - 3 of 

d e t r i t a l m a t e r i a l i n the s u r f a c e w a t e r s a t O.S.P. i n J u l y - A u g u s t , 

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

Recent o b s e r v a t i o n s i n d i c a t e a s e a s o n a l c y c l e i n d e t r i t a l carbon 

w i t h a minimum i n w i n t e r and maximum i n summer, ( K . I s e k i and 

C.S.Wong,pers. comm.), c o n s i s t e n t w i t h the n o t i o n t h a t changes i n 

the e x t i n c t i o n c o e f f i c i e n t may be due t o changes i n d e t r i t u s 

l e v e l s . 

R a ther than f i x i n g V or I M A X e m p i r i c a l l y i n e q u a t i o n 3.4, i t 

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

p h y t o p l a n k t o n by demanding t h a t l i g h t a d a p t a t i o n of p h y t o p l a n k t o n 

s h o u l d p r o c e e d so as t o maximise the average growth r a t e i n the 

mixed l a y e r . T a k i n g oc and as g i v e n , i t i s easy t o show 

t h a t i n both e q u a t i o n 3.6 and e q u a t i o n 3.8, p i s maximised when 

V = CX . I / (e . u H . DL . (1 . + 24 . V/DL) ) . 

When V was c a l c u l a t e d i n t h i s way, u s i n g the ob s e r v e d s e a s o n a l 

c y c l e f o r ex, i t d i d not exceed the minimum v a l u e of 20 a l l o w e d 

i n the model ( F i g 43a). Even f o r tx=1.0, the r e s u l t i n g s e a s o n a l 

c y c l e of V was much lower than t h a t o b t a i n e d u s i n g the v a l u e s f o r 

cX and B e s t i m a t e d from p r o f i l e s ( F i g 43b). - A p p a r e n t l y , 

p h y t o p l a n k t o n a t O.S.P. a r e not adapted so as t o maximise growth 

r a t e s i n the mixed l a y e r . As some marine p h y t o p l a n k t o n a re known 

t o a c h i e v e C:Chl a r a t i o s of 20 or lower (eg Chan,1978), o t h e r 
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F i g u r e 43. P r e d i c t e d s e a s o n a l c y c l e i n mixed l a y e r C : C h l a 

r a t i o u s i n g o p t i m a l i t y c r i t e r i o n and c o n s t r a i n t V ^ 20 f o r 

(a) e s t i m a t e d OC . . 

(b) c*:=i.o. 
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s e l e c t i v e p r e s s u r e s not c o n s i d e r e d i n the growth model, such as 

g r a z i n g , must p r e v e n t t h e i r dominance a t O.S.P. 

3.3.5 P r i m a r y P r o d u c t i o n and N i t r a t e D e p l e t i o n . 

The amount of c o n f i d e n c e p l a c e d on the i n i t i a l s i m u l a t i o n of 

p r i m a r y p r o d u c t i o n a t O.S.P. ( F i g 33) depends on a number of 

f a c t o r s . I f the 1 4 C p r o f i l e s f o r 1964-1968 a r e a c c e p t e d as 

a c c u r a t e measures of p r o d u c t i o n , and t h i s p e r i o d i s 

c h a r a c t e r i s t i c of the s i m u l a t i o n p e r i o d , 1964-1976, then the 

e s t i m a t e d g r o s s p r o d u c t i o n may be t a k e n as a c c u r a t e t o w i t h i n the 

s t a n d a r d e r r o r i n OC : a p p r o x i m a t e l y +30%. As noted above, 

e s t i m a t e s of net p r i m a r y p r o d u c t i o n depend c r i t i c a l l y on V, and 

v a l u e s between 0 and 26 g Cm" 2 can be o b t a i n e d u s i n g the 

e s t i m a t e d oc and B w i t h o u t d e p a r t i n g from l i t e r a t u r e ranges f o r 

V. I f the 1*C o b s e r v a t i o n s a r e d i s c o u n t e d , g r o s s p r o d u c t i o n can 

e a s i l y be d o u b l e d w i t h o u t assuming v a l u e s f o r ot and B o u t s i d e 

l i t e r a t u r e r anges. 

The n i t r a t e p r o f i l e s o f f e r the p o s s i b i l i t y f o r an 

independent check on p r i m a r y p r o d u c t i o n , a l t h o u g h o t h e r problems 

of i n t e r p r e t a t i o n a r e i n v o l v e d . A lower l i m i t t o g r o s s a n n u a l 

p r o d u c t i o n can be o b t a i n e d by t a k i n g the average a n n u a l d e c r e a s e 

of 6.4 ug a t NO .m~3 i n the t o p 40m ( F i g 30) and assuming a C:N 

r a t i o of 7 mg.rng"1 t o g i v e 25 g Cm" 2. T h i s e s t i m a t e does not 

a l l o w f o r growth below 40m, v e r t i c a l m i x i n g of n i t r a t e from below 

40m or n i t r a t e r e c y c l i n g . A s l i g h t l y h i g h e r e s t i m a t e can be 

o b t a i n e d by summing a l l d e c r e a s e s i n the average s e a s o n a l c y c l e 

f o r 40 t o 80 m ( F i g 3 0 ) . The r e s u l t i n g f i g u r e of 28 g Cm" 2 

i n c l u d e s p r o d u c t i o n down t o 80m and a t l e a s t some e f f e c t of 

v e r t i c a l m i x i n g and/or n i t r a t e r e c y c l i n g as d i s c u s s e d e a r l i e r . 
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The C:N r a t i o can p o t e n t i a l l y v a r y from 3 t o 15 (Banse,1974) 

a l t h o u g h h i g h e r v a l u e s a r e most l i k e l y t o occur under n i t r o g e n 

l i m i t a t i o n . The n i t r a t e time s e r i e s has not been used t o l o o k a t 

a n n u a l v a r i a t i o n s i n p r i m a r y p r o d u c t i o n , as the l a r g e - s c a l e 

f l u c t u a t i o n s i n deep-water n i t r a t e c o n c e n t r a t i o n s ( F i g 3 0 ) , 

presumably c o r r e s p o n d i n g t o a d v e c t i o n of d i f f e r e n t water masses 

p a s t the s t a t i o n , p r e v e n t an i n t e r p r e t a t i o n of n i t r a t e d e c r e a s e s 

i n any p a r t i c u l a r year as p h y t o p l a n k t o n uptake. (These l o n g - t e r m 

e f f e c t s have been removed i n the average s e a s o n a l c y c l e s ) . The 

e s t i m a t e s of average a n n u a l p r o d u c t i o n based on n i t r a t e d e c r e a s e s 

ar e u n d e r e s t i m a t e s by an unknown amount which depends on m i x i n g 

and r e c y c l i n g r a t e s . As they a r e lower than the p r e d i c t e d annual 

p r o d u c t i o n (Table I I ) , they a l l o w o n l y the weak c o n c l u s i o n t h a t 

t h e r e i s no e v i d e n c e i n the n i t r a t e o b s e r v a t i o n s f o r h i g h e r 

p r o d u c t i o n than p r e d i c t e d i n the s t a n d a r d s i m u l a t i o n ( F i g 33). 



150 

CHAPTER 4 

HERBIVOROUS ZOOPLANKTON AT O.S.P.: DATA ANALYSIS AND MODELLING. 

4.1 Parameter E s t imat i o n . 

4.1.1 D e s c r i p t i o n of Data. 

The time s e r i e s of o b s e r v a t i o n s of z o o p l a n k t o n from the 

O.S.P. w e a t h e r s h i p s extends from 1956 t o the p r e s e n t and 

c o n s t i t u t e s one of the most e x t e n s i v e open ocean data s e t s of i t s 

t y p e . F o l l o w i n g an e a r l y r e p o r t on v a r i a t i o n w i t h season and 

depth of z o o p l a n k t o n c o m p o s i t i o n and abundance ( M c A l l i s t e r , 1 9 6 1 ) , 

two summaries of the time s e r i e s have appeared i n m a n u s c r i p t form 

( L e B r a s s e u r , 1 9 6 5 ; F u l t o n , 1 9 7 8 ) . The data have a l s o been used as 

a b a s i s f o r trophodynamic s t u d i e s ( L e B r a s s e u r , 1 9 6 9 ; 

M c A l l i s t e r , 1 9 6 9 , 1 9 7 2 ) . 

The abundance d a t a a n a l y s e d here come from 150 m v e r t i c a l 

h a u l s u s i n g a 350 jam n e t . Q u a l i t a t i v e d a t a from s u r f a c e tows 

w i l l not be c o n s i d e r e d . Changes i n the d e s i g n of the 350 p net 

over the s a m p l i n g p e r i o d a r e d i s c u s s e d by F u l t o n ( 1 9 7 8 ) : e a r l i e r 

abundance e s t i m a t e s based on t h e NORPAC net have been a d j u s t e d 

here t o match the c u r r e n t l y - u s e d SCOR net u s i n g F u l t o n ' s 

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

Wet w e i g h t s of 150m v e r t i c a l h a u l samples were r e c o r d e d 

t h r o u g h o u t t h e sa m p l i n g p e r i o d . These sample wet w e i g h t s , 

t o g e t h e r w i t h e s t i m a t e d wet w e i g h t s of f o u r major taxanomic 

groups : copepods, c h a e t o g n a t h s , e u p h a u s i i d s and amphipods, were 

r e p o r t e d as time s e r i e s by L e B r a s s e u r ( 1 9 6 5 ) f o r the p e r i o d 1956 

t o 1964. Average s e a s o n a l c y c l e s and abundance f o r 28 im p o r t a n t 

s p e c i e s d u r i n g t h i s p e r i o d were p r e s e n t e d and d i s c u s s e d by 
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LeBrasseur(1965,1969) . 

Sample a n a l y s i s changed a f t e r 1965 and the summary 

s t a t i s t i c s p r e s e n t e d by -Fulton(1978) c o n s i s t of sample wet weight 

and #ind/m 3 i n each of 5 taxanomic groups which i n c l u d e 

L e B r a s s e u r ' s 4 groups and the trachymedusae, A g l a n t h a . S t a r t i n g 

i n 1969, samples were a n a l y s e d i n d e t a i l w i t h most organisms 

b e i n g i d e n t i f i e d t o s p e c i e s l e v e l and a s s i g n e d t o s i z e c l a s s e s . 

These d a t a a re s t o r e d on magnetic tape and a p r e l i m i n a r y a n a l y s i s 

has been made i n c o - o p e r a t i o n w i t h J . F u l t o n . The da t a a re 

s u f f i c i e n t l y comprehensive t o a l l o w L e B r a s s e u r ' s average s e a s o n a l 

c y c l e s t o be r e f i n e d , and annual v a r i a t i o n s i n t h e s e c y c l e s t o be 

c o n s i d e r e d . T h i s a n a l y s i s w i l l be r e p o r t e d e l s e w h e r e . The d a t a 

are used i n t h i s t h e s i s i n two r a t h e r s p e c i a l i s e d r o l e s . In t h i s 

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

copepod c o h o r t s i s adapted and a p p l i e d t o the s i z e - s t r u c t u r e d 

abundance d a t a f o r the dominant h e r b i v o r o u s copepods a t O.S.P. 

In the remainder of the .chapter, the da t a w i l l be used i n the 

c o n s t r u c t i o n and study of a model of the p h y t o p l a n k t o n -

z o o p l a n k t o n i n t e r a c t i o n a t O.S.P. 

4.1.2 Review of Parameter E s t i m a t i o n T e c h n i q u e s . 

As background t o the parameter e s t i m a t i o n f o r O.S.P., the 

r e s u l t s of P a r s l o w et. a l (1979) and Sonntag and Parslow(1980) a r e 

re v i e w e d . In t h e s e p a p e r s , methods f o r o b t a i n i n g p o p u l a t i o n 

parameters from time s e r i e s of d e n s i t i e s i n l i f e h i s t o r y s t a g e s 

u s i n g a t e c h n i q u e of systems i d e n t i f i c a t i o n were e x p l o r e d . The 

u n d e r l y i n g t e c h n i q u e has the f o l l o w i n g g e n e r a l s t r u c t u r e . G i v e n 

a s e t of o b s e r v a t i o n s Y ( t ; ) , i = 1,...,N, and a model which 
A 

a l l o w s p r e d i c t i o n s Y ( t ; , p ) as a f u n c t i o n of time and parameters 
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p r t h a t s e t o f p a r a m e t e r s p i s sought w h i c h m i n i m i z e s t h e sum of 

s q u a r e d e r r o r s (SSQ = I ( Y ( t ; ) - Y ( t j ) ) 2 ) . 
i 

In P a r s l o w e t a_l ( 1 9 7 9 ) , t h e o b s e r v a t i o n s c o n s i s t e d o f 

d e n s i t i e s S j ( t ) , j = 1,...,M i n M s t a g e s ( o r g r o u p s of s t a g e s ) 

and t h e p a r a m e t e r s c o n s i s t e d o f t h e r e s i d e n c e t i m e s T j and 

m o r t a l i t y r a t e s 0j i n t h e s e s t a g e s ( o r g r o u p s of s t a g e s ) . A 

model i s t h e n r e q u i r e d w h i c h p r e d i c t s Sj ( t ; ) g i v e n a s e t of 

p a r a m e t e r s , T and 6 . U n d e r l y i n g t h e s t a g e - s t r u c t u r e of t h e 

p o p u l a t i o n i s t h e a g e - s t r u c t u r e model w h i c h has t h e form 

d_Z(a,t) + d_Z(a,t) = - e ( a ) . Z ( a , t ) , 

where Z ( a , t ) i s t h e p o p u l a t i o n d e n s i t y of age a a t t i m e t and 

0(a) i s t h e p e r c a p i t a m o r t a l i t y r a t e f o r i n d i v i d u a l s o f age a 

T h i s must be c o u p l e d w i t h a f o r m u l a f o r mapping Z ( a , t ) i n t o 

S j ( t ) . I f a l l i n d i v i d u a l s s p end t h e same t i m e T,- i n s t a g e j , 

k 

Z ( a , t ) . d a . Sj ( t ) 

k--i K 

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

t i m e s a r e a l l o w e d t o v a r y a b o u t a mean v a l u e , Ij . The p r o b l e m i n 

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

i n i t i a l c o n d i t i o n s Z ( a , 0 ) and t h e b oundary c o n d i t i o n s Z ( 0 , t ) a r e 

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

a s s u m p t i o n s can be made t o overcome t h i s d i f f i c u l t y and t h e s e 

r e s u l t i n a number of s i m p l e r models w h i c h p r e d i c t S j ( t ) . F o u r 

s u c h m o d els were c o n s i d e r e d by P a r s l o w e t a l ( 1 9 7 9 ) , and t h e i r 

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



153 

Any model w h i c h p r e d i c t s Sj ( t ) c an be t h o u g h t o f as a 

compartment model, w i t h Sj ( t ) b e i n g t h e compartment c o n t e n t s . 

T h e r e i s a f l u x i n , R j ( t ) , w h i c h r e p r e s e n t s r e c r u i t m e n t from t h e 

p r e v i o u s s t a g e ( o r from r e p r o d u c t i o n ) and two f l u x e s o u t , one 

b e i n g r e c r u i t m e n t t o t h e n e x t s t a g e , R j + ) ( t ) , and t h e o t h e r b e i n g 

m o r t a l i t y . Thus 

Sj = R j ( t ) - Rj + ) ( t ) - 6 j . S j ( t ) 

The s i m p l e r models d i f f e r i n t h e way t h e R j ' s a r e c a l c u l a t e d . 

The l a g model i s e s s e n t i a l l y an a g e - s t r u c t u r e model w i t h 

f i x e d r e s i d e n c e t i m e s . R e c r u i t m e n t r a t e s i n t o and out of s t a g e j 

a r e t h e n c o n n e c t e d by t h e r e l a - t i o n s h i p 

R j + | ( t ) = Rj ( t - T,-) . e x p ( - Bj.'Cj) 

The b o u n d a r y c o n d i t i o n p r o b l e m a p p e a r s when we t r y t o c a l c u l a t 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 , R j ( t ) . T h i s c a n n o t be done 

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

c a n be c a l c u l a t e d i f t h e r e s i d e n c e t i m e i n t h e f i r s t s t a g e i s 

s h o r t compared w i t h t h e t i m e s c a l e s o f c h a n g e s i n S ^ t ) . Then 

t h e l i n e a r t r a n s f e r r a t e a p p r o x i m a t i o n R 2 ( t ) = p . S i ( t ) c a n be 

u s e d , where t h e o b s e r v e d d e n s i t i e s S j ( t ) a r e u s e d t o c o n s t r u c t a 

d r i v i n g v a r i a b l e . C l e a r l y , i f o b s e r v a t i o n s s t a r t a t t=0, R j ( t ) 

i s o n l y c a l c u l a b l e a f t e r t = £ T k , so t h a t some o b s e r v a t i o n s i n 

l a t e r s t a g e s have t o be d i s c a r d e d . 

I f t h e r e s i d e n c e t i m e s i n a l l s t a g e s a r e assumed t o be s h o r t 

compared w i t h t i m e s c a l e s o f c h a n g e s i n d e n s i t i e s , t h e l i n e a r 
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t r a n s f e r r a t e a s s u m p t i o n : 

R j + 1 ( t ) = P j .Sj ( t ) 

can be made f o r a l l s t a g e s , w i t h S 1 ( t ) a g a i n b e i n g u s e d as a 

d r i v i n g v a r i a b l e . The r e s u l t i n g ' l i n e a r t r a n s f e r ' model i s 

s i m p l e (and l i n e a r ) and a l l o b s e r v a t i o n s c an be u s e d . 

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

p r o b l e m was p r o p o s e d by M a n l y ( 1 9 7 4 ) f o r t i m e s e r i e s r e p r e s e n t i n g 

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

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

S-. ( t ) , t h i s model p r e d i c t s T S k ( t ) by a s s u m i n g a common 
J im

m o r t a l i t y r a t e f o r t h e s e s t a g e s . E s t i m a t e s o f t h e s i z e , mean 

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

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

model i s n o t i n t e r n a l l y c o n s i s t e n t i f m o r t a l i t y r a t e s v a r y o v e r 

s t a g e s . 

The l a g - M a n l y model u s e s M a n l y ' s a s s u m p t i o n of g a u s s i a n 

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 and t h e l a g - m o d e l ' s r e l a t i o n s h i p 

between r e c r u i t m e n t i n t o and o u t o f e a c h s t a g e . I t a l l o w s t h e 

c o n s i s t e n t e s t i m a t i o n o f s t a g e - d e p e n d e n t m o r t a l i t y r a t e s , under 

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

not v a r y . 

The p e r f o r m a n c e o f t h e p a r a m e t e r e s t i m a t i o n t e c h n i q u e u s i n g 

e a c h o f t h e s e models i n t u r n was c o n s i d e r e d f o r d a t a p r o d u c e d by 

a more complex s i m u l a t i o n model d e s i g n e d t o p r o b e t h e weaknesses 

of e a c h of t h e m o d e l s . I t was f o u n d t h a t t h e l i n e a r t r a n s f e r 

model was m a r k e d l y i n f e r i o r t o t h e o t h e r s under a l m o s t a l l 
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c o n d i t i o n s . The o t h e r t h r e e models p r o v i d e d good e s t i m a t e s of 

r e s i d e n c e t i m e s f o r a range of s a m p l i n g i n t e r v a l s and degrees of 

stage a g g r e g a t i o n . The la g - M a n l y model performed b e s t , w i t h 

e s t i m a t i o n e r r o r s of a few p e r c e n t a t most. E s t i m a t i o n of 

r e s i d e n c e t i m e s by the l a g and la g - M a n l y models was r e l a t i v e l y 

i n s e n s i t i v e t o l o g - n o r m a l o b s e r v a t i o n e r r o r i n the d a t a , w i t h 

average e r r o r s l e s s than 25% f o r c o e f f i c i e n t s of v a r i a t i o n up t o 

0.4 i n the o b s e r v a t i o n e r r o r s . 

The e s t i m a t i o n of m o r t a l i t y r a t e s was much l e s s 

s a t i s f a c t o r y . R e l i a b l e e s t i m a t e s of m o r t a l i t y r a t e i n each stage 

were not o b t a i n e d f o r any model. The la g - M a n l y model d i d produce 

r e l i a b l e e s t i m a t e s of average m o r t a l i t y r a t e s i n aggr e g a t e d 

s t a g e s f o r s m a l l s a m p l i n g i n t e r v a l s under z e r o or low o b s e r v a t i o n 

e r r o r . 

When a p p l i e d t o a s e t of CEPEX data r e p r e s e n t i n g 

Pseudocalanus minutus, u n s a t i s f a c t o r y r e s u l t s were o b t a i n e d f o r 

a l l models. I t was not c l e a r whether t h i s was due t o 

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

v i o l a t i o n of the models' assumption t h a t p o p u l a t i o n parameters 

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

E s t i m a t e s of secondary p r o d u c t i o n , i n c l u d i n g m o r t a l i t y , can 

be o b t a i n e d as a by-product of the parameter e s t i m a t i o n 

p r o c e d u r e , once average i n d i v i d u a l w e i g h t s i n each stage a re 

s p e c i f i e d . E s t i m a t e s g e n e r a t e d i n t h i s way have been compared 

w i t h t h e s e o b t a i n e d u s i n g a c l a s s i c a l t e c h n i q u e (Winberg,1968) 

f o r b o t h s i m u l a t e d d a t a and a d i f f e r e n t s e t of CEPEX d a t a 

r e p r e s e n t i n g a P a r a c a l a n u s parvus p o p u l a t i o n . E s t i m a t e s of 

secondary p r o d u c t i o n f o r s i m u l a t e d d a t a were found t o be much 
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more r e l i a b l e than m o r t a l i t y r a t e e s t i m a t e s . The l a t t e r a r e 

c a l c u l a t e d e s s e n t i a l l y as d i f f e r e n c e s between e s t i m a t e s of t o t a l 

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

r e p r e s e n t s a weig h t e d average of the s e r e c r u i t m e n t s . 

4.1.3 A p p l i c a t i o n t o O.S.P. Data. 

A l t h o u g h these t e c h n i q u e s were d e v e l o p e d f o r time s e r i e s of 

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

time s e r i e s of d e n s i t i e s i n s i z e c l a s s e s . However, t h e i r 

a p p l i c a t i o n t o the da t a from O.S.P. has p r e s e n t e d a number of 

problems due t o the l i f e h i s t o r y s t r a t e g i e s of the dominant 

copepods, the sample methods employed, and the d e t a i l s of sample 

a n a l y s i s . 

The l i f e - h i s t o r y s t r a t e g i e s of Calanus plumchrus and Calanus  

c r i s t a t u s were d e s c r i b e d i n Chapter 1. Both s p e c i e s a r e 

r e c r u i t e d as n a u p l i i i n the s u r f a c e waters i n l a t e w i n t e r or 

e a r l y s p r i n g . I n d i v i d u a l s f e e d and grow i n the s u r f a c e waters 

u n t i l t h ey r e a c h stage V and have accumulated a l i p i d r e s e r v e . 

These copepods then l e a v e the s u r f a c e waters and o v e r - w i n t e r 

below 200m. R e p r o d u c t i o n t a k e s p l a c e a t depth i n the case of 

Calanus plumchrus ( F u l t o n , 1 9 7 3 ) and n a u p l i i a r e r e c r u i t e d t o 

s u r f a c e waters the f o l l o w i n g s p r i n g . There i s some s u g g e s t i o n i n 

the O.S.P. da t a t h a t C. c r i s t a t u s a d u l t s may appear b r i e f l y i n 

the s u r f a c e waters i n s p r i n g . 

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

t e c h n i q u e s d i s c u s s e d above, as they r e s u l t i n a d i s t i n c t a n n u a l 

c o h o r t . However, the v e r t i c a l h a u l s a t O.S.P. sample the t o p 

150m o n l y so t h a t the d e p a r t u r e of o v e r - w i n t e r i n g copepodids from 

s u r f a c e w a t e r s appears i n the time s e r i e s as a d e c l i n e which can 
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p o t e n t i a l l y be c o n f u s e d w i t h m o r t a l i t y . T h i s w i l l b a d l y d i s t o r t 

e s t i m a t e s of m o r t a l i t y r a t e u s i n g the Manly model, u n l e s s a l l 

o b s e r v a t i o n s taken a f t e r the d e p a r t u r e commences a r e d i s c a r d e d . 

Even assuming t h e r e was some a p r i o r i way t o choose t h i s t i m e , 

t h i s would r e s u l t i n an u n a c c e p t a b l e l o s s of i n f o r m a t i o n f o r 

broad c o h o r t s of the type o b s e r v e d a t O.S.P. O v e r - w i n t e r i n g can 

be s i m p l y r e p r e s e n t e d i n the l a g - M a n l y model as r e c r u i t m e n t out 

of the l a r g e s t o b s e r v e d s i z e - c l a s s i n t o a n o ther which i s not 

ob s e r v e d . T h i s does not e l i m i n a t e the p o t e n t i a l c o n f u s i o n 

between o v e r - w i n t e r i n g and m o r t a l i t y however, which w i l l appear 

l a t e r as u n c e r t a i n t y i n r e c r u i t m e n t and m o r t a l i t y r a t e e s t i m a t e s . 

There i s a l s o a problem i n t h e i n t e r p r e t a t i o n of r e c r u i t m e n t 

i n the s p r i n g . The s m a l l e s t s i z e c l a s s e s i d e n t i f i e d as 

C. plumchus or C. c r i s t a t u s have a nominal l e n g t h of 1mm. 

( N a u p l i a r s t a g e s a r e not i d e n t i f i e d and are p r o b a b l y p o o r l y 

r e t a i n e d by the 350 jam n e t ) . I t i s assumed here t h a t a s i z e 

t h r e s h o l d e x i s t s , due e i t h e r t o net a p e r t u r e s i z e or sample 

a n a l y s i s t e c h n i q u e s , below which a l l i n d i v i d u a l s a r e i g n o r e d , and 

above which a l l a r e sampled w i t h c o n s t a n t e f f i c i e n c y . E s t i m a t e s 

of r e c r u i t m e n t produced here t h e r e f o r e a p p l y t o r e c r u i t m e n t 

a c r o s s t h i s s i z e t h r e s h o l d . I t i s p o s s i b l e t h a t s i z e c l a s s e s 

above t h i s t h r e s h o l d a r e sampled w i t h v a r i a b l e e f f i c i e n c y , or 

t h a t some i n d i v i d u a l s a r e r e c r u i t e d i n t o the t o p 150m at s i z e s 

above the t h r e s h o l d . To the e x t e n t t h a t e i t h e r o c c u r s , the 

e s t i m a t e s produced here may be d i s t o r t e d . E s t i m a t e s of secondary 

p r o d u c t i o n produced here do not i n c l u d e m o r t a l i t y of s m a l l 

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

t o t a l secondary p r o d u c t i o n (Sonntag and P a r s l o w , 1 9 8 0 ) . 
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The above problems can be handl e d by s i m p l e a d j u s t m e n t s of 

the l a g or lag-Manly models. A t h i r d problem has r e q u i r e d the 

c r e a t i o n of a new e s t i m a t i o n model. The a n a l y s i s of 

O.S.P. z o o p l a n k t o n samples has i n v o l v e d a l a r g e number of 

t e c h n i c i a n s over s e v e r a l y e a r s . W h i l e c a r e has been taken t o 

ensure c o n s i s t e n c y of c o u n t i n g and s p e c i e s i d e n t i f i c a t i o n 

( F u l t o n , 1 9 7 8 ) , the s i z e c l a s s e s used have v a r i e d amongst 

t e c h n i c i a n s and over t i m e . As a r e s u l t , s e v e r a l d i f f e r e n t s e t s 

of s i z e c l a s s e s , i n v o l v i n g from one t o f i v e d i f f e r e n t d i v i s i o n s , 

can be found even w i t h i n one y e a r ' s d a t a f o r one s p e c i e s . Any 

attempt t o f o r c e these d a t a i n t o a s t a n d a r d s e t of s i z e - c l a s s e s 

i n o r d e r t o a p p l y the l a g or la g - M a n l y models w i l l i n v o l v e much 

l o s s of i n f o r m a t i o n , t h rough the b l u r r i n g of some s i z e c l a s s e s 

and the d i s c a r d i n g of p o o r l y r e s o l v e d samples. 

An a l t e r n a t e approach has been dev e l o p e d which a v o i d s any 

l o s s of i n f o r m a t i o n i n u s i n g the a v a i l a b l e d a t a . Rather than 

assume a s e t of f i x e d r e s i d e n c e t i m e s Tj f o r a unique s e t of s i z e 

c l a s s e s , a c o n t i n u o u s r e l a t i o n s h i p between age and l e n g t h , 

a = A ( l ) , i s assumed and p a r a m e t r i s e d . The assumption of 

g a u s s i a n r e c r u i t m e n t , t o g e t h e r w i t h the a g e - s t r u c t u r e model, 

a l l o w the p r e d i c t i o n of an a g e - d i s t r i b u t i o n Z ( a , t ) over t i m e , 

which can then be t r a n s l a t e d i n t o a s i z e - d i s t r i b u t i o n Z ' ( l , t ) . 

For each sample, i n t e g r a t i o n of the p r e d i c t e d s i z e - d i s t r i b u t i o n 

between a p p r o p r i a t e l i m i t s p r o v i d e s p r e d i c t i o n s of d e n s i t i e s i n 

s i z e c l a s s e s which e x a c t l y match the s i z e c l a s s e s used i n the 

a n a l y s i s of t h a t sample. 

A power law i s chosen f o r A ( l ) : 

a = a 1 . ( l l f - l X ) 
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where 1 R i s the t h r e s h o l d s i z e below which i n d i v i d u a l s a r e not 

sampled. The parameters a± and y a r e e s t i m a t e d . Note t h a t i f 

weight i s p r o p o r t i o n a l t o l 3 and growth (dW/dt) p r o p o r t i o n a l t o 

l 2 , ^ = 1. I f growth i s a s m a l l e r power of l e n g t h (eg S t e e l e 

and F r o s t ( 1 9 7 7 ) suggest i n g e s t i o n may be p r o p o r t i o n a l t o l e n g t h ) , 

X i s l a r g e r than 1. As e x p o n e n t i a l growth i s approached, y 

approaches z e r o . The m o r t a l i t y r a t e law e ( a ) , or e q u i v a l e n t l y 

0 ( 1 ) , must a l s o be p a r a m e t r i z e d . W h i l e some dependence of 

m o r t a l i t y r a t e on s i z e might be e x p e c t e d (eg Cush i n g , 1 9 7 6 ) , 

s c a t t e r i n the d a t a , the l a c k of s i z e - c l a s s r e s o l u t i o n and 

c o n f u s i o n due t o o v e r - w i n t e r i n g d i s c o u r a g e d any attempt t o go 

beyond a c o n s t a n t m o r t a l i t y r a t e . 

The e x a c t parameter e s t i m a t i o n p r o c e d u r e i s t h e r e f o r e as 

f o l l o w s . G i v e n i n i t i a l guesses a t t o t a l r e c r u i t m e n t , R T, spread 

of r e c r u i t m e n t <T, mean time of r e c r u i t m e n t jj and m o r t a l i t y r a t e 

e, the a g e - d i s t r i b u t i o n Z ( a , t ) i s g i v e n by 

Z ( a , t ) = R T . e x p ( - ( t - a - p ) 2 / ( 2 . a 2 ) - ©.a) / (7277.(7) 

Gi v e n v a l u e s f o r ai and #, the l e n g t h - d i s t r i b u t i o n 

can be deduced. The l e n g t h s a t r e c r u i t m e n t , 1 R , and a t o v e r 

w i n t e r i n g , 1 F , a r e f i x e d f o r each s p e c i e s based on minimum and 

maximum ob s e r v e d l e n g t h s . On each day, g i v e n a s e t of M s i z e 

c l a s s e s w i t h nominal s i z e s 1 A ,1 2 , . . . , 1 M , a c o r r e s p o n d i n g s e t of 

s i z e c l a s s l i m i t s i s d e f i n e d by 

U = IR 
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l j = ( l ] + l > , )/2 j = l , . . . , M - l 

IM = I F 

r'J 

P r e d i c t e d d e n s i t i e s S j ( t ) = J Z ' ( l , t ) . d l can then be compared 

w i t h o b s e r v e d d e n s i t i e s s j ( t ) and the parameters c o r r e s p o n d i n g t o 

minimum SSQ e r r o r s o b t a i n e d u s i n g the Marquardt a l g o r i t h m 

(Marquardt,1963). 

4.1.4 S t a t i s t i c a l C o n s i d e r a t i o n s . 

In view of the l a c k of comparable e s t i m a t e s of the 

parameters sought h e r e , an attempt was made t o p r o v i d e a t l e a s t 

an i n d i c a t i o n of s t a t i s t i c a l u n c e r t a i n t y i n e s t i m a t e d p a r a m e t e r s . 

As a p r e l i m i n a r y s t e p , the n a t u r e of v a r i a b i l i t y i n the 

z o o p l a n k t o n samples from O.S.P. was i n v e s t i g a t e d . A n a l y s i s of 10 

r e p l i c a t e samples taken w i t h i n a s h o r t time p e r i o d (3 hours) on 

10th June, 1978, i n d i c a t e d t h a t the v a r i a n c e i n s p e c i e s c o u n t s 

i n c r e a s e d w i t h the mean a t low d e n s i t i e s ( P o i s s o n ) and w i t h the 

mean squared a t h i g h d e n s i t i e s ( l o g - n o r m a l ) w i t h an a s y m p t o t i c 

c o e f f i c i e n t of v a r i a t i o n of 0.2. F o l l o w i n g Barnes (1952), the 

n o r m a l i s i n g t r a n s f o r m a t i o n 

Y' = s i n h " 1 (/3.JI)//3 

w i t h j8= .2, was employed and the SSQ e r r o r s between t r a n s f o r m e d 

p r e d i c t i o n s and o b s e r v a t i o n s was m i n i m i z e d . ( E s t i m a t e s i n i t i a l l y 

o b t a i n e d w i t h o u t t r a n s f o r m i n g the da t a showed g r e a t v a r i a b i l i t y 

from year t o year and i n s p e c t i o n of p r e d i c t e d timestreams showed 

a tendency t o f i t one or two anomalous h i g h o b s e r v a t i o n s c l o s e l y 

and i g n o r e the r e s t . ) 



161 

The.exact s t a t i s t i c a l d i s t r i b u t i o n of e s t i m a t e s o b t a i n e d 

through n o n - l i n e a r , l e a s t - s q u a r e s t e c h n i q u e s can not g e n e r a l l y be 

found. However, an approximate d i s t r i b u t i o n can be o b t a i n e d by 

a p p r o x i m a t i n g the n o n - l i n e a r f u n c t i o n of parameters by a l i n e a r 

t h i s a p p r o x i m a t i o n , i f the s t a t i s t i c a l model i s Y,- = f j (p) + £\ 

e v a l u a t e d a t p (Benson,1978). The a c c u r a c y of the a p p r o x i m a t i o n 

c l e a r l y depends on the r e l a t i v e magnitude of the l i k e l y e r r o r i n 

p and the s c a l e of n o n - l i n e a r i t i e s i n i. 

4.1.5 R e s u l t s f o r Calanus plumchrus . 

I t was p o s s i b l e t o a p p l y the parameter e s t i m a t i o n t e c h n i q u e s 

t o s i z e - s t r u c t u r e d d a t a f o r C. plumchrus i n the y e a r s 

1969,1970,1973,1975,1976 and 1977. In 1971 and 1972, s i z e -

s t r u c t u r e i n f o r m a t i o n was e i t h e r not p r e s e n t or i n s u f f i c i e n t t o 

a l l o w parameter e s t i m a t i o n . In 1974, t r a n s i t i o n water appeared 

i n mid-summer and t h i s , combined w i t h a 6-week d a t a gap, made i t 

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

S i x parameters were e s t i m a t e d i n each y e a r . These were 

t o t a l r e c r u i t m e n t R T, mean r e c r u i t m e n t time ju, s t a n d a r d d e v i a t i o n 

of r e c r u i t m e n t cr , i n d i v i d u a l r e s i d e n c e time i n samples T, age-

l e n g t h power y and m o r t a l i t y r a t e ©. The t o t a l r e s i d e n c e t i m e , 

T, e s t i m a t e d i n p l a c e of the c o n s t a n t a t , i s g i v e n by 

f u n c t i o n i n the neighborhood of the parameter e s t i m a t e . Under 

. . . £• i i d N ( 0 , ( 7 e 2 ) , P* i s the t r u e parameter s e t and p i s the 

l e a s t - s q u a r e s e s t i m a t e , p -p* has a m u l t i v a r i a t e normal 

d i s t r i b u t i o n w i t h c o v a r i a n c e m a t r i x 
-i 
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These s i x parameters c o u l d be d i v i d e d i n t o two groups based on 

the p r o p e r t i e s of the approximate c o v a r i a n c e m a t r i c e s . One s e t 

c o n s i s t e d of u, 0 and T. These v a r i a b l e s , a l l r e l a t e d t o 

t i m i n g , were not h i g h l y c o r r e l a t e d w i t h one another or w i t h 

members of the second s e t , c o n s i s t i n g of R T, 0 and Jf. E s t i m a t e s 

f o r t h i s second s e t were v e r y h i g h l y c o r r e l a t e d w i t h one a n o t h e r , 

c o r r e l a t i o n c o e f f i c i e n t s of 0.98 b e i n g common. There was 

e s s e n t i a l l y one degree of freedom i n v o l v i n g these parameters 

which c o u l d not be r e s o l v e d by the e s t i m a t i o n t e c h n i q u e from 

the s e time s e r i e s . 

The parameter e s t i m a t e s a r e g i v e n i n T a b l e IV. The 95% 

c o n f i d e n c e i n t e r v a l s g i v e n i n t h a t t a b l e f o r u, <J and T a r e 

a c t u a l l y the l i m i t s of a 95% c o n f i d e n c e r e g i o n f o r a l l 6 

parameters d e t e r m i n e d by F^„.ff s t a t i s t i c s . . Because of the h i g h 

c o r r e l a t i o n amongst R T,e and y, i n d i v i d u a l c o n f i d e n c e i n t e r v a l s 

a r e u n i n f o r m a t i v e and i n s t e a d p r o j e c t i o n s of the 95% c o n f i d e n c e 

r e g i o n s on the (R T,e) and (0, y ) p l a n e s have been p r e s e n t e d i n 

F i g 44. 

Note t h a t , because of the c o n f u s i o n of ©, R T and y, i t 

became n e c e s s a r y t o c o n s t r a i n 9 t o be n o n - n e g a t i v e i n some y e a r s . 

In f a c t , as z e r o m o r t a l i t y r a t e s a r e u n l i k e l y i n n a t u r e , the 

c o n s t r a i n t 6 ^ 0.005 day" 1 was imposed and c o n f i d e n c e r e g i o n s f o r 

(R T,9) and ( 6 , ) are t r u n c a t e d a c c o r d i n g l y . 

The mean r e c r u i t m e n t time o c c u r s i n A p r i l and e a r l y May w i t h 

a p p a r e n t l y e a r l i e r r e c r u i t m e n t i n 1975 and 1976. The s t a n d a r d 

d e v i a t i o n of r e c r u i t m e n t i n t o the s m a l l e s t s i z e c l a s s i s f a i r l y 

c o n s t a n t a t about 30 days, w i t h a l a r g e r s p r e a d i n 1975. 

Residence t i m e s above 150m a r e re m a r k a b l y c o n s i s t e n t from y e a r -
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T a b l e IV. 

P a r a m e t e r e s t i m a t e s f o r C a l a n u s p l u m c h r u s . 

Y e a r (days) CT(days) T ( d a y s ) R T ( i n d . m ~ 3 ) e ( d a y _ 1 ) 

1969 121.±27. 27.± 9. 56.±34. 50. 0.005 1.4 
1970 126.±21. 31.± 5. 58.±23. 238. 0.005* 1.0 

1973 112.±18. 24.± 7. 66.±31. 318. 0.040 2.2 

1975 93.±30. 48.±12. 65.±65. 72. 0.005* 0.45 

1976 96.±29. 34.± 8. 64.±37. 141. 0.005* 1.0 

1977 105.±10. 31.± 4. "66. ±20. 498. 0.027 1.6 

* These v a l u e s were f r o z e n t o a l l o w c o n v e r g e n c e . 
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Figure 44b. Projection of approximate 95% confidence regions 

for Calanus plumchrus parameter estimates on (y,0) plane. 
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t o - y e a r c o n s i d e r i n g the l a r g e c o n f i d e n c e i n t e r v a l s . The sampled 

p o p u l a t i o n of C. plumchrus above 150m a t O.S.P. can t h e r e f o r e be 

c h a r a c t e r i z e d as a broad c o h o r t , r e c r u i t e d over 2 months or more 

from March t o May, of i n d i v i d u a l s which spend about 60 days i n 

the s u r f a c e l a y e r and l e a v e d u r i n g June and J u l y . 

A d e t a i l e d account of the l i f e h i s t o r y of C. plumchrus i n 

the S t r a i t of G e o r g i a was g i v e n by F u l t o n ( 1 9 7 3 ) . In t h a t s t u d y , 

deep v e r t i c a l h a u l s a l l o w e d the f u l l l i f e c y c l e , i n c l u d i n g 

m a t u r a t i o n and r e p r o d u c t i o n , t o be f o l l o w e d . F u l t o n r e p o r t e d 

t h a t maximum egg p r o d u c t i o n o c c u r r e d on March 5th and maximum 

abundance of n a u p l i i i n s u r f a c e waters on March 1 7 t h . The peak 

abundance of c o p e p o d i t e stage V o c c u r r e d 62 days l a t e r , on May 

18 t h . H i s schematic diagram s u g g e s t s t h a t a broad c o h o r t , 

e x c e e d i n g 2 months i n w i d t h , i s r e c r u i t e d i n t o the t o p 150m 

d u r i n g F e b r u a r y , March and A p r i l and d e p a r t s as stage V 

cop e p o d i d s i n May, June and J u l y . 

Comparison of h i s r e s u l t s w i t h the e s t i m a t e s produced here 

i s d i f f i c u l t as n a u p l i i a r e not sampled a t O.S.P. and our 

r e c r u i t m e n t e s t i m a t e s r e f e r t o e a r l y c o p e p o d i d s . A l s o , depending 

on the importance of m o r t a l i t y , h i s peak t o peak times may not be 

comparable t o the mean r e c r u i t m e n t and r e s i d e n c e times e s t i m a t e d 

here u s i n g a dynamic model. I g n o r i n g the second problem, i t i s 

c l e a r t h a t r e c r u i t m e n t of n a u p l i i i n the S t r a i t of G e o r g i a 

p r e c e d e s r e c r u i t m e n t of e a r l y c o pepodids a t O.S.P. which i s not 

s u r p r i s i n g . In f a c t , i t might be e x p e c t e d t h a t r e c r u i t m e n t of 

n a u p l i i would o c c u r l a t e r a t O.S.P. as w e l l , as the s p r i n g 

i n c r e a s e i n p r i m a r y p r o d u c t i o n o c c u r s e a r l i e r i n the S t r a i t of 

G e o r g i a ( P a r s o n s , 1 9 6 5 ) . The p e r i o d of 62 days between peak 
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n a u p l i a r and peak CV abundance i n the S t r a i t of G e o r g i a i s the 

same as the e s t i m a t e d r e s i d e n c e t i m e s from e a r l y c o p e p o d i t e t o 

stage V a t O.S.P. I f t h e s e a r e t e c h n i c a l l y comparable, growth i s 

s l o w e r a t O.S.P. which would h a r d l y be s u r p r i s i n g , i n view of the 

much lower p h y t o p l a n k t o n s t a n d i n g s t o c k t h e r e . 

The l a r g e u n c e r t a i n t y i n R T , 0 and V i s u n f o r t u n a t e , as a 

knowledge of m o r t a l i t y r a t e s would be of g r e a t i n t e r e s t . The 

u n c e r t a i n t y a r i s e s from a c o m b i n a t i o n of the c o n f u s i o n of 

m o r t a l i t y and o v e r - w i n t e r i n g d e p a r t u r e , o b s e r v a t i o n e r r o r s , a 

r e l a t i v e l y s m a l l number of c o a r s e s i z e c l a s s e s and the broad 

c o h o r t w i d t h . For example, i n c r e a s i n g the m o r t a l i t y r a t e i n the 

model would n o r m a l l y have the e f f e c t of d e c r e a s i n g the number of 

i n d i v i d u a l s i n l a r g e r s i z e c l a s s e s . However, because of the 

broad c o h o r t w i d t h , t h i s e f f e c t can be c o u n t e r a c t e d by i n c r e a s i n g 

t o t a l r e c r u i t m e n t and i n c r e a s i n g X , which i n c r e a s e s the r e l a t i v e 

d u r a t i o n and c o n s e q u e n t l y the r e l a t i v e abundance, of l a r g e r s i z e 

c l a s s e s . 

Note t h a t i n 1973 and 1977, the optimum parameter s e t o c c u r s 

f o r p o s i t i v e & w h i l e i n the o t h e r y e a r s , 0 must be c o n s t r a i n e d t o 

be p o s i t i v e . However, the c o n f i d e n c e r e g i o n s i n the ( 0 ,V ) 

p l a n e show s i m i l a r o r i e n t a t i o n and p o s i t i o n , so t h a t some o v e r l a p 

o c c u r s amongst a l l y e a r s . A range f o r 0 of 0.0 t o 0.1 day" 1 i s 

i m p l i e d by the c o n f i d e n c e r e g i o n s . Much s m a l l e r c o n f i d e n c e 

r e g i o n s can be o b t a i n e d f o r R T and e by f i x i n g the growth law 

parameter Y. For V = 1, low v a l u e s of R T, r a n g i n g from between 

200 and 450 ind/m 3 i n 1977 t o between 25 and 60 ind/m 3 i n 1969, 

a r e e s t i m a t e d . H i g h e r v a l u e s of R T and 6 a r e o b t a i n e d f o r Y= 

2. 
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4.1.5 R e s u l t s f o r C. c r i s t a t u s . 

Parameter e s t i m a t e s c o u l d be o b t a i n e d f o r the y e a r s 

1969,1970,1974,1975,1976 and 1977. The y e a r s 1971 and 1972 were 

a g a i n o m i t t e d f o r l a c k of s i z e - s t r u c t u r e i n f o r m a t i o n . As 

C. c r i s t a t u s i s p r e s e n t l a t e r i n the year than C. plumchrus, a 

f a l l i n t r u s i o n of t r a n s i t i o n water i n 1973 i n t e r r u p t e d the time 

s e r i e s f o r t h i s s p e c i e s . The t e c h n i q u e was a p p l i e d t o 1974 but 

the e a r l y presence of t r a n s i t i o n water c l e a r l y d i s t o r t s parameter 

e s t i m a t e s . 

In g e n e r a l , the C. c r i s t a t u s time s e r i e s were not as ' w e l l -

behaved' as those f o r C. plumchrus and e s t i m a t e s show g r e a t e r 

u n c e r t a i n t y . E s t i m a t e s of u, <T and T are g i v e n i n Ta b l e V. 

There i s c l e a r l y much l e s s c o n s i s t e n c y from year t o year i n mean 

r e c r u i t m e n t time f o r t h i s s p e c i e s , w i t h u r a n g i n g from day 67 i n 

1977 t o day 142 i n 1970. (The v e r y l a t e r e c r u i t m e n t i n 1974 i s 

due t o t r a n s i t i o n water i n t r u s i o n . ) D i s c o u n t i n g 1974, the spre a d 

of r e c r u i t m e n t i s s i m i l a r t o t h a t f o r C. plumchrus, r a n g i n g from 

20 days i n 1977 t o 42 days i n 1970. Great v a r i a b i l i t y i s shown 

i n r e s i d e n c e t i m e s , w i t h T r a n g i n g . f r o m 83 and 89 days i n 1976 

and 1969, t o 213 days i n 1977. 

No r e a l l y c o n s i s t e n t p i c t u r e of the l i f e h i s t o r y of 

C. c r i s t a t u s emerges from t h i s a n a l y s i s . E x c l u d i n g 1974, i t can 

be s a i d t h a t a broad c o h o r t i s r e c r u i t e d over a p p r o x i m a t e l y a 2 

month p e r i o d a t some time between F e b r u a r y and June and l e a v e s a t 

some time between June and Oc t o b e r . In view of the l a r g e 

a pproximate c o n f i d e n c e i n t e r v a l s , t h i s apparent a n n u a l 

v a r i a b i l i t y may be a s t a t i s t i c a l a r t i f a c t . E s p e c i a l l y w i t h 

r e g a r d t o the v a r i a t i o n i n r e s i d e n c e t i m e , i t i s i n t e r e s t i n g t h a t 
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T a b l e V. 

P a r a m e t e r e s t i m a t e s f o r C a l a n u s c r i s t a t u s . 

Y e a r yt/(days) <7(days) r ( d a y s ) T -3 R ( i n d . m ) e ( d a y ~ 1 ) 

1969 89.±45. 24.±17. 89.± 61. 9.5 0.008 
* 

0.5 

1970 142.±25. 42.±13. 119.±100. 97. 0.034 1.4 

1974 188.±29. 18.± 9. 53.± 39. 16. 0.005* 3.0 

1975 100.±35. 34.±19. 134.±171. 34. 0.005* 0.9 

1976 99.±22. 34.± 8. 83.± 41. 118. 0.020 
* 

0.5 

1977 67.±27. 20.±15. 213.± 84. 12. 0.027 1.7 

* These v a l u e s were f r o z e n t o a l l o w c o n v e r g e n c e . 
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o b s e r v a t i o n s of C. c r i s t a t u s i n l a t e summer and f a l l a r e o f t e n 

v e r y low except f o r r a r e , h i g h o b s e r v a t i o n s . T h i s may be due t o 

s p a t i a l a g g r e g a t i o n , as l a t e s t a g e s of C. c r i s t a t u s a r e l a r g e (7-

8mm) and may show a c t i v e swarming b e h a v i o u r (Nemoto,1957). 

• D i u r n a l v e r t i c a l m i g r a t i o n by t h e s e l a t e s t a g e s has a l s o been 

r e p o r t e d (Marlowe and M i l l e r , 1 9 7 5 ) and i t i s q u i t e p o s s i b l e t h a t 

they a r e p o o r l y sampled by the 150m d a y l i g h t v e r t i c a l h a u l s . 

P r o j e c t i o n s of the 95% c o n f i d e n c e r e g i o n s on the (© ,Y ) and 

( R T , 0 ) p l a n e s are g i v e n i n F i g 45. As f o r C. plumchrus, h i g h 

c o r r e l a t i o n s were found between R T and 0 i n a l l y e a r s . However, 

y was not h i g h l y c o r r e l a t e d w i t h R T or G i n 1970,1975 and.1977. 

In t h e s e y e a r s , numbers of l a r g e (ca 8mm) i n d i v i d u a l s appeared 

b e f o r e day 100, c o i n c i d e n t w i t h or e a r l - i e r than s m a l l 

i n d i v i d u a l s . These were re g a r d e d as p a r t of a s e p a r a t e c o h o r t , 

and a c o h o r t s t a r t i n g w i t h s m a l l s i z e c l a s s e s was d i s t i n g u i s h e d 

by eye. The r e s u l t i n g time s e r i e s showed a c l e a r e r l a g i n the 

appearance of l a r g e r s i z e c l a s s e s and t h i s would be e x p e c t e d t o 

reduce c o n f u s i o n between y and 0 . 

To o b t a i n convergence, i t was n e c e s s a r y t o f r e e z e V ( a t 0.5) 

i n 1969 and 1976, and t o f r e e z e O (at 0.005 d a y " 1 ) i n 1974. The 

s i m u l t a n e o u s appearance of s m a l l and i n t e r m e d i a t e s i z e d 

i n d i v i d u a l s f o l l o w i n g a t r a n s i t i o n water i n t r u s i o n i n 1974 

r e s u l t e d i n an anomalously h i g h e s t i m a t e of #. O t h e r w i s e , low 

e s t i m a t e s of ^, i n the range 0.5 t o 2.0, were o b t a i n e d . A g a i n , 

the c o n f i d e n c e r e g i o n s encompass a wide range of ©, from 0.005 

day " 1 t o 0.07 d a y " 1 , e x c l u d i n g 1974. F i x i n g the v a l u e of X 

r e s u l t s i n s m a l l e r ranges i n 1969 and 1976, but has l i t t l e e f f e c t 

i n t hose y e a r s where ( e,y ) c o r r e l a t i o n s a r e low. The e s t i m a t e s 
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Figure 45. Projection of approximate 95% confidence 

regions for Calanus cristatus parameter 
X 

estimates on (a) (6,R ) plane and (b) 

plane. 
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Figure 45a. 
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of r e c r u i t m e n t i n 1970 and 1976 a r e a p p r o x i m a t e l y 10 t i m e s those 

f o r 1969 and 1977. E s t i m a t e s of r e c r u i t m e n t f o r C. c r i s t a t u s a r e 

low compared w i t h those f o r C. plumchrus , except i n 1976. 

4.1.7 Other spec i e s . 

The next major c o n t r i b u t o r t o h e r b i v o r e biomass a t O.S.P. i s 

a l s o a l a r g e copepod, E u c a l a n u s b u n g i . The l i f e h i s t o r y of t h i s 

s p e c i e s i s not as c l e a r from o b s e r v a t i o n s . I n d i v i d u a l s t y p i c a l l y 

appear i n the 150m v e r t i c a l h a u l s i n i n t e r m e d i a t e (2.5 t o 5 mm) 

s i z e c l a s s e s i n March. There i s a f a i r l y c l e a r p r o g r e s s i o n 

through t o the l a r g e s t (6.5 t o 7 mm) s i z e c l a s s e s by June or 

J u l y . In J u l y or August, l a r g e numbers of s m a l l (1.5 t o 2.5mm) 

i n d i v i d u a l s appear, and the l a r g e i n d i v i d u a l s d i s a p p e a r . Growth 

o c c u r s t h r o u g h t o i n t e r m e d i a t e s i z e c l a s s e s (3 t o 5 mm) but these 

i n d i v i d u a l s d i s a p p e a r by the end of O c t o b e r . 

These o b s e r v a t i o n s a r e m o s t l y c o n s i s t e n t w i t h a l i f e h i s t o r y 

f o r E u c a l a n u s which i n v o l v e s o v e r - w i n t e r i n g below 150m as e a r l y 

c o p e p o d i t e s t a g e s , r a t h e r slow growth i n the e u p h o t i c zone t o 

mature by June or J u l y and p r o d u c t i o n of a new g e n e r a t i o n which 

grows t o o v e r - w i n t e r i n g s i z e by l a t e f a l l . T h i s p i c t u r e i s 

c o m p l i c a t e d by the appearance of s m a l l numbers of s m a l l (1.5 t o 

2.5 mm) i n d i v i d u a l s i n s p r i n g . Whether some i n d i v i d u a l s o v e r 

w i n t e r a t t h i s s i z e , or whether some r e p r o d u c t i o n t a k e s p l a c e 

below 150m i n the s p r i n g , i s not c l e a r . A s p r i n g b r e e d i n g p e r i o d 

has been r e p o r t e d f o r E u c a l a n u s i n c o a s t a l w a t e r s (Krause and 

L e w i s , 1979). 

In any c a s e , i t was not p o s s i b l e t o a p p l y the parameter 

e s t i m a t i o n t e c h n i q u e s t o E u c a l a n u s d a t a . The growth of Euc a l a n u s 

from e a r l y t o l a t e c o p e p o d i t e s t a g e s i s i n t e r r u p t e d by the o v e r -
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w i n t e r i n g p e r i o d . Both h a l v e s of the growth p e r i o d u s u a l l y 

i n v o l v e o n l y 2 s i z e c l a s s e s , so t h e r e i s a l a c k of s i z e c l a s s 

i n f o r m a t i o n . Another problem i s t h a t i n d i v i d u a l s may o v e r - w i n t e r 

a t a range of l e n g t h s , so t h a t o v e r - w i n t e r i n g d e p a r t u r e and 

s p r i n g r e c r u i t m e n t may a f f e c t a number of s i z e c l a s s e s . Numbers 

of E u c a l a n u s a re t y p i c a l l y low (5 - 15 ind/m 3) and i t s 

c o n t r i b u t i o n t o s t a n d i n g s t o c k and secondary p r o d u c t i o n i s 

p r o b a b l y s m a l l compared w i t h t h a t of C. c r i s t a t u s and 

C. plumchrus. Other h e r b i v o r o u s copepods a t O.S.P. a r e of s m a l l 

( O i t h o n a , P s e u d o c a l a n u s ) or i n t e r m e d i a t e (Calanus p a c i f i c u s , 

M e t r i d i a p a c i f i c a ) s i z e and r a r e l y c o n t r i b u t e s i g n i f i c a n t l y t o 

s t a n d i n g s t o c k by w e i g h t . T h e i r p o p u l a t i o n parameters would 

s t i l l be of i n t e r e s t , of c o u r s e , but da t a f o r thes e s p e c i e s were 

not.adequate f o r parameter e s t i m a t i o n . P a r t of the problem i s 

t h a t t h e i r g e n e r a t i o n time i s s h o r t e r compared w i t h s a m p l i n g 

i n t e r v a l s but the main reason i s t h a t the s i z e c l a s s e s used a r e 

too c o a r s e , so t h a t i n d i v i d u a l s a r e o f t e n a s s i g n e d o n l y t o one of 

two s i z e c l a s s e s . In the case of O i t h o n a and Ps e u d o c a l a n u s , , 

o n l y the l a r g e s t i n d i v i d u a l s a r e r e t a i n e d by the 350 um mesh n e t . 

4.1.8 Secondary p r o d u c t i o n e s t i m a t e s . 

E s t i m a t e s of secondary p r o d u c t i o n can be o b t a i n e d u s i n g the 

above t e c h n i q u e , once a w e i g h t - l e n g t h r e l a t i o n s h i p i s p r e s c r i b e d . 

The weight or carbon c o n t e n t of i n d i v i d u a l copepods from 

O.S.P. has not been measured d i r e c t l y and l i t e r a t u r e v a l u e s were 

i n i t i a l l y used t o d e f i n e a w e i g h t - l e n g t h r e l a t i o n s h i p . An 

average wet weight of 4 mg was r e p o r t e d by F u l t o n ( 1 9 7 3 ) f o r 4.5 

mm C. plumchrus stage V. I f i t i s assumed t h a t W i s p r o p o r t i o n a l 

t o l 3 , t h i s o b s e r v a t i o n c o r r e s p o n d s t o W = .044.1 3. F u l t o n 
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(undated) g i v e s a g e n e r a l w e i g h t - l e n g t h r e l a t i o n s h i p f o r copepod 

p o p u l a t i o n s i n the S t r a i t of G e o r g i a : W = .068. 1 2" 4 5 which y i e l d s 

a wet weight of 2.7 mg f o r a 4.5 mm C. plumchrus. Taguchi and 

I s h i i (1970) r e p o r t wet w e i g h t s r a n g i n g from 2.21 t o 4.55 mg/ind 

and l e n g t h s of 5 and 4.5 mm r e s p e c t i v e l y f o r C. plumchrus s t a g e 

V, r e s u l t i n g i n c o e f f i c i e n t s of .02 t o 0.05 mg.mnr 3. 

Use of any of the s e formulae w i t h O.S.P. s i z e - s t r u c t u r e d 

d a t a r e s u l t e d i n severe o v e r - e s t i m a t i o n of sample wet w e i g h t s . 

An attempt was made t o d e r i v e a l e n g t h - w e i g h t r e l a t i o n s h i p 

a p p r o p r i a t e t o O.S.P. from the s i z e - s t r u c t u r e d a t a as f o l l o w s . 

For each sample, a l l the copepod d a t a was r e v i e w e d , and the 

number of i n d i v i d u a l s c ounted i n each s i z e c l a s s added t o one of 

9 1mm 'super' s i z e c l a s s e s a c c o r d i n g t o i t s nominal s i z e . A 

m u l t i p l e l i n e a r r e g r e s s i o n of sample wet w e i g h t s on numbers N? 

i n each of these s u p e r - s i z e c l a s s e s was then performed : t h a t i s , 

the c o e f f i c i e n t s Wj i n 

w = I N , . W J 

were e s t i m a t e d . An o b v i o u s c r i t i c i s m i s t h a t W* i n c l u d e s wet 

w e i g h t s of organisms o t h e r than copepods : w h i l e samples h a v i n g 

i n t e r m e d i a t e t o h i g h wet w e i g h t s a r e p r e d o m i n a n t l y (90%) 

copepods, the c o e f f i c i e n t s Wj may ten d t o be s l i g h t l y h i g h . 

These c o e f f i c i e n t s a r e i n t e r p r e t e d as average w e i g h t s f o r each 

1mm s i z e c l a s s and a r e p l o t t e d a g a i n s t l e n g t h on a l o g - l o g s c a l e 

i n F i g 46. A p a r t from anomalous r e s u l t s from two,, almost empty, 

s i z e c l a s s e s , the c o e f f i c i e n t s f a l l c l o s e t o a l i n e h a v i n g the 

s l o p e 2.45 suggested by F u l t o n (undated) and an i n t e r c e p t 
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c o r r e s p o n d i n g t o W = . 033 . 1 2 4 5 . The c o e f f i c i e n t 0.033 i s h a l f 

the v a l u e found by F u l t o n f o r the S t r a i t of G e o r g i a . G i v e n the 

c o a r s e n a t u r e of the s i z e c l a s s e s used f o r the O.S.P. d a t a and 

the s e n s i t i v i t y of t h i s c o e f f i c i e n t t o any b i a s i n a s s i g n i n g 

l e n g t h s , i t may be r a s h t o c o n c l u d e t h a t O.S.P. copepods a r e 

t h i n n e r than t h e i r c o a s t a l c o u s i n s on the b a s i s of t h i s r e s u l t . 

W h i l e the lower food c o n c e n t r a t i o n s and tem p e r a t u r e s a t 

O.S.P. might r e a s o n a b l y be e x p e c t e d t o r e s u l t i n lower growth 

r a t e s (Parsons e t a l ,1977), i t i s not c l e a r t h a t lower body 

we i g h t s f o r a g i v e n body l e n g t h s h o u l d r e s u l t . In any c a s e , the 

s t a t i s t i c a l r e l a t i o n s h i p i s used here i n the e s t i m a t i o n of 

secondary p r o d u c t i o n based on O.S.P. d a t a . 

E s t i m a t e s of secondary p r o d u c t i o n and 95% C.I. f o r thes e 

e s t i m a t e s a r e g i v e n i n Table V I . The u n c e r t a i n t y i n the s e 

e s t i m a t e s i s c l e a r l y much l e s s than u n c e r t a i n t y i n m o r t a l i t y and 

r e c r u i t m e n t p a r a m e t e r s , as found f o r s i m u l a t e d d a t a by Sonntag 

and P a r s l o w ( 1 9 8 0 ) . Large c o n f i d e n c e l i m i t s a r e o b t a i n e d f o r 1975 

and 1976 f o r C. plumchrus, but the l i m i t s a r e s m a l l enough i n 

o t h e r y e a r s t o c l e a r l y d i s t i n g u i s h a year of low p r o d u c t i o n such 

as 1969 from y e a r s of h i g h p r o d u c t i o n such as 1970 or 1977. Note 

t h a t , w h i l e h i g h e s t r e c r u i t m e n t e s t i m a t e s f o r C. plumchrus were 

o b t a i n e d f o r 1973 and 1977, h i g h e r m o r t a l i t y r a t e s i n the s e y e a r s 

reduced e s t i m a t e d secondary p r o d u c t i o n t o 4 t h and 2nd rank 

r e s p e c t i v e l y . 

E s t i m a t e s of secondary p r o d u c t i o n f o r C. c r i s t a t u s showed a 

s i m i l a r range t o those f o r C. plumchrus. There i s no d i s c e r n i b l e 

p a t t e r n i n the a b s o l u t e or r e l a t i v e c o n t r i b u t i o n s of the two 

s p e c i e s t o t o t a l secondary p r o d u c t i o n . Both a r e u n u s a l l y low i n 



Table VI. 
-2 

Secondary production estimates (g wet wt.m ) 

Year C_. plumchrus £. c r i s t a t u s T o t a l . 

1969 26±10 21+9 47±13 

1970 119±45 56+25 165+51 

1973 57±17 — --

1974 -- 51±18 

1975 35±35 20+11 55±37 

1976 69±54 146±61 215±81 

1977 114±22 15+3 129±22 
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1969 and 1975 and both a r e h i g h i n 1970 and 1976. In 1977, 

C. plumchrus i s v e r y h i g h and C. c r i s t a t u s v e r y low. 

W h i l e s m a l l e r s p e c i e s a r e not i n c l u d e d , t h e s e l a r g e copepods 

ar e g e n e r a l l y assumed t o dominate secondary p r o d u c t i o n and i t i s 

i n t e r e s t i n g t o t r e a t t h e i r combined t o t a l s as a c o n s e r v a t i v e 

e s t i m a t e of t o t a l secondary p r o d u c t i o n . There i s c o n s i d e r a b l e 

(>4 f o l d ) v a r i a t i o n over the 5 y e a r s f o r which t o t a l s a r e 

a v a i l a b l e . I f the s e e s t i m a t e s a r e c o n v e r t e d t o carbon u s i n g a 

v a l u e of .05 f o r the carbon:wet weight r a t i o , ( P a r sons e t a l 

,1977), e s t i m a t e s r a n g i n g from 2.4 t o 10.7 g C.m^.yr" 1 are 

o b t a i n e d . For comparison, trophodynamic c o n s i d e r a t i o n s l e d 

M c A l l i s t e r ( 1 9 6 9 ) t o a 'most l i k e l y ' e s t i m a t e of 13 g C.m- 2.yr _ 1, 

w i t h a minimum v a l u e of 2 g C . i r r 2 . y r _ 1 , depending on assumed 

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

4.2 Biomass Model f o r Z o o p l a n k t o n . 

4.2.1 I n t r o d u c t i o n . 

In Chapter 1, s i m p l e biomass models of the p h y t o p l a n k t o n -

z o o p l a n k t o n i n t e r a c t i o n a t O.S.P. were c o n s i d e r e d . A model 

i n v o l v i n g g r a z i n g t h r e s h o l d s appeared t o be c a p a b l e of m i m i c k i n g 

the s e a s o n a l c y c l e a t O.S.P.. i n a q u a l i t a t i v e sense. U s i n g the 

r e s u l t s of the da t a a n a l y s i s of C h a p t e r s 3 and 4, an attempt w i l l 

be made t o a s s i g n v a l u e s t o t h e parameters i n a model of t h i s 

k i n d , and compare p r e d i c t i o n s and o b s e r v a t i o n s q u a n t i t a t i v e l y . 

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

based on the p h y t o p l a n k t o n p r o d u c t i o n model of Chapter 3, so as 

t o a l l o w a r e a l i s t i c t r e a t m e n t of p h y t o p l a n k t o n c o m p o s i t i o n and 

v e r t i c a l d i s t r i b u t i o n . The l i m i t a t i o n s of computer s i m u l a t i o n 
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and s e n s i t i v i t y a n a l y s i s when p a r a m e t e r s a r e u n c e r t a i n were 

d i s c u s s e d i n C h a p t e r 2. To overcome t h e s e l i m i t a t i o n s a s f a r as 

p o s s i b l e , t h e a p p r o x i m a t e a n a l y t i c a l r e s u l t s o f C h a p t e r 1 and 

C h a p t e r 2 have been u s e d t o d i r e c t and i n t e r p r e t s i m u l a t i o n o f 

t h e m o d els w h e r e v e r p o s s i b l e . 

4.2.2 F o r m u l a t i o n of a Biomass G r a z i n g M o d e l . 

In t h e f i r s t model c o n s i d e r e d , h e r b i v o r o u s z o o p l a n k t o n a r e 

r e p r e s e n t e d by a s i n g l e b i o m a s s v a r i a b l e , G (mg C m " 2 ) , as i n 

C h a p t e r 1. P h y t o p l a n k t o n c a r b o n i n g e s t e d p e r day, F T , i s 

c o n v e r t e d t o z o o p l a n k t o n b i o m a s s w i t h e f f i c i e n c y e. A c o n s t a n t 

l o s s r a t e , m ( d a y " 1 ) c a n be r e g a r d e d as a c o m b i n a t i o n of b a s a l 

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

G = e . F T - m.G 4.1 

The p h y t o p l a n k t o n c a r b o n i n e a c h 5m l a y e r c h a n g e s a c c o r d i n g t o a 

gr o w t h r a t e c a l c u l a t e d a s i n C h a p t e r 3 and t h e c a l c u l a t e d g r a z i n g 

l o s s . 

The g r a z i n g l o s s i n t h e model i s b a s e d upon t h e f u n c t i o n a l 

r e s p o n s e of C h a p t e r 1 but t h e v a r i a t i o n o f p h y t o p l a n k t o n 

c o n c e n t r a t i o n w i t h d e p t h must now be t a k e n i n t o a c c o u n t . Not 

o n l y must t h e d i s t r i b u t i o n of z o o p l a n k t o n g r a z i n g a c t i v i t y w i t h 

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

i t s e l f r e p r e s e n t s a f a s t - v a r i a b l e a p p r o x i m a t i o n ( H o l l i n g , 1 9 5 9 ) , 

t h e r e l a t i v e t i m e s c a l e s of z o o p l a n k t o n movement and s a t i a t i o n o f 

f e e d i n g must be c o n s i d e r e d . 

I f t h e d i s t r i b u t i o n o f z o o p l a n k t o n i s d e n o t e d by q ( z ) , two 

extr e m e a s s u m p t i o n s w h i c h c o u l d be u s e d i n t h i s model a r e : 
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( i ) z o o p l a n k t o n are on average u n i f o r m l y d i s t r i b u t e d 

t hroughout the t o p 150m so q ( z ) = 1/150. 

( i i ) z o o p l a n k t o n a r e on average d i s t r i b u t e d i n p r o p o r t i o n t o 
- " S O 

p h y t o p l a n k t o n carbon so q ( z ) = C ( z ) / / C ( z ' ) d z ' . 
Jo 

The average d i s t r i b u t i o n q ( z ) g i v e s no i n f o r m a t i o n about the 

v e r t i c a l movement of i n d i v i d u a l z o o p l a n k t e r s . For any g i v e n 

q ( z ) , two extreme assumptions c o n c e r n i n g the r e l a t i v e time s c a l e s 

of v e r t i c a l movement and s a t i a t i o n a r e p o s s i b l e : 

(a) Zooplankton v e r t i c a l movements oc c u r on time s c a l e s much 

f a s t e r than those of s a t i a t i o n . Each z o o p l a n k t e r then sees the 

average p h y t o p l a n k t o n c o n c e n t r a t i o n (weighted by q ( z ) ) , so f a r as 

the f u n c t i o n a l response i s c o n c e r n e d . I f the f u n c t i o n a l response 

a t c o n s t a n t food l e v e l s i s g i v e n by f ( C ) , the amount i n g e s t e d i n 
_ _ r'so 

the water column i s g i v e n by f ( C ) , where C = / C ( z ) . q ( z ) d z . 
(b) Zooplankton v e r t i c a l movement o c c u r s on time s c a l e s much 

slower than those of s a t i a t i o n . The amount i n g e s t e d i n the water 
—* r'so 

column i s then g i v e n by f ( C ) = / f ( C ( z ) ) . q ( z ) d z . 
Jo 

The dominant g r a z e r s a t O.S.P. ar e l a r g e copepods, 

presumably c a p a b l e of extended v e r t i c a l movement. As the 

p h y t o p l a n k t o n c o n c e n t r a t i o n i s always low, i t seems u n l i k e l y t h a t 

they would f e e d a t the v e r y low c o n c e n t r a t i o n s below the mixed 

l a y e r . In f a c t , as a g r a z i n g t h r e s h o l d v a l u e CO w i l l be 

c o n s i d e r e d i n the model, i t seems u n l i k e l y t h a t copepods would 

spend time a t depths where C ( z ) < CO. T h e r e f o r e , q ( z ) has been 

set p r o p o r t i o n a l t o ( C ( z ) - C 0 ) + . 

W h i l e the dominant h e r b i v o r o u s copepods a r e presumably 

c a p a b l e of v e r t i c a l movement, o n l y the l a t e s t a g e Calanus  

c r i s t a t u s c o pepodids were o b s e r v e d t o undergo e x t e n s i v e d a i l y 
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v e r t i c a l m i g r a t i o n (Marlowe and M i l l e r , 1 9 7 5 ) . For i n d i v i d u a l s 

u n d e r g o i n g d i u r n a l v e r t i c a l m i g r a t i o n , the extreme assumption (a) 

would be a p p r o p r i a t e i f s a t u r a t i o n o c c u r r e d on a l o n g time s c a l e 

(eg g u t-emptying t i m e ) . For organisms which do not undergo 

d i u r n a l m i g r a t i o n , or become s a t u r a t e d on s h o r t e r time s c a l e s , 

a s sumption (b) i s more l i k e l y t o be a p p r o p r i a t e and i t has been 

adopted h e r e , so t h a t the g r a z i n g l o s s r a t e a t depth z i s g i v e n 

by f ( C ( z ) ) . q ( z ) . G 

4.2.3 C h o i c e of Zooplankton P a r a m e t e r s . 

The parameters which must be s p e c i f i e d i n t h i s s i m p l e 

biomass model of z o o p l a n k t o n a r e the f u n c t i o n a l response 

p a r a m e t e r s i M , D and CO, the growth e f f i c i e n c y e and the combined 

r e s p i r a t i o n and m o r t a l i t y r a t e parameter, m. I t would be 

u n r e a l i s t i c t o expect t o s p e c i f y t h e s e parameters p r e c i s e l y f o r a 

number of r e a s o n s . The r e p r e s e n t a t i o n of h e r b i v o r e s by a s i n g l e 

biomass v a r i a b l e i s i t s e l f a crude a p p r o x i m a t i o n : the g r a z e r s a t 

O.S.P. a r e composed of i n d i v i d u a l s c o v e r i n g a range of s p e c i e s 

and s i z e s , and these parameters can be e x p e c t e d t o v a r y 

a c c o r d i n g l y ( S t e e l e and F r o s t , 1 9 7 7 ; F r o s t , 1 9 7 9 ) . The parameter 

v a l u e s i n s e r t e d i n the model must i n some sense be r e g a r d e d as 

approximate a v e r a g e s . 

These parameters have y e t t o be measured a t O.S.P. f o r a 

range of s i z e c l a s s e s of the dominant h e r b i v o r e s . Some have been 

measured f o r the same s p e c i e s i n c o a s t a l l o c a t i o n s (Parsons e t a_l 

,1969; Taguchi and I s h i i , 1 9 7 2 ; Ikeda,1972; F r o s t , 1 9 7 9 ) but the 

e x t r a p o l a t i o n of t h e s e r e s u l t s t o the v e r y d i f f e r e n t food 

c o n d i t i o n s a t O.S.P. i s not s t r a i g h t f o r w a r d (Buckingham,1978). 

V a l u e s o b t a i n e d f o r o t h e r s p e c i e s of g r a z e r s under low food 
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c o n d i t i o n s may prove more a p p r o p r i a t e . In a d d i t i o n , as d i s c u s s e d 

by o t h e r a u t h o r s ( S t e e l e , 1 9 7 4 ; Buckingham,1978) t h e r e i s s t i l l 

c o n t r o v e r s y a t t a c h e d t o the t e c h n i q u e s f o r measuring t h e s e 

parameters and the i n t e r p r e t a t i o n of r e s u l t s . The d i s c u s s i o n 

g i v e n here i s not an e x h a u s t i v e r e v i e w by any means, but i s 

i n t e n d e d t o g i v e an i n d i c a t i o n of the range of parameter v a l u e s 

r e p o r t e d i n the l i t e r a t u r e . 

The r a t i o of growth t o food i n g e s t e d i s known as the g r o s s 

growth e f f i c i e n c y , K . A range of 10 - 40% f o r t h i s parameter i n 

marine z o o p l a n k t o n i s g i v e n by P arsons et. al (1977). Maximum 

v a l u e s of abut 30% were r e p o r t e d by P a f f e n h o f f e r (1976) f o r 

C. p a c i f i c u s i n l a b o r a t o r y c u l t u r e s , w h i l e s i m i l a r e x p e r i m e n t s 

y i e l d e d v a l u e s of about 18% f o r Pseudocalanus e l o n g a t u s 

( P a f f e n h o f f e r and H a r r i s , 1 9 7 6 ) . 

The g r o s s growth e f f i c i e n c y i m p l i e d by 4.1 v a r i e s w i t h 

i n g e s t i o n and depends on the p r o p o r t i o n of m which i s re g a r d e d as 

b a s a l m e t a b o l i s m . S t e e l e (1974) found t h a t the problems i n 

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

a s s e s s the r e l a t i v e importance of a b a s a l m e t a b o l i c r a t e and one 

which i s p r o p o r t i o n a l t o i n g e s t i o n i n copepods. In a s e r i e s of 

c a r e f u l e x p e r i m e n t s , Ikeda (1977) found r e s p i r a t i o n r a t e s of 1-

2%/day f o r s t a r v e d C. plumchrus ( s t a g e V) w i t h r a t e s up t o 3 

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

f o r s t a r v e d P a r a c a l a n u s ( w i t h a p p r o x i m a t e l y 1/100 the body weight 

of C. plumchrus) were much h i g h e r , about 9-18%/day. (The s i z e 

dependence of r e s p i r a t i o n r a t e i n copepods i s g e n e r a l l y a c c e p t e d 

(Parsons e t a l ,1977; S t e e l e , 1 9 7 4 ) . ) Taguchi and I s h i i (1972) 

r e p o r t e d r e s p i r a t i o n r a t e s of 5%/day f o r C. c r i s t a t u s and 9%/day 
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f o r C. plumchrus under c o n d i t i o n s of a c t i v e f e e d i n g . Given the 

l a r g e s i z e of the dominant h e r b i v o r e s a t O.S.P., a low b a s a l 

m e t a b o l i c r a t e i n the range 1-5%/day seems r e a s o n a b l e . The 

e f f e c t i v e g r o s s growth e f f i c i e n c y w i l l be lower than e by an 

amount dependent on the r a t i o of r a t i o n t o body w e i g h t . G i v e n 

the low b a s a l metabolism suggested above, a v a l u e f o r e of .5 

w i l l r e s u l t i n g r o s s growth e f f i c i e n c e s of .4 or l e s s a t the low 

food c o n d i t i o n s found a t O.S.P. 

The parameter i M r e p r e s e n t s maximum r a t i o n as a f r a c t i o n of 

body w e i g h t . Ranges of 40-60%/day f o r s m a l l e r copepods and 10-

20%/day f o r l a r g e r copepods were found by Parsons et. a l (1967). 

V a l u e s of 20-60%/day were found by Parsons et a_l (1969) f o r 

C. plumchrus f e e d i n g on n a t u r a l p h y t o p l a n k t o n assemblages i n . t h e 

S t r a i t of G e o r g i a . P a f f e n h o f f e r and H a r r i s (1976) found v e r y 

h i g h r a t e s f o r Pseudocalanus i n c u l t u r e (ca 150% body weight/day) 

and P a f f e n h o f f e r (1970) r e p o r t e d v a l u e s f o r C. p a c i f i c u s of ca 

100%/day f o r stage V copepodids and 300%/day f o r stage V n a u p l i i . 

Apparent maximum i n g e s t i o n r a t e s f o r stage V C. c r i s t a t u s 

r e p o r t e d by Taguchi and I s h i i (1972) were v e r y low, ca 5%/day. 

Ag a i n the v a l u e chosen must r e p r e s e n t an average a c r o s s s i z e 

c l a s s e s . A v a l u e f o r i M of .5 or l e s s may be r e a s o n a b l e f o r l a t e 

c o p e p o d i t e s t a g e s of the l a r g e copepods, but a v a l u e of 1.0 may 

be needed i f i n g e s t i o n by n a u p l i i and e a r l y c opepodids i s 

i n c l u d e d . 

T h r e s h o l d s i n z o o p l a n k t o n f e e d i n g on n a t u r a l assemblages 

from the S t r a i t of G e o r g i a were found by Parsons e t a l (1967) t o 

range from 50-190 ug C . l " 1 w i t h v a l u e s of D ( h a l f - s a t u r a t i o n 

c o n s t a n t ) i n a s i m i l a r range. F r o s t (1972) f i t t e d h i s 
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o b s e r v a t i o n s on C. p a c i f i c u s w i t h a type I f u n c t i o n a l response 

and half-maximum r a t i o n was o b t a i n e d a t food c o n c e n t r a t i o n s 

r a n g i n g from 50 t o 150 jug C . l " 1 , depending, on food p a r t i c l e s i z e . 

I n a l a t e r s t u d y , F r o s t (1975) found t h a t t h e c l e a r a n c e r a t e was 

reduced a t food c o n c e n t r a t i o n s y i e l d i n g l e s s than 15% of maximum 

r a t i o n , c o r r e s p o n d i n g t o 15-45 ug C . l " 1 . A l l these r e s u l t s were 

based on r e l a t i v e l y s h o r t - t e r m i n c u b a t i o n s of i n d i v u a l s c a p t u r e d 

from the f i e l d . 

In a s e r i e s of l o n g - t e r m c u l t u r i n g e x p e r i m e n t s , no h i n t of 

t h r e s h o l d s down t o about 25 ug C . l " 1 was found f o r C. pac i f i c u s 

( P a f f e n h o f f e r , 1 9 7 0 ) or Pseudocalanus e l o n g a t u s ( P a f f e n h o f f e r and 

H a r r i s , 1 9 7 6 ) . T h e i r r e s u l t s s uggested a h a l f - s a t u r a t i o n c o n s t a n t 

f o r Pseudocalanus i n g e s t i o n of 25 t o 50 pg C . l " 1 . The 

c o n c l u s i o n s of Buckingham (1978) and Mayzaud and P o u l e t ( 1 9 7 8 ) 

c o n c e r n i n g l o n g - t e r m a d a p t a t i o n t o food c o n c e n t r a t i o n may e x p l a i n 

the d i f f e r e n c e s between the s e r e s u l t s and the s h o r t - t e r m 

i n c u b a t i o n s r e p o r t e d above. A d a p t a t i o n t o low food 

c o n c e n t r a t i o n s may a l s o e x p l a i n the h i g h c l e a r a n c e r a t e s ( f o r 

example, over 200 ml/day f o r a 10 pg dry weight P s e u d ocalanus ) 

r e p o r t e d by P a f f e n h o f f e r (1970) and P a f f e n h o f f e r and H a r r i s 

(1976). C l e a r a n c e r a t e s , or e q u i v a l e n t l y the h a l f - s a t u r a t i o n 

c o n s t a n t D and t h r e s h o l d CO, are well-known t o depend on the s i z e 

and v a l u e of food p a r t i c l e s (Parsons e_t a l ,1967; F r o s t , 1 9 7 5 ; 

S t e e l e and F r o s t , 1 9 7 7 ) . G i v e n the s m a l l s i z e of the 

p h y t o p l a n k t o n c e l l s and t h e l a r g e s i z e of the dominant h e r b i v o r e s 

a t O.S.P., low c l e a r a n c e r a t e s or h i g h v a l u e s of CO and D might 

be e x p e c t e d t h e r e . However, F r o s t (1978) has r e p o r t e d t h a t 

C. plumchrus feeds e f f i c i e n t l y on s m a l l c e l l s , due t o an u n u s a l l y 
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s m a l l i n t e r - s e t u l e s p a c i n g f o r a c o p e p o d o f i-ts s i z e . The f a c t 

t h a t t h e s e z o o p l a n k t o n do grow and r e p r o d u c e a t t h e low f o o d 

l e v e l s o b s e r v e d a t O.S.P. s u g g e s t s t h a t t h e h a l f - s a t u r a t i o n 

c o n s t a n t , and c e r t a i n l y g r a z i n g t h r e s h o l d s , must be r e l a t i v e l y 

low. 

E s t i m a t e s of m o r t a l i t y r a t e a t O.S.P. were o b t a i n e d by 

a n a l y s i s o f t i m e - s e r i e s of s i z e - c l a s s a b u n d a n c e s i n S e c t i o n 4.1. 

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

e s t i m a t e s , b u t r e l a t i v e l y low e s t i m a t e s , i n t h e ra n g e 0.0 t o 0.05 

d a y " 1 , were o b t a i n e d . 

4.2.4 S i m u l a t i o n R e s u l t s and D i s c u s s i o n . 

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

p a r a m e t e r s u s e d i n F i g 33 and t h e f o l l o w i n g z o o p l a n k t o n p a r a m e t e r 

v a l u e s : i M = 1.0 d a y " 1 , D = 40 ug C . l " 1 , CO = 20 pq C . l " 1 , e = 

.5, m = .05 d a y " 1 . T h i s s i m u l a t i o n was run o v e r t h e p e r i o d 1964 

t o 1976, but a t t e n t i o n w i l l be f o c u s e d f i r s t on t h e f o r m of t h e 

s e a s o n a l c y c l e . The c y l e of C h i a i n t h e mixed l a y e r and 

h e r b i v o r e s t a n d i n g s t o c k i n t h e t o p 150m i n 1976 i s g i v e n i n F i g 

47; w h i l e t h e a m p l i t u d e o f p e a k s v a r i e d somewhat from y e a r t o 

y e a r , a s d i s c u s s e d l a t e r , t h i s i s t y p i c a l of t h e q u a l i t a t i v e 

v a r i a t i o n i n a l l y e a r s . I t i s i m m e d i a t e l y c l e a r t h a t t h e 

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

t h e o b s e r v a t i o n s or t h e a p p r o x i m a t e a n a l y s i s o f a s i m i l a r model 

i n C h a p t e r 1. I n s t e a d o f p h y t o p l a n k t o n r e m a i n i n g c o n s t a n t , a 

s m a l l bloom o f a b o u t 20 d a y s d u r a t i o n o c c u r s i n A p r i l and a s h a r p 

z o o p l a n k t o n peak f o l l o w s i n May. A f t e r J u n e , t h e c h l o r o p h y l l 

c o n c e n t r a t i o n s e t t l e s down a t c a .5 mg C h i a/m 3 and z o o p l a n k t o n 

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



Figure 47. Predicted mixed layer Chi a and herbivore 

biomass for 1976 using standard parameter 

set (see text). 
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I t may seem p o s s i b l e t h a t t h e added c o m p l e x i t y of t h e 

p h y t o p l a n k t o n p r o d u c t i o n model, w h i c h t a k e s d e p t h - d i s t r i b u t i o n 

and v a r y i n g c a r b o n : C h i a c o m p o s i t i o n i n t o a c c o u n t , has r e n d e r e d 

t h e a p p r o x i m a t e a n a l y s i s of C h a p t e r 1 i r r e l e v a n t . T h i s i s n o t 

t h e c a s e and, i n f a c t , t h e s i m u l a t i o n model c a n be c l o s e l y 

a p p r o x i m a t e d by a model as s i m p l e as t h a t c o n s i d e r e d i n C h a p t e r 

1. T h i s i s p o s s i b l e b e c a u s e , as n o t e d i n C h a p t e r 3, 

p h y t o p l a n k t o n p r o d u c t i o n below t h e m i x e d l a y e r i s a l w a y s v e r y low 

and p h y t o p l a n k t o n c a r b o n f a l l s o f f q u i c k l y below t h e mixed l a y e r , 

so t h a t a l m o s t a l l z o o p l a n k t o n f e e d i n g t a k e s p l a c e i n t h e m i x e d 

l a y e r , where p h y t o p l a n k t o n can be r e p r e s e n t e d by a s i n g l e c a r b o n 

c o n c e n t r a t i o n , C ( t ) . I f z M ( t ) i s t h e mixed l a y e r d e p t h , t h e 

c o n c e n t r a t i o n of z o o p l a n k t o n i n t h e mixed l a y e r -is g i v e n by G M ( t ) 

= G ( t ) / z M ( t ) . I f r ( t ) is....the p h y t o p l a n k t o n g r o w t h r a t e i n t h e 

mixed l a y e r c a l c u l a t e d as i n C h a p t e r 3, t h e n , on i g n o r i n g e v e n t s 

below t h e m i x e d l a y e r , t h e s i m u l a t i o n model c a n be r e p l a c e d by 

C = r ( t ) . C - G M . f ( C ) 4.2a 

G M = ( e . f ( C ) - m ) . G M 4.2b 

(Terms r e s u l t i n g f r o m c h a n g e s i n m i x e d l a y e r d e p t h have been 

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

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

The a p p r o x i m a t e s t a b i l i t y a n a l y s i s o f C h a p t e r 1 a p p l i e s t o 

t h i s model : p r o v i d e d s e a s o n a l c h a n g e s i n r ( t ) and z M ( t ) o c c u r 

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

g i v e n by 
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f ( C ) = m/e = c o n s t a n t 

G = r ( t ) . C . z M ( t ) . e / m 

The p h y t o p l a n k t o n c o n c e n t r a t i o n s h o u l d be c o n s t a n t , w h i l e 

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

t h e water c o l u m n . 

T h i s ' p r e d i c t i o n ' depends on t h e s l o w - v a r i a b l e a p p r o x i m a t i o n 

f o r r ( t ) and z M ( t ) and t h e s i m p l e s t c o n c l u s i o n f r o m F i g 47 i s 

t h a t t h i s a p p r o x i m a t i o n has b r o k e n down d u r i n g t h e s p r i n g . The 

s p r i n g i n c r e a s e i n p r o d u c t i o n a p p e a r s t o have o c c u r r e d t o o 

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

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

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

s y s t e m t o e q u i l i b r i u m c an be i n c r e a s e d by d e c r e a s i n g D and t h i s 

m i g ht be e x p e c t e d t o r e s u l t i n a r e d u c t i o n i n t h e s p r i n g bloom. 

The p a r a m e t e r c o m b i n a t i o n CO = 22, D = 20 c o r r e s p o n d s t o t h e same 

v a l u e o f C a s C0=20, D=40 and doe s r e s u l t i n a much s m a l l e r 

s p r i n g bloom i n 1976 ( F i g 4 8 ) . However, t h e r e s u l t i n g C h i a peak' 

i n M a r c h - A p r i l i s s t i l l n o t c o n s i s t e n t w i t h t h e a v e r a g e o b s e r v e d 

c y c l e ( F i g 14) and t h e z o o p l a n k t o n b i o m a s s s t i l l h a s a v e r y s h a r p 

and u n r e a l i s t i c e a r l y peak. 

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

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

p r o d u c t i o n has begun, b ut w i t h t h e v e r y low and o f t e n s l i g h t l y 

n e g a t i v e n e t p r i m a r y p r o d u c t i o n i n t h e p r e c e d i n g w i n t e r . D u r i n g 

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

s t a n d i n g s t o c k f a l l s below t h e t h r e s h o l d l e v e l and z o o p l a n k t o n 

s t a n d i n g s t o c k d e c l i n e s e x p o n e n t i a l l y t o v e r y low v a l u e s by 



Figure 48. Effect of decreasing D on Fig 47. 
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March. When p o s i t i v e p r i m a r y p r o d u c t i o n i s resumed, the system 

l i e s f a r from the q u a s i - e q u i l i b r i u m c y c l e and a t r a n s i e n t 

p h y t o p l a n k t o n bloom i s i n e v i t a b l e . Note t h a t w h i l e the i n i t i a l 

c o n d i t i o n s i n each year a r e c r i t i c a l t o the model's b e h a v i o u r i n 

the s p r i n g , the c l o s e approach of the system t o the q u a s i -

e q u i l i b r i u m c y c l e i n the second h a l f of each year means t h a t 

i n i t i a l c o n d i t i o n s i n the f o l l o w i n g year a re d e t e r m i n e d e n t i r e l y 

by the model's parameters and p h y s i c a l d r i v i n g v a r i a b l e s . In 

p a r t i c u l a r , i n l o n g - t e r m s i m u l a t i o n s , o n l y the f i r s t y e a r i s 

a f f e c t e d by the c h o i c e of i n i t i a l c o n d i t i o n s . S i m i l a r l y , t o 

c o n s i d e r the s e a s o n a l c y c l e i n 1976, i t i s s u f f i c i e n t t o s i m u l a t e 

o n l y 1975 and 1976. 

The problem a r i s i n g from the d e c l i n e i n z o o p l a n k t o n s t a n d i n g 

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

s t r a t e g y of the dominant copepods a t O.S.P., d i s c u s s e d i n Chapter 

1. A l l t h r e e of the major s p e c i e s o v e r w i n t e r below 150m and 

e i t h e r t h e y , or t h e i r o f f s p r i n g , r e t u r n t o the mixed l a y e r i n the 

s p r i n g . The ob v i o u s advantage of t h i s b e h a v i o u r t o the copepods 

i s t h a t w i n t e r l o s s e s t h r o u g h m o r t a l i t y and r e s p i r a t i o n a r e 

reduced. I t i s p r e c i s e l y t h e s e l o s s e s which a r e r e s p o n s i b l e f o r 

the s p r i n g bloom i n t h i s s i m p l e model and the r e c r u i t m e n t of 

z o o p l a n k t o n biomass t o the s u r f a c e l a y e r i n the s p r i n g s h o u l d 

p r e v e n t t h i s bloom. 

R e c r u i t m e n t has been i n t r o d u c e d i n t o the model as a d a i l y 

biomass i n p u t , n o r m a l l y d i s t r i b u t e d over time w i t h mean u, 

s t a n d a r d d e v i a t i o n cr and t o t a l i n t e g r a t e d r e c r u i t m e n t , G R . The 

parameter e s t i m a t i o n r e s u l t s of s e c t i o n 4.1 c o r r e s p o n d t o cr 

between 20 and 40 days, JJ between 70 and 110 days and G R between 
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40 and 400 mg Cm'2. The d e p a r t u r e of i n d i v i d u a l s f o r o v e r 

w i n t e r i n g i s r e p r e s e n t e d by an a d d i t i o n a l l o s s r a t e , mw. I f a l l 

t h r e e dominant s p e c i e s a r e c o n s i d e r e d , t h e d e p a r t u r e p e r i o d 

e x t e n d s from June t o O c t o b e r . 

The p a r a m e t e r v a l u e s of F i g 47, t o g e t h e r w i t h (7=30, ju=90, 

G R =200 mg C m " 2 and m w = .05 d a y " 1 ' f o r day 170 t o 300, r e s u l t e d 

i n t h e p r e d i c t e d t i m e s e r i e s of C h i a and h e r b i v o r e b i o m a s s g i v e n 

i n F i g 49. The s p r i n g bloom has e s s e n t i a l l y d i s a p p e a r e d , 

a l t h o u g h s m a l l f l u c t u a t i o n s i n C h i a due t o s m a l l c h a n g e s i n 

p h y t o p l a n k t o n c a r b o n and v a r i a t i o n s i n c a r b o n : C h l a r a t i o a r e 

p r e s e n t . The p r o n o u n c e d peak i n z o o p l a n k t o n b i o m a s s i n May has 

d i s a p p e a r e d , but t h e i n c r e a s e i n z o o p l a n k t o n b i o m a s s i s e a r l y 

compared w i t h o b s e r v a t i o n s a t O.S.P. Biomass d e c l i n e s m a r k e d l y 

as o v e r - w i n t e r i n g commences i n June and s t a b i l i z e s a t ab o u t h a l f 

t h e l e v e l i n F i g 47 o v e r t h e d e p a r t u r e p e r i o d . The q u a s i -

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

G ( t ) = r ( t ) . C . z M ( t ) . e / ( m + m w ) 

o r j u s t h a l f of t h e v a l u e p r e d i c t e d w i t h o u t o v e r - w i n t e r i n g . 

The s e a s o n a l c y l e was f o u n d t o be i n s e n s i t i v e t o c h a n g e s i n 

t h e t i m i n g and s p r e a d of r e c r u i t m e n t w i t h i n t h e r a n g e s g i v e n 

a b o v e . As G R i s d e c r e a s e d , t h e s p r i n g bloom s t a r t s t o r e a p p e a r 

g r a d u a l l y , a l t h o u g h even a low r e c r u i t m e n t l e v e l , G R = 25 mg 

C m " 2 , r e s u l t s i n a marked r e d u c t i o n ( F i g 50) i n t h e c h l o r o p h y l l 

and z o o p l a n k t o n p e a k s o f F i g 47. 

The p r e d i c t e d p h y t o p l a n k t o n s t a n d i n g s t o c k v a r i e s between 

0.3 and 0.6 mg C h i a.m'3 i n t h e mixed l a y e r . The q u a s i -

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

z o o p l a n k t o n p a r a m e t e r s : 
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Figure 49. E f f e c t of introducing over-wintering 

strategy i n F i g 47. 
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C = CO + m.D/(e.i M-m) 

The peak z o o p l a n k t o n biomass i s about 1100 mg Cm" 2. Assuming a 

carbon : wet weight r a t i o of 20:1, t h i s r e p r e s e n t s 20 g wet 

weight.m" 2, or a p p r o x i m a t e l y 150 mg wet wt.m" 3, c o r r e s p o n d i n g t o 

an i n t e r m e d i a t e year a t O.S.P. Zooplankton s t a n d i n g s t o c k i s 

g i v e n a p p r o x i m a t e l y by e/m t i m e s p r i m a r y p r o d u c t i o n . The 

u n c e r t a i n t y i n parameter v a l u e s d i s c u s s e d above i s such t h a t i t 

would be m e a n i n g l e s s t o c l a i m more than t h a t the magnitudes of 

observe d s t a n d i n g s t o c k s a r e c o n s i s t e n t w i t h the v e r y broad range 

of p o s s i b l e parameter v a l u e s . 

At t h i s p o i n t , the d i s c u s s i o n of p h y t o p l a n k t o n r e g u l a t i o n a t 

O.S.P. may appear t o have gone almost f u l l c i r c l e . I t s t a r t e d i n 

Chapter 1 w i t h H e i n r i c h ' s c o n t e n t i o n t h a t the l i f e h i s t o r i e s of 

the dominant g r a z e r s a t O.S.P. were r e s p o n s i b l e . C o n s i d e r a t i o n 

of s i m p l e , q u a l i t a t i v e models suggested t h a t the l i f e h i s t o r i e s 

were not a s u f f i c i e n t e x p l a n a t i o n and a s i m p l e biomass model 

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

at a q u a l i t a t i v e l e v e l t o be c a p a b l e of e x p l a i n i n g the 

o b s e r v a t i o n s . In the s i m u l a t i o n model i n t r o d u c e d h e r e , both l i f e 

h i s t o r y s t r a t e g i e s and t h r e s h o l d s appear t o be n e c e s s a r y . 

So f a r , the s p r i n g r e c r u i t m e n t of z o o p l a n k t o n biomass has 

been d i s c u s s e d as i f i t were a s t e p change i n the system s t a t e 

which b r i n g s the system c l o s e r t o q u a s i - e q u i l i b r i u m b e f o r e 

p r i m a r y p r o d u c t i o n i n c r e a s e s . In the s i m u l a t i o n model, 

r e c r u i t m e n t of h e r b i v o r e s t a k e s p l a c e over an extended p e r i o d and 

may a l l o w a phenomenon, r e p o r t e d by Brauer and Soudack (1979) as 

a p r e d a t o r - s t o c k i n g e f f e c t , t o o c c u r . For s i m p l i c i t y , c o n s i d e r a 

s i m p l e n e u t r a l l y s t a b l e L o t k a - V o l t e r r a type model w i t h a c o n s t a n t 
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r e c r u i t m e n t r a t e f o r h e r b i v o r e s added : 

C = r.C - a.C.G 

G = e.a.C.G - m.G + R 

The n o n - t r i v i a l e q u i l i b r i u m , g i v e n by 

C = (m-R.a/r)/(e.a) 

G = r/a 

can e a s i l y be shown t o be a s y m p t o t i c a l l y s t a b l e ( p r o v i d e d of 

c o u r s e C i s n o n - n e g a t i v e ) . That i s , d u r i n g the p e r i o d of 

z o o p l a n k t o n r e c r u i t m e n t i n the s p r i n g , the r e c r u i t m e n t i t s e l f 

c o n t r i b u t e s t o the s t a b i l i t y of the p h y t o p l a n k t o n - z o o p l a n k t o n 

i n t e r a c t i o n . I t i s p o s s i b l e t h a t a f e e d i n g t h r e s h o l d i s not 

n e c e s s a r y t o ensure t h a t the system t r a c k s the q u a s i - e q u i l i b r i u m 

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

the f e e d i n g t h r e s h o l d s h o u l d t u r n out t o be u nnecessary w i t h 

r e c r u i t m e n t i n c l u d e d , the d i s c u s s i o n would indeed have come f u l l 

c i r c l e . 

T h i s was t e s t e d under the most f a v o u r a b l e c o n d i t i o n s i n the 

s i m u l a t i o n model by r e p l a c i n g the t h r e s h o l d f u n c t i o n a l response 

w i t h a type I f u n c t i o n a l response w i t h an i d e n t i c a l maximum 

c l e a r a n c e r a t e . The r e s u l t i n g s p r i n g bloom i s r e l a t i v e l y s m a l l 

and somewhat d e l a y e d , but a second l a r g e r peak i n C h i a d e v e l o p s 

as o v e r - w i n t e r i n g d e p a r t u r e commences(Fig 51) . The C h i a and 

h e r b i v o r e biomass time s e r i e s show l i t t l e resemblance t o the 

' o b s e r v a t i o n s . Both l i f e h i s t o r i e s , and a c o n t i n u i n g s t a b i l i s i n g 
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e f f e c t a s p r o v i d e d by a g r a z i n g t h r e s h o l d , a p p e a r t o be n e c e s s a r y 

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

s t o c k . 

4.3 A C o h o r t Model f o r Z o o p l a n k t o n . 

4.3.1 I n t r o d u c t i o n . 

T h e r e a r e a number of r e a s o n s t o c o n s i d e r a more r e a l i s t i c 

model o f h e r b i v o r e d y n a m i c s a t O.S.P., i n v o l v i n g some s p e c i e s and 

s i z e s t r u c t u r e . One good r e a s o n i s t h a t t h e z o o p l a n k t o n d a t a 

c o l l e c t e d have been a n a l y s e d t o s i z e and s p e c i e s l e v e l , so t h a t 

s u c h a model need n o t be c o n s t r u c t e d o r t e s t e d i n a b i o l o g i c a l 

vacuum. W h i l e t h e more d e t a i l e d model w i l l r e q u i r e t h e 

s p e c i f i c a t i o n of a much g r e a t e r number of p a r a m e t e r s , i t w i l l a t 

l e a s t a v o i d t h e p a i n f u l t a s k of c h o o s i n g an ' a v e r a g e ' p a r a m e t e r 

v a l u e out o f an o r d e r - o f - m a g n i t u d e r a n g e o v e r s i z e and s p e c i e s . 

The r e p r e s e n t a t i o n of r e c r u i t m e n t and o v e r - w i n t e r i n g d e p a r t u r e i n 

t h e s i m p l e b i o m a s s model i s n e c e s s a r i l y c r u d e , and a more 

r e a l i s t i c r e p r e s e n t a t i o n , b a s e d on t h e r e s u l t s of s e c t i o n 4.1 and 

t h e o b s e r v a t i o n s of F u l t o n ( 1 9 7 3 ) , c a n be i n t r o d u c e d i n a more 

d e t a i l e d m odel. F i n a l l y , t h e r e i s some r e a s o n t o b e l i e v e t h a t a 

s i z e - s t r u c t u r e d model may r e p r o d u c e o b s e r v a t i o n s , even a t t h e 

b i o m a s s l e v e l , more f a i t h f u l l y t h a n t h e s i m p l e b i o m a s s model. 

F o r example, even i n t h e ' b e s t c a s e ' ( F i g 4 9 ) , t h e bi o m a s s model 

p r e d i c t s peak z o o p l a n k t o n b i o m a s s i n A p r i l , much e a r l i e r t h a n i s 

o b s e r v e d . A t t h i s t i m e , t h e z o o p l a n k t o n a r e d o m i n a t e d by 

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

s m a l l c o p e p o d s s h o u l d have a h i g h e r m e t a b o l i c r a t e p e r u n i t body 

w e i g h t and a r e d u c t i o n i n z o o p l a n k t o n b i o m a s s c a n be e x p e c t e d i f 
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Figure 51. Predicted.Chi a and grazer standing stock 

for biomass model with Type I functional 

response and standard spring recruitment. 
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t h i s i s t a k e n i n t o a c c o u n t . 

4.3.2 Model F o r m u l a t i o n . 

The s i z e - c l a s s model c o n s t r u c t e d here i s based on the models 

of Landry (1976) and S t e e l e (1974). For each s p e c i e s , a c o h o r t 

i s r e c r u i t e d as a s e r i e s of day c l a s s e s , w i t h i n i t i a l numbers 

n o r m a l l y d i s t r i b u t e d over t i m e . Each day c l a s s has an a s s o c i a t e d 

abundance and w e i g h t , so t h a t Z , ( t , s ) i s the number of 

i n d i v i d u a l s of s p e c i e s i l e f t on day t i n the day c l a s s r e c r u i t e d 

on day s, and W j ( t , s ) i s the weight of each i n d i v i d u a l . The 

i n i t i a l c o n d i t i o n s c o r r e s p o n d i n g t o r e c r u i t m e n t are 

Z ; ( s , s ) = R] . e x p ( - ( s - p i ) 2 / ( 2 . CT-, 2) ) / (JTjT.tTi) 

Wj(-s,s) = W°, 

where W° i s the weight of the e a r l i e s t , a c t i v e l y - f e e d i n g n a u p l i a r 

s t a g e . 

A g a i n , f o l l o w i n g Landry (1976) and S t e e l e (1974), i n g e s t i o n 

and b a s a l metabolism are assumed t o be p r o p o r t i o n a l t o W0-7, so 

t h a t , a t p h y t o p l a n k t o n c o n c e n t r a t i o n C, 

W i ( t , s ) = ( e ; . f ; (C)-b; ) .W;0-7 ( t , s ) 

I n t e g r a t i o n of f e e d i n g over the p h y t o p l a n k t o n p r o f i l e i s done i n 

the same manner as i n the biomass model. A s p e c i e s - s p e c i f i c 

m o r t a l i t y r a t e e ; i s assumed, so t h a t 

Z(- ( t , s ) = - ©,-.Z j ( t , s ) . 

The two dominant l a r g e copepod s p e c i e s , C. plumchrus and 
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C. c r i s t a t u s , a r e r e p r e s e n t e d i n the model as c o h o r t s . D u r i n g 

the f a l l and w i n t e r , when thes e copepods are a b s e n t , a group of 

s m a l l e r copepods (C. p a c i f i c u s , M e t r i d i a p a c i f i c a , P seudocalanus  

minutus, O i t h o n a ) becomes i m p o r t a n t . T h i s group i s r e p r e s e n t e d 

i n the model s i m p l y as a biomass, G, i n the manner of s e c t i o n 

4.2. 

4.3.3 P a r a m e t e r s . 

The C. plumchrus and C. c r i s t a t u s n a u p l i i a r e r e c r u i t e d i n 

the s p r i n g a t an i n i t i a l weight of .3 pq C ( F u l t o n , 1 9 7 3 ) . The 

r e c r u i t m e n t parameter e s t i m a t e s o b t a i n e d i n S e c t i o n 4.1 r e p r e s e n t 

r e c r u i t m e n t i n t o the sampled s i z e c l a s s e s , not r e c r u i t m e n t of 

n a u p l i i . T y p i c a l e s t i m a t e s of 300 and 75/m3 were i n c r e a s e d by a 

f a c t o r of 2 t o account f o r n a u p l i a r m o r t a l i t y t o g i v e 1.10 5 and 

2.5.10* ind/m 2 f o r C. plumchrus and C. c r i s t a t u s r e s p e c t i v e l y . 

The mean r e c r u i t m e n t time was s e t back t o 70 days t o account f o r 

n a u p l i a r growth. 

The f u n c t i o n a l response parameters CO and D were i n i t i a l l y 

g i v e n the same v a l u e s (20 and 40 pq C . l " 1 r e s p e c t i v e l y ) f o r both 

dominant s p e c i e s and f o r s m a l l copepod biomass, G. I n g e s t i o n i s 

of c o u r s e weight-dependent and the v a l u e i M = 2.0 a s s i g n e d t o 

C. plumchrus and C. c r i s t a t u s c o r r e s p o n d s t o a maximum r a t e as a 

f r a c t i o n of body weight r a n g i n g from 2.9 d a y" 1 f o r the s m a l l e s t 

weight t o 0.3 day" 1 f o r a l a r g e (400 pq C) C. c r i s t a t u s . The 

v a l u e i M = 1.0 day" 1 a s s i g n e d t o the biomass f r a c t i o n c o r r e s p o n d s 

t o an 'average' weight of 10 ug C / i n d on the C. plumchrus, 

C. c r i s t a t u s s c a l e . The parameter b was f i x e d a t 0.075, y i e l d i n g 

a b a s a l m e t a b o l i c r a t e as a f r a c t i o n of body weight r a n g i n g from 

0.10 d a y " 1 f o r s m a l l e s t n a u p l i i t o 0.01 d a y " 1 f o r l a r g e 
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C. c r i s t a t u s . The combined b a s a l m e t a b o l i c r a t e and m o r t a l i t y 

r a t e f o r the biomass f r a c t i o n , m, was f i x e d a t 0.075 d a y " 1 . 

Based on the average s i z e of the biomass f r a c t i o n c a l c u l a t e d 

above, t h i s can be r e g a r d e d as h a l f m o r t a l i t y and h a l f b a s a l 

m e t a b o l i s m . The m o r t a l i t y r a t e s f o r C. plumchrus and 

C. c r i s t a t u s were i n i t i a l l y s e t e q u a l a t .025 d a y " 1 . 

In the s i m p l e biomass model, the o v e r - w i n t e r i n g d e p a r t u r e of 

the dominant copepods was r e p r e s e n t e d as a c o n s t a n t l o s s r a t e 

over an extended p e r i o d . A c c o r d i n g t o F u l t o n (1973), 

C. plumchrus i n d i v i d u a l s i n the S t r a i t of G e o r g i a l e a v e the 

s u r f a c e w a t e r s as stage V c o p e p o d i d s , once they have b u i l t up 

s u f f i c i e n t l i p i d s t o r e s . A s i m p l e and a p p a r e n t l y r e a l i s t i c way 

to r e p r e s e n t o v e r - w i n t e r i n g d e p a r t u r e i n the model i s t o have day 

c l a s s e s l e a v e a t a s p e c i f i e d o v e r - w i n t e r i n g w e i g h t . T h i s weight 

was f i x e d a t 100 pq C f o r C. plumchrus and 400 ug C f o r 

C. c r i s t a t u s . The v a l u e f o r C. plumchrus i s lower than o b s e r v e d 

by F u l t o n (1973) f o r the S t r a i t of G e o r g i a but c o n s i s t e n t w i t h 

the wet weight vs l e n g t h r e l a t i o n s h i p d e r i v e d f o r O.S.P. copepods 

i n S e c t i o n 4.1.8. 

4.3.4 S i m u l a t i o n R e s u l t s and D i s c u s s i o n . 

The p r e d i c t e d time streams of mixed l a y e r C h i a and s t a n d i n g 

s t o c k (g Cm" 2) of C. plumchrus, C. c r i s t a t u s and s m a l l copepods 

( p l o t t e d c u m u l a t i v e l y ) a r e drawn i n F i g 52. Note t h a t the 

c o n t r o l of p h y t o p l a n k t o n i n the s p r i n g i s as good as i n F i g 49, 

d e s p i t e the much lower r e c r u i t e d biomass (37 mg Cm" 2 compared 

w i t h 200 mg C m " 2 ) . The l a r g e r f i g u r e used i n the biomass model 

c o r r e s p o n d e d t o r e c r u i t m e n t i n t o sampled s i z e c l a s s e s 

( i n d i v i d u a l s g r e a t e r than 1 mm), not n a u p l i a r r e c r u i t m e n t . A 
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Figure 52. Predicted Chi a and zooplankton biomass 

(long dashes = C_. plumchrus, short dashes 

= C_. cristatus + C. plumchrus y s o l i d line 

= total biomass) for 1976, using weight 

thresholds for departure in cohort model. 
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r e c r u i t m e n t of 37 mg Cm" 2 i n the s i m p l e biomass model would 

r e s u l t i n some d e t e r i o r a t i o n i n p h y t o p l a n k t o n c o n t r o l i n the 

s p r i n g . T h i s does not occur i n the s i z e - s t r u c t u r e model because 

of the h i g h growth r a t e s a c h i e v e d by s m a l l n a u p l i i . 

The b e h a v i o u r i n summer and f a l l i s , however, not r e a l i s t i c . 

The d e p a r t u r e of C. plumchrus s t a r t s r a t h e r e a r l y , i n May, and 

proceeds v e r y q u i c k l y . The d e c r e a s e i n biomass s t o p s f o r a w h i l e 

i n June as C. c r i s t a t u s biomass i n c r e a s e s , but then t h i s s p e c i e s 

a l s o r e a c h e s o v e r - w i n t e r i n g weight and l e a v e s . A p h y t o p l a n k t o n 

bloom o c c u r s i n June and J u l y as a r e s u l t of t h i s r a p i d 

d i s a p p e a r a n c e of both major g r a z e r s and t h i s t r i g g e r s a peak i n 

the s m a l l biomass f r a c t i o n i n J u l y . The p h y t o p l a n k t o n a re 

c o n t r o l l e d and the system approaches the q u a s i - e q u i l i b r i u m c y c l e 

of the biomass model f o r the remainder of the y e a r . 

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

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

b e h a v i o u r . W h i l e a l l d a y - c l a s s e s a r e below o v e r - w i n t e r i n g 

w e i g h t , the system i s near a q u a s i - e q u i l i b r i u m s t a t e , w i t h 

r e l a t i v e l y c o n s t a n t p h y t o p l a n k t o n . As the o l d e s t day c l a s s e s 

r e a c h o v e r - w i n t e r i n g weight and l e a v e , t h e r e i s a s m a l l i n c r e a s e 

i n p h y t o p l a n k t o n abundance due t o the r e l a x a t i o n i n g r a z i n g 

p r e s s u r e . As a r e s u l t , the r e m a i n i n g day c l a s s e s grow f a s t e r , 

r e a c h o v e r - w i n t e r i n g weight and d e p a r t more q u i c k l y . T h i s causes 

a g r e a t e r r e l a x a t i o n i n g r a z i n g p r e s s u r e , a l a r g e r i n c r e a s e i n 

p h y t o p l a n k t o n abundance and h i g h e r growth r a t e s f o r r e m a i n i n g day 

c l a s s e s . The end r e s u l t can be seen i n F i g 52, where 

C. c r i s t a t u s day c l a s s e s , r e c r u i t e d a t f i x e d i n i t i a l weight over 

a p e r i o d e x c e e d i n g 60 days, a l l l e a v e w i t h i n a 20 day p e r i o d . 
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I t i s c l e a r t h a t i f .the p r e d i c t e d p h y t o p l a n k t o n 

c o n c e n t r a t i o n i s ' t o r e m a i n c o n s t a n t t h r o u g h t h i s p e r i o d o f o v e r 

w i n t e r i n g d e p a r t u r e , a smooth r e p l a c e m e n t of C. p l u m c h r u s by 

C. c r i s t a t u s and t h e n by. s m a l l c o p e p o d s i s r e q u i r e d and i t seems 

as t h o u g h a d i f f e r e n t d e p a r t u r e s t r a t e g y i s needed t o a c h i e v e 

t h i s . Two d i f f e r e n t d e p a r t u r e s t r a t e g i e s were t r i e d i n 

s i m u l a t i o n s u s i n g t h e same p a r a m e t e r s as i n F i g 52. 

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

was s l o w e d down by t h e s i m p l e d e v i c e of h a v i n g i n d i v i d u a l s l e a v e 

a day c l a s s a t a c o n s t a n t r a t e (.05 d a y " 1 ) once t h e y p a s s a 

minimum d e p a r t u r e w e i g h t , u n t i l t h e y r e a c h a maximum d e p a r t u r e 

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

d e p a r t u r e s t r a t e g y , w i t h minimum and maximum w e i g h t s of 100 and 

200 ug C r e s p e c t i v e l y f o r C. p l u m c h r u s , and 200 and 800 jjg C 

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

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

p h y t o p l a n k t o n bloom i n J u l y f o l l o w e d c l o s e l y by a s m a l l c o p e p o d 

bloom, p e r s i s t e d . 

In t h e p a r a m e t e r e s t i m a t i o n o f s e c t i o n 4.1, i t was assumed 

t h a t i n d i v i d u a l s s p e n t a f i x e d t i m e i n t h e s u r f a c e w a t e r s . T h i s 

d e p a r t u r e s t r a t e g y e n s u r e s t h a t t h e d e p a r t u r e p e r i o d i s as 

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

u s i n g a f i x e d r e s i d e n c e t i m e o f 100 d a y s f o r C. p l u m c h r u s and 180 

d a y s f o r C. c r i s t a t u s , a (somewhat r e d u c e d ) p h y t o p l a n k t o n bloom 

s t i l l o c c u r r e d i n J u l y . The d e c r e a s e i n numbers o f C. p l u m c h r u s 

and t h e n C. c r i s t a t u s due t o d e p a r t u r e i s made up by a l a r g e 

i n c r e a s e i n w e i g h t of r e m a i n i n g day c l a s s e s , so t h a t t h e l a t e r 

day c l a s s e s o f C. p l u m c h r u s and e a r l i e r day c l a s s e s of 
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C. c r i s t a t u s l e a v e a t l a r g e w e i g h t s (ca 400 and 1700 ug C / i n d 

r e s p e c t i v e l y ) . The p h y t o p l a n k t o n bloom i s i n f a c t c o n t r o l l e d by 

a v e r y r a p i d i n c r e a s e i n s m a l l copepod biomass, a l t h o u g h not t o 

the peak l e v e l s seen i n F i g 52. 

I t seems as though a t i g h t c o n t r o l of p h y t o p l a n k t o n d u r i n g 

d e p a r t u r e i s not t o be found s i m p l y by c h a n g i n g the d e p a r t u r e 

s t r a t e g y . In the s i m u l a t i o n s so f a r , C. c r i s t a t u s has e i t h e r 

l e f t too e a r l y , o r , i n the case of a f i x e d r e s i d e n c e t i m e , 

reached t o o h i g h a d e p a r t u r e w e i g h t . In a h y p o t h e t i c a l model 

where C. c r i s t a t u s was p r e s e n t by i t s e l f as a s i n g l e day c l a s s , 

the a n a l y s i s of S t e e l e ' s (1974) model, p r e s e n t e d i n Chapter 2, 

would a p p l y . The approximate g o v e r n i n g e q u a t i o n s would be 

C = r.C - f (C) .Z.W0'7 . ... 

W = (e. f (C)-b) .W0-7 

z = -e. z 

I f the system remains near q u a s i - e q u i l i b r i u m , w i t h C c o n s t a n t or 

c h a n g i n g s l o w l y , the l e v e l of g r a z i n g i n t e n s i t y , p r o p o r t i o n a l t o 

Z.W0-7, must change s l o w l y w i t h p r i m a r y p r o d u c t i o n . As d i s c u s s e d 

i n Chapter 2, the weight W w i l l i n c r e a s e as Z d e c r e a s e s so t h a t 

Z.W0,7 i s m a i n t a i n e d a t an a p p r o p r i a t e l e v e l . In such a model, 

the r a t e of growth of C. c r i s t a t u s can be reduced by d e c r e a s i n g 

the m o r t a l i t y r a t e , ©. 

In the s i m u l a t i o n model, C. c r i s t a t u s i s p r e s e n t w i t h 

C. plumchrus which i s i n i t i a l l y dominant n u m e r i c a l l y and by 

biomass. D e c r e a s i n g the m o r t a l i t y r a t e f o r C. c r i s t a t u s a l o n e 

w i l l i n i t i a l l y r e s u l t i n a replacement of C. plumchrus biomass by 
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C. c r i s t a t u s biomass b e f o r e any d e p a r t u r e t a k e s p l a c e , which i s 

not d e s i r e d . There w i l l be l i t t l e change i n C. c r i s t a t u s growth 

r a t e u n t i l i t becomes the dominant g r a z e r . To reduce the growth 

r a t e of C. c r i s t a t u s i n the s i m u l a t i o n model, a d e c r e a s e i n i t s 

f e e d i n g e f f i c i e n c y r e l a t i v e t o t h a t of C.plumchrus i s a l s o 

r e q u i r e d . Note t h a t t h i s d e c r e a s e a l o n e would r e s u l t i n a 

r e l a t i v e d e c l i n e i n C. c r i s t a t u s biomass w h i l e C. plumchrus i s 

p r e s e n t , which i s not l i k e l y t o l e a d t o b e t t e r p h y t o p l a n k t o n 

c o n t r o l when C. plumchrus d e p a r t s . However, the two changes 

t o g e t h e r mean t h a t the biomass of C. c r i s t a t u s as C. plumchrus 

s t a r t s t o o v e r - w i n t e r need not change, but i t w i l l now be 

composed of a l a r g e r number of s m a l l e r i n d i v i d u a l s . As 

C. plumchrus d e p a r t s , the d e c r e a s e i n z o o p l a n k t o n g r a z i n g -

p r e s s u r e must be made up by an i n c r e a s e i n weight of r e m a i n i n g 

C. plumchrus and e s p e c i a l l y by C. c r i s t a t u s . A c c o r d i n g t o the 

W0-7 m e t a b o l i c law used h e r e , the p e r c e n t i n c r e a s e i n weight per 

day i n c r e a s e s l i k e W" °-3 as W d e c r e a s e s . Thus, a p o p u l a t i o n of 

s m a l l e r , more numerous C. c r i s t a t u s s h o u l d respond much more 

q u i c k l y t o s m a l l i n c r e a s e s i n p h y t o p l a n k t o n carbon as 

C. plumchrus d e p a r t s , l e a d i n g t o t i g h t e r p h y t o p l a n k t o n 

r e g u l a t i o n . 

A l l t h r e e s i m u l a t i o n s d e s c r i b e d above were t h e r e f o r e 

r e p e a t e d , w i t h the m o r t a l i t y r a t e f o r C. c r i s t a t u s reduced t o 

0.01 d a y " 1 and C. c r i s t a t u s i n g e s t i o n reduced t o 0.8 t i m e s t h a t 

of C. plumchrus. A smooth t r a n s i t i o n of c o n t r o l from 

C. plumchrus t o C. c r i s t a t u s t o s m a l l copepods was o b t a i n e d w i t h 

a l l t h r e e d e p a r t u r e s t r a t e g i e s , a l t h o u g h f o r the weight-dependent 

s t r a t e g i e s , some C. c r i s t a t u s never reached o v e r - w i n t e r i n g 
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w e i g h t , owing t o t h e low m o r t a l i t y r a t e . 

The p r e d i c t e d t i m e s t r e a m s of C h i a i n t h e m i x e d l a y e r and 

b i o m a s s of C. p l u m c h r u s , C. c r i s t a t u s and s m a l l c o p e p o d s a r e 

shown i n F i g 53. I t c a n be seen t h a t t h e s l i g h t i n c r e a s e i n 

p h y t o p l a n k t o n c a u s e d by t h e d e p a r t u r e of C. p l u m c h r u s t r i g g e r s a 

r a p i d i n c r e a s e i n C. c r i s t a t u s b i o m a s s i n J u l y and A u g u s t . T o t a l 

b i o m a s s i s i n f a c t l a r g e r i n t h i s peak as i t c o n s i s t s of l a r g e r 

i n d i v i d u a l s and must m a i n t a i n a g r a z i n g p r e s s u r e p r o p o r t i o n a l t o 

W0-7. The maximum d e p a r t u r e w e i g h t s f o r C. p l u m c h r u s and 

C. c r i s t a t u s i n t h i s s i m u l a t i o n a r e c a 240 pq C / i n d and 510 jug 

C / i n d , more r e a s o n a b l e t h a n i n t h e e a r l i e r s i m u l a t i o n u s i n g t h i s 

d e p a r t u r e s t r a t e g y . The range of d e p a r t u r e w e i g h t s i s a l s o much 

s m a l l e r . 

W h i l e t h e summer bloom has been a v o i d e d by u s i n g t h i s 

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

t h e d e p a r t u r e of c o p e p o d s has n o t r e a l l y been removed and t h e 

i m p o r t a n c e o f t h e s i z e and number o f C. c r i s t a t u s d u r i n g t h i s 

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

c h a n g e s i n o t h e r p a r a m e t e r s . F o r example, t h e p a r a m e t e r 

e s t i m a t i o n r e s u l t s of s e c t i o n 4.1 s u g g e s t a l a r g e v a r i a t i o n i n 

r e c r u i t m e n t of C. c r i s t a t u s from y e a r t o y e a r . The model's 

s e n s i t i v i t y t o s m a l l c h a n g e s i n m o r t a l i t y r a t e s and g r o w t h 

p a r a m e t e r s must a l s o be s u s p e c t . 

The e f f e c t s o f c h a n g e s i n r e c r u i t m e n t can be q u a l i t a t i v e l y 

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

P r o v i d e d p h y t o p l a n k t o n abundance r e m a i n s a p p r o x i m a t e l y c o n s t a n t , 

i n d i v i d u a l g r o w t h o c c u r s so as t o m a i n t a i n a c o n s t a n t g r a z i n g 

p r e s s u r e i n t h e f a c e o f m o r t a l i t y l o s s e s . I n c r e a s i n g t h e 
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F i g u r e 53. As f o r F i g 52, w i t h f i x e d r e s i d e n c e t i m e s and 

l o w e r growth and m o r t a l i t y r a t e s f o r C. c r i s t a t u s . 
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r e c r u i t m e n t l e v e l produces a l a r g e r number of i n d i v i d u a l s which 

must be s m a l l e r a t any p a r t i c u l a r t i m e . For the weight-dependent 

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

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

D o u b l i n g the s p r i n g r e c r u i t m e n t of both s p e c i e s t o 200 and 50 

thousand i n d i v i d u a l s / m 2 has j u s t the e x p e c t e d e f f e c t . For the 

f i x e d r e s i d e n c e time s t r a t e g y , d e p a r t u r e w e i g h t s average about 

100 and 300 ug C / i n d . For the s i n g l e weight t h r e s h o l d d e p a r t u r e , 

no C. c r i s t a t u s reach o v e r - w i n t e r i n g w e i g h t . D o u b l i n g the 

r e c r u i t m e n t a g a i n t o 4.10 5 and 1.10 5 ind/m 2 r e s u l t s i n even lower 

d e p a r t u r e w e i g h t s f o r C. plumchrus (23 t o 100 ug C/ind) and 

C. c r i s t a t u s (100 t o 370 ug C / i n d ) . There i s a marked r e d u c t i o n 

i n biomass f o r the h i g h e r r e c r u i t m e n t l e v e l s ( F i g 5 4 ) , due a g a i n 

t o the W 0 7 dependence of m e t a b o l i s m and i n g e s t i o n and the s m a l l e r 

mean s i z e of copepods p r e s e n t . There i s a l s o a s l i g h t f a l l 

p h y t o p l a n k t o n bloom due t o a d e l a y i n the growth of the s m a l l 

copepod biomass, G. The parameters chosen a r e such t h a t t h i s 

f r a c t i o n i s outcompeted by the dominant g r a z e r s except when the 

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

presence of r e l a t i v e l y s m a l l C. plumchrus and C. c r i s t a t u s d e l a y s 

a s i g n i f i c a n t i n c r e a s e i n G u n t i l C. c r i s t a t u s has l e f t . 

H a l v i n g t o t a l r e c r u i t m e n t t o 5.10 4 and 1.25.10 4 ind/m 2 

r e s p e c t i v e l y r e s u l t s ,as e x p e c t e d , i n l a r g e r d e p a r t u r e w e i g h t s 

w i t h the f i x e d r e s i d e n c e time s t r a t e g y . The s m a l l copepod 

f r a c t i o n , G, c o n t r i b u t e s r e l a t i v e l y more t o t o t a l biomass as 

C. plumchrus d e p a r t s ( F i g 5 5 ) . The low r e c r u i t m e n t r e s u l t s i n a 

g e n e r a l l y h i g h e r c h l o r o p h y l l a l e v e l i n the s p r i n g and a l a r g e r 

C. plumchrus biomass peak i n May and June, due both t o h i g h e r 
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p r i m a r y p r o d u c t i o n and the l a r g e r s i z e of i n d i v i d u a l s p r e s e n t . 

T h i s i n v e r s e e f f e c t of r e c r u i t m e n t l e v e l on z o o p l a n k t o n biomass, 

w h i l e c o n s i s t e n t w i t h a s i m p l e q u a l i t a t i v e u n d e r s t a n d i n g of the 

model, i s r a t h e r c o u n t e r - i n t u i t i v e . 

A c c o r d i n g t o the q u a l i t a t i v e a n a l y s i s , i n c r e a s i n g the 

m o r t a l i t y r a t e s h o u l d have a s i m i l a r e f f e c t on d e p a r t u r e w e i g h t , 

and/or t i m i n g , as d e c r e a s i n g t o t a l r e c r u i t m e n t . T h i s was found 

t o be the case when v a l u e s of © were i n c r e a s e d t o 0.03, 0.015 

day" 1 r e s p e c t i v e l y f o r C. plumchrus and C. c r i s t a t u s . The 

o r i g i n a l r e c r u i t m e n t l e v e l s of 1.10 5 and 2.5.10 4 ind/m 2 were used 

and the p r i n c i p a l e f f e c t s were a s l i g h t i n c r e a s e i n C h i a and an 

i n c r e a s e i n the c o n t r i b u t i o n of s m a l l copepods a f t e r C. plumchrus 

l e a v e s ( F i g 5 6 ) . D e p a r t u r e w e i g h t s f o r C. plumchrus and 

C. c r i s t a t u s were ca 300 pg C / i n d and 500 pg C / i n d r e s p e c t i v e l y . 

A c c o r d i n g t o the q u a l i t a t i v e a n a l y s i s , r e c r u i t m e n t and 

m o r t a l i t y r a t e s s h o u l d be the p r i n c i p a l d e t e r m i n a n t s of d e p a r t u r e 

weight and/or t i m i n g . The o t h e r z o o p l a n k t o n parameters w i l l 

d e termine the q u a s i - e q u i l i b r i u m l e v e l s of p h y t o p l a n k t o n and 

z o o p l a n k t o n s t a n d i n g s t o c k . For example, d e c r e a s i n g the 

parameters D and CO s h o u l d d e c r e a s e the e q u i l i b r i u m p h y t o p l a n k t o n 

c o n c e n t r a t i o n , d e t e r m i n e d r o u g h l y i n the s i n g l e day c l a s s model 

by 

C = CO + D. (b+e.W 0- 3)/( i M.e-(b+e.W 0- 3)) 4.3a 

In f a c t , the v a l u e s of b and 6 chosen i n p r e v i o u s s i m u l a t i o n s 

produce v a l u e s of C c o r r e s p o n d i n g t o .5 mg C h i a.m"3 or h i g h e r . 

T h i s can be reduced t o the v i c i n i t y of the o b s e r v e d average (.4 
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Figure 55. Effect of halving spring recruitment i n Fig 53. 
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mg C h i a.m" 3), by r e d u c i n g D and CO t o 30 and 15 jug C . l - 1 

r e s p e c t i v e l y . The r e s u l t i n g C h i a and g r a z e r biomass l e v e l s a re 

shown i n F i g 57; b o t h p h y t o p l a n k t o n and z o o p l a n k t o n s t a n d i n g 

s t o c k i s reduced, but d e p a r t u r e w e i g h t s and p h y t o p l a n k t o n c o n t r o l 

a r e not a f f e c t e d . 

The q u a s i - e q u i l i b r i u m z o o p l a n k t o n biomass i n a s i n g l e day 

c l a s s model i s d e t e r m i n e d by 

Z.W0-7 = r.C.e/(b+8.W 0- 3) 4.3b 

I n c r e a s i n g b and m from .075 t o 0.10, keeping D and CO a t 30 and 

15 jug C . l - 1 , r e s u l t s i n an i n c r e a s e d ' p h y t o p l a n k t o n l e v e l , 

e s p e c i a l l y i n the f a l l as C. c r i s t a t u s l e a v e s ( F i g 58). There i s 

a d e l a y i n the response of s m a l l copepods, G, t o the d e p a r t u r e of 

C. c r i s t a t u s . The s m a l l copepods have s u f f e r e d c o m p e t i t i v e l y by 

an e q u a l i n c r e a s e i n b and m, as the m o r t a l i t y r a t e s of the l a r g e 

copepods were not changed. There i s l i t t l e change i n t o t a l 

z o o p l a n k t o n biomass ( c f F i g 5 7 ) ; the i n c r e a s e i n p h y t o p l a n k t o n 

c a r b o n ( e q u a t i o n 4.3a) b a l a n c e s the d i r e c t e f f e c t i n e q u a t i o n 

4.3b. 

In most of t h e s e s i m u l a t i o n s , p h y t o p l a n k t o n has s t a y e d 

r e l a t i v e l y c o n s t a n t and the r e s u l t s have been c o n s i s t e n t w i t h the 

q u a l i t a t i v e , q u a s i - e q u i l i b r i u m t h e o r y . The parameter changes 

have a l l been a p p l i e d e q u a l l y t o both major copepods. The f i r s t 

t h r e e s i m u l a t i o n s w i t h e q u a l m o r t a l i t y r a t e s showed t h a t the 

r e g u l a t i o n of p h y t o p l a n k t o n d u r i n g o v e r - w i n t e r i n g d e p a r t u r e i s 

v e r y s e n s i t i v e t o changes d i f f e r e n t i a l l y a f f e c t i n g the major 

copepods. On two o c c a s i o n s parameter changes which s l i g h t l y 
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F i g u r e 57. E f f e c t o f d e c r e a s i n g g r a z i n g parameters CO and D 

i n F i g 53. 



Figure 58. Effect of increasing metabolic rates i n Fig 57. 
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a f f e c t e d the r e l a t i v e s u c c e s s of the s m a l l copepod group and the 

l a r g e copepods have l e d t o s m a l l p h y t o p l a n k t o n e x c u r s i o n s i n the 

f a l l CFig 54,58). 

So f a r , o n l y the p r e d i c t e d timestreams f o r one y e a r , 1976, 

have been shown. Long-term s i m u l a t i o n s have a l s o been performed 

f o r the p e r i o d 1964 t o 1976. These s i m u l a t i o n s have used the 

same se t of parameters as F i g 53, i n c l u d i n g the f i x e d r e s i d e n c e 

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

r e c r u i t m e n t t o t a l s of 1.10 5 and 2.5.10 4 ind/m 2 were assumed i n 

a l l y e a r s . P h y t o p l a n k t o n biomass and the s m a l l copepod biomass, 

G, were c o n t i n u e d from each year t o the n e x t . The p r e d i c t e d 

p r i m a r y p r o d u c t i o n c y c l e w i t h c h l o r o p h y l l f i x e d ( F i g 33) showed 

remark a b l y l i t t l e v a r i a t i o n from year t o y e a r . G i v e n t h a t s p r i n g 

r e c r u i t m e n t i s f i x e d , the q u a l i t a t i v e s l o w - v a r i a b l e a n a l y s i s and 

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

of z o o p l a n k t o n biomass s h o u l d a l s o show l i t t l e y ear t o year 

v a r i a t i o n . 

T h i s does not t u r n out t o be the c a s e , as shown i n the p l o t 

of mixed l a y e r C h i a and t o t a l z o o p l a n k t o n carbon ( F i g 5 9 ) . 

S h o r t - l i v e d p h y t o p l a n k t o n blooms and u n u s a l l y h i g h z o o p l a n k t o n 

peaks occur i n l a t e summer i n 1967, 1972, 1974 and, t o a l e s s e r 

e x t e n t , 1971. C l o s e r e x a m i n a t i o n of the model output shows t h a t 

t h e s e z o o p l a n k t o n peaks c o n s i s t of C. c r i s t a t u s which r e a c h h i g h 

d e p a r t u r e w e i g h t s (up t o 1000 jug C/ind) as a r e s u l t of the 

blooms. 

The cause of t h e s e blooms was somewhat unexpected. Each of 

the y e a r s i n v o l v i n g l a r g e peaks f o l l o w s a s e v e r e w i n t e r , i n which 

the s m a l l copepod biomass, G, f a l l s t o u n u s u a l l y low l e v e l s , an 
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parameters and fixed recruitment levels of Fig 53. 
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o r d e r o f m a g n i t u d e l o w e r t h a n t h e minimum i n o t h e r y e a r s . As a 

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

d e p a r t u r e of t h e l a r g e c o p e p o d s and p h y t o p l a n k t o n e s c a p e g r a z i n g 

c o n t r o l . I t i s i n t e r e s t i n g t o n o t e t h a t , w h i l e t h e p r e d i c t e d 

minimum a n n u a l s m a l l c o p e p o d b i o m a s s v a r i e s by 2 o r d e r s of 

m a g n i t u d e , d e p e n d i n g on t h e s e v e r i t y of t h e w i n t e r , t h e p r e d i c t e d 

maximum v a r i e s by l e s s t h a n a f a c t o r of 4 and t h e r e i s no 

t e n d e n c y f o r G t o d e c r e a s e o r i n c r e a s e o v e r t h e l o n g - t e r m . The 

p r e d i c t e d c o - e x i s t e n c e of s m a l l and l a r g e c o p e p o d s i s c l e a r l y a 

c a s e of p a r t i t i o n i n g of t h e r e s o u r c e by t i m e , t h r o u g h t h e l i f e 

h i s t o r y s t r a t e g i e s of t h e major c o p e p o d s . 

The l o n g - t e r m s i m u l a t i o n r e s u l t s a g a i n e m p h a s i z e t h e 

d e l i c a t e b a l a n c e r e q u i r e d i n t h i s model t o a c h i e v e a smooth 

t r a n s i t i o n of p h y t o p l a n k t o n c o n t r o l among t h e t h r e e z o o p l a n k t o n 

g r o u p s . I t s h o u l d a t once.be p o i n t e d o u t t h a t a s an e x p l a n a t i o n 

of o b s e r v e d a n n u a l v a r i a t i o n i n z o o p l a n k t o n s t a n d i n g s t o c k a t 

O.S.P. ( F i g 6 0 ) , t h i s s i m u l a t i o n i s s a d l y l a c k i n g . Of t h e 

p r e d i c t e d peak y e a r s , 1967 and 1972 a r e h i g h y e a r s a t O.S.P. but 

1974 i s a v e r y low y e a r . The p r e d i c t e d p e a k s o c c u r i n A u g u s t , 

whereas t h e p e a k s i n 1967 and 1972 o c c u r i n J u n e . F i n a l l y , t h e r e 

i s no e v i d e n c e t h a t h i g h z o o p l a n k t o n p e a k s a t O.S.P. f o l l o w 

p h y t o p l a n k t o n b looms. 

In t h e s e c o n d l o n g - t e r m s i m u l a t i o n , an a t t e m p t was made t o 

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

e a c h y e a r t o t h e p r e d i c t e d o v e r - w i n t e r i n g b i o m a s s of e a c h s p e c i e s 

from t h e p r e v i o u s y e a r . T h i s e x e r c i s e has r a t h e r more 

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

o v e r - w i n t e r i n g s u c c e s s a r e p o o r l y known, and h o r i z o n t a l a d v e c t i o n 

http://once.be
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Figure 60. Observed zooplankton wet weights (10 day means) at O.S.P. 1956-1978. 
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i s s i g n i f i c a n t on t h e t i m e s c a l e of o v e r - w i n t e r i n g , so t h a t 

r e l a t i n g r e c r u i t m e n t a t O.S.P. t o t h e p r e d i c t e d o v e r - w i n t e r i n g 

b i o m a s s a t t h e same l o c a t i o n i s a d u b i o u s u n d e r t a k i n g . The 

f r a c t i o n o f o v e r - w i n t e r i n g b i o m a s s c o n v e r t e d t o n a u p l i i was 

d e c i d e d i n r a t h e r a r b i t r a r y f a s h i o n , by l o o k i n g a t t h e a v e r a g e 

o v e r - w i n t e r i n g l e v e l s i n t h e p r e v i o u s l o n g - t e r m s i m u l a t i o n , and 

c h o o s i n g a f r a c t i o n w h i c h would p r o v i d e t h e ' f i x e d ' t o t a l 

r e c r u i t m e n t s u s e d t h e r e . The r e s u l t i n g o v e r - w i n t e r i n g 

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

e f f i c i e n c y , were low (.04 f o r C. p l u m c h r u s and .005 f o r 

C. c r i s t a t u s ) . 

The c o r r e s p o n d i n g p r e d i c t e d t i m e s t r e a m s o f C h i a and t o t a l 

z o o p l a n k t o n -biomass a r e shown i n F i g 61. (Note t h e change i n 

s c a l e ) . The p r e d i c t i o n s a r e q u a l i t a t i v e l y s i m i l a r t o t h o s e w i t h 

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

i n 1967, 1971, 1972 and 1974 a r e even h i g h e r . T h i s i s due t o 

s l i g h t l y h i g h e r a v e r a g e r e c r u i t m e n t o f C. p l u m c h r u s ( c a 1.5.10 s 

i n d / m 2 ) t h a n e x p e c t e d . T h e r e i s c o n s i d e r a b l e a n n u a l v a r i a t i o n i n 

r e c r u i t m e n t and i n t h e y e a r o f p o o r e s t c o n t r o l , 1967, t h e 

r e c r u i t m e n t o f C. p l u m c h r u s i s v e r y h i g h , 2.1.10 5/m 2, w h i l e t h a t 

of C. c r i s t a t u s i s u n u s u a l l y low, 1.7.10 4/m 2, w h i c h u n d o u b t e d l y 

c o n t r i b u t e s t o t h e c o n t r o l p r o b l e m as C. p l u m c h r u s d e p a r t s . In 

t h i s y e a r , b o t h s p e c i e s r e a c h u n r e a s o n a b l e d e p a r t u r e w e i g h t s (900 

and 2000 pg C / i n d r e s p e c t i v e l y ) . A g a i n , d e s p i t e t h e a n n u a l 

v a r i a t i o n i n r e c r u i t m e n t l e v e l s , t h e r e i s no l o n g - t e r m t r e n d and 

c o e x i s t e n c e of t h e major c o p e p o d s i s p r e d i c t e d , p r e s u m a b l y due t o 

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

c a n grow a t l o w e r f o o d l e v e l s t h a n C. c r i s t a t u s ,but t h e l a t t e r 



oo 
X 
X 
SI 

YEAR 

Figure 61. Predicted mixed layer Chi a and zooplankton carbon f o r 1964-76 using coupled recruitment. 
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has t h e r e s o u r c e t o i t s e l f i n t h e f a l l ) . 

The l o n g - t e r m e q u i l i b r i u m b a l a n c e between r e c r u i t m e n t of 

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

c h a n g e s i n t h e o v e r - w i n t e r i n g e f f i c i e n c i e s . F o r example, i f t h e 

o v e r - w i n t e r i n g e f f i c i e n c y of C. c r i s t a t u s i s d o u b l e d t o .01, t h e 

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

6:1 t o a b o u t 1.3:1, w i t h a n n u a l r e c r u i t m e n t s f l u c t u a t i n g a b o u t 

6.7.10*/m 2 f o r C. p l u m c h r u s and 5.10 4/m 2 f o r C. c r i s t a t u s . As 

m i g h t be e x p e c t e d , c o n t r o l of p h y t o p l a n k t o n d u r i n g t h e d e p a r t u r e 

of C. p l u m c h r u s i s much i m p r o v e d and t h e p e a k s i n 1967, 1972 and 

1974 v i r t u a l l y d i s a p p e a r . The b e h a v i o u r o f t h e model w i t h t h i s 

r e c r u i t m e n t r a t i o i s more r o b u s t , b u t t h e r a t i o i s not c o n s i s t e n t 

w i t h t h e r e c r u i t m e n t e s t i m a t e s of S e c t i o n 4.1. 

4.4 C o n c l u s i o n s . 

A c c o r d i n g t o one p h i l o s o p h y , a model o f t h e t y p e p r e s e n t e d 

h e r e s h o u l d be r e g a r d e d as a complex h y p o t h e s i s , s t a t e d 

e x p l i c i t l y , w h i c h i s t h e r e b y s u b j e c t t o r i g o r o u s t e s t i n g a g a i n s t 

o b s e r v a t i o n s . I t may even be c l a i m e d t h a t a model i s most u s e f u l 

when i t f a i l s t o match o b s e r v a t i o n s , t h e r e b y r e v e a l i n g an e r r o r 

i n t h e h y p o t h e s i s . T h e r e a r e , however, l i m i t a t i o n s t o t h i s 

u s e f u l n e s s , due t o t h e complex n a t u r e of t h e h y p o t h e s i s - m o d e l . 

W h i l e s i m p l e v e r b a l h y p o t h e s e s s u c h as ' p h y t o p l a n k t o n a t 

O.S.P. a r e c o n t r o l l e d by z o o p l a n k t o n g r a z i n g ' o r 'the l i f e 

h i s t o r y o f t h e dominant c o p e p o d s a t O.S.P. i s t h e c a u s e o f t h e 

d i s t i n c t s e a s o n a l c y c l e ' or ' t h r e s h o l d s i n z o o p l a n k t o n g r a z i n g 

o c c u r a t O.S.P. and a r e a component i n m a i n t a i n i n g p h y t o p l a n k t o n 

c o n s t a n c y ' sound r e a s o n a b l e a l o n e , t h e y c a n be a d d r e s s e d v i a t h e 
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model o n l y w i t h i n a framework o f o t h e r h y p o t h e s e s i n v o l v i n g 

p h y t o p l a n k t o n g r o w t h d y n a m i c s , z o o p l a n k t o n m o r t a l i t y , e t c . 

W i t h i n t h e framework c o n s t r u c t e d h e r e , i t i s p o s s i b l e t o p r o d u c e 

a ( r e a s o n a b l y ) c o n s t a n t c h l o r o p h y l l c o n c e n t r a t i o n and a s e a s o n a l 

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

o b s e r v a t i o n i n form and m a g n i t u d e , by i n c l u d i n g t h r e s h o l d s and 

l i f e h i s t o r y s t r a t e g y i n t h e model, and t h i s i s n o t p o s s i b l e i f 

e i t h e r i s removed. I f t h e o t h e r a s s u m p t i o n s of t h e model a r e 

a c c e p t e d , t h i s c a n be t a k e n as e v i d e n c e f o r t h e i m p o r t a n c e of 

t h e s e phenomena a t O.S.P. 

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

model's p r e d i c t i o n s f a i l t o match o b s e r v a t i o n s . T h e s e may be due 

t o s m a l l e r r o r s o f d e t a i l i n t h e model w h i c h do n o t a f f e c t t h e 

above c o n c l u s i o n s , o r t o f u n d a m e n t a l f l a w s i n t h e model's 

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

Such q u e s t i o n s c a n n o t be a n s w e r e d w i t h o u t f u r t h e r e x p e r i m e n t a l 

and f i e l d s t u d i e s . The f o l l o w i n g e x a m i n a t i o n o f t h e model's 

f a i l u r e s and s p e c u l a t i o n as t o t h e i r c a u s e s w i l l h o p e f u l l y a s s i s t 

i n t h e d i r e c t i o n of t h e s e s t u d i e s . 

Much of t h e s i m u l a t i o n s t u d y o f t h e s p e c i e s , s i z e - s t r u c t u r e 

model has c e n t r e d a r o u n d t h e p r o b l e m of how t o a c h i e v e a smooth 

t r a n s f e r o f p h y t o p l a n k t o n c o n t r o l a s l a r g e c o p e p o d s c e a s e 

f e e d i n g . The p r o b l e m h e r e i s not so much i n m a t c h i n g 

o b s e r v a t i o n s as i n t h e mode l ' s s e n s i t i v i t y . A s u s p i c i o u s l y 

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

r e q u i r e d among t h e t h r e e z o o p l a n k t o n g r o u p s i n t h e model i n o r d e r 

t o p r e v e n t a s m a l l p h y t o p l a n k t o n bloom. T h i s has been a t t r i b u t e d 

t o t h e u n s t a b l e f e e d b a c k a s s o c i a t e d w i t h t h e o v e r - w i n t e r i n g 
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s t r a t e g i e s u s e d so f a r . 

A n o t h e r o v e r - w i n t e r i n g s t r a t e g y was t r i e d i n t h e m o d e l . I f 

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

e x p e r i e n c e s a l o w e r m o r t a l i t y r a t e (by an amount A © d a y " 1 ) and 

n e g l i g i b l e r e s p i r a t i o n ( F u l t o n , 1 9 7 3 ) , i t f o l l o w s t h a t an 

i n d i v i d u a l ' s f i t n e s s , m easured i n t e r m s o f e x p e c t e d b i o m a s s f o r 

c o n v e r s i o n t o eggs i n t h e s p r i n g , i s i n c r e a s e d by s t a y i n g a day 

l o n g e r i n t h e s u r f a c e l a y e r whenever i t s d a i l y w e i g h t i n c r e a s e AW 

e x c e e d s W . A © . P r e s u m a b l y a minimum b i o m a s s i s r e q u i r e d f o r o v e r 

w i n t e r i n g , but above t h i s , an i n d i v i d u a l w h i c h s t a y s o r l e a v e s 

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

a t l e a s t on a day by day b a s i s . T h i s s t r a t e g y a l s o a p p e a r s t o be 

a p o t e n t i a l s o l u t i o n , t o our i n s t a b i l i t y p r o b l e m . D e p a r t u r e w i l l 

o c c u r when AW, o r p h y t o p l a n k t o n a bundance, i s low, d e c r e a s i n g 

g r a z i n g p r e s s u r e . I t w i l l c e a s e when p h y t o p l a n k t o n abundance i s 

h i g h , a l l o w i n g an i n c r e a s e i n g r a z i n g p r e s s u r e t h r o u g h g r o w t h . 

An a d d i t i o n a l a t t r a c t i v e f e a t u r e i s t h a t , s i n c e AW/W i s 

p r o p o r t i o n a l t o W~ °-3 , l a r g e r c o p e p o d s s h o u l d l e a v e f i r s t . 

The s i m u l a t i o n r e s u l t s u s i n g t h i s s t r a t e g y d i d not l i v e up 

t o t h e s e e x p e c t a t i o n s . I f AO i s l e s s t h a n ©, no d e p a r t u r e 

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

p r e s s u r e (Z.W 0- 7) c o n s t a n t i s h i g h e r t h a n t h a t r e q u i r e d f o r t h e 

d e p a r t u r e c r i t e r i o n . I f A 0 i s g r e a t e r t h a n ©, t h e b i o l o g i c a l 

i n t e r p r e t a t i o n becomes s t r a i n e d and t h e b e h a v i o u r i s s t i l l 

d i s a p p o i n t i n g . I n s t e a d of a smooth, o r d e r l y d e p a r t u r e o f 

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

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

i n a p r o l o n g e d s e r i e s of b u r s t s , e a c h f o l l o w e d by p h y t o p l a n k t o n 



227 

blooms w h i c h s l o w l y d e c l i n e t o t h e d e p a r t u r e l e v e l . The new • 

d e p a r t u r e s t r a t e g y s u c c e e d s o n l y i n a d d i n g an o s c i l l a t o r y a s p e c t 

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

B e s i d e s t h e p r o b l e m of p h y t o p l a n k t o n c o n t r o l , a l l of t h e 

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

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

r a t e s a r e t o o h i g h or low. The w e i g h t t h r e s h o l d , w h i c h seems 

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

o v e r - w i n t e r i n g of C. c r i s t a t u s f o r h i g h r e c r u i t m e n t s . A c a r e f u l 

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

w i n t e r i n g d e p t h s , d u r i n g t h e d e p a r t u r e p e r i o d w o u l d answer 

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

and t h e t i m i n g of d e p a r t u r e . F i e l d s t u d i e s o v e r s e v e r a l y e a r s 

may r e v e a l a p a t t e r n t o d e p a r t u r e t i m i n g o r w e i g h t from w h i c h a 

s t r a t e g y can be i n f e r r e d . L a b o r a t o r y m a n i p u l a t i o n o f s t a g e V 

c o p e p o d i d s may be a q u i c k e r way t o u n c o v e r a t r u e d e p a r t u r e 

s t r a t e g y . 

A s i d e from t h e s e s e n s i t i v i t y p r o b l e m s , t h e r e i s a 

d i s c r e p a n c y between p r e d i c t e d and o b s e r v e d z o o p l a n k t o n b i o m a s s i n 

t h e f a l l . D e p a r t i n g C. p l u m c h r u s a r e r e p l a c e d by C. c r i s t a t u s 

w h i c h r e a c h l a r g e i n d i v i d u a l w e i g h t s . P r e d i c t e d p h y t o p l a n k t o n 

p r o d u c t i o n i n A u g ust i s s t i l l h i g h ( F i g 34) and, due t o t h e W0-7 

m e t a b o l i c law, t h e a n n u a l z o o p l a n k t o n b i o m a s s peak o c c u r s a t t h i s 

t i m e ( F i g 5 3 ) . However, t h e o b s e r v e d z o o p l a n k t o n b i o m a s s 

d e c l i n e s s h a r p l y i n A u g u s t i n a l l y e a r s a t O.S.P. ( F i g 6 2 a ) . 

T h r e e p o s s i b l e e x p l a n a t i o n s f o r t h i s d i s c r e p a n c y w i l l be 

d i s c u s s e d . 

The f i r s t depends on t h e o b s e r v a t i o n o f Marlowe and M i l l e r 
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F i g u r e 62a. A v e r a g e s e a s o n a l c y c l e i n o b s e r v e d z o o p l a n k t o n 

wet w e i g h t (10 day means, 1956-1978). 
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Figure 62b. Average seasonal cycle i n in g e s t i o n 

v a r i a b l e VI (10 day means, 1969-78). 
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Figure 62c. Average seasonal cycle i n ingestion variable 

V2 (10 day means, 1969-78). 
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(1975) t h a t l a t e - s t a g e C. c r i s t a t u s undergo e x t e n s i v e d i u r n a l 

v e r t i c a l m i g r a t i o n . The 150m d a y l i g h t h a u l s a t O.S.P. may s i m p l y 

have u n d e r - e s t i m a t e d z o o p l a n k t o n biomass b a d l y a t t h i s t i m e . 

(The term z o o p l a n k t o n biomass i s b e i n g used r a t h e r l o o s e l y here 

but as p r e d i c t e d by the model a p p l i e s t o z o o p l a n k t o n f e e d i n g on 

p h y t o p l a n k t o n i n the s u r f a c e w a t e r s ) . A c c o r d i n g t o t h i s 

e x p l a n a t i o n t h e n , the model may be c o r r e c t but p r e d i c t i o n s and 

o b s e r v a t i o n s a r e not comparable. T h i s can be e a s i l y t e s t e d by 

a l t e r i n g the depth and t i m i n g of z o o p l a n k t o n samples a t O.S.P. 

The second p o s s i b i l i t y i s t h a t the model i s wrong i n i t s 

p r e d i c t i o n t h a t C. c r i s t a t u s t a k e s over from C. plumchrus as the 

dominant g r a z e r . A change i n growth and m o r t a l i t y parameters 

c o u l d be a r r a n g e d so t h a t s m a l l copepod biomass w i l l dominate as 

C. plumchrus l e a v e s . A c c o r d i n g t o the W0-7 law, t h i s s h o u l d 

r e s u l t i n a lower z o o p l a n k t o n biomass b e i n g n e c e s s a r y t o m a i n t a i n 

p h y t o p l a n k t o n c o n t r o l . I n c i d e n t a l l y , as s m a l l copepods have 

h i g h e r maximum growth r a t e s , t h e i r dominance a t t h i s time s h o u l d 

r e s u l t i n t i g h t e r , more r o b u s t p h y t o p l a n k t o n c o n t r o l . T h i s 

p o s s i b i l i t y can be r e j e c t e d on the b a s i s of the s i z e - s t r u c t u r e d 

d a t a c o l l e c t e d s i n c e 1969. Two d e r i v e d v a r i a b l e s were c a l c u l a t e d 

f o r each s a m p l i n g date from the s e t of d e n s i t i e s N-, of copepods 

of l e n g t h L; : 

VI = Z Nj .L 2 

V2 = I N; ,L; 
i 

I f i n d i v i d u a l weight i s p r o p o r t i o n a l t o L 3 and i n g e s t i o n r a t e t o 

W 0 6 7, V l ( t ) i s p r o p o r t i o n a l t o i n g e s t i o n ( f o r f i x e d p h y t o p l a n k t o n 
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a b u n d a n c e ) . A c c o r d i n g t o t h e above p r o p o s a l , w h i l e b i o m a s s i s 

o b s e r v e d t o d e c l i n e i n A u g u s t , an i n c r e a s e i n s m a l l c o p e p o d s 

s h o u l d make VI c o n s t a n t . 

In s e c t i o n 4.1, i t was s u g g e s t e d t h a t i n d i v i d u a l w e i g h t s 

v a r y as L 2 ' 4 5 . An i n g e s t i o n r a t e v a r y i n g as W 0 7 would t h e n v a r y 

as L 1- 7, p l a c i n g more r e l a t i v e w e i g h t on s m a l l c o p e p o d s t h a n V I . 

R a t h e r t h a n use t h i s power of L, an even more ex t r e m e a s s u m p t i o n 

was made, namely t h a t i n g e s t i o n i s p r o p o r t i o n a l t o L 1- 0 (eg S t e e l e 

and F r o s t , 1 9 7 7 ) . Under t h i s a s s u m p t i o n , V 2 ( t ) i s p r o p o r t i o n a l t o 

i n g e s t i o n a t f i x e d p h y t o p l a n k t o n d e n s i t y . In f a c t , b o t h VI and 

V2 d e c l i n e more s h a r p l y i n A u g u s t t h a n b i o m a s s ( F i g 6 2 ) , 

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

t i m e . 

T h e s e v a r i a b l e s a r e b a s e d on r e s u l t s .of 350 jum mesh n e t 

samples and i t i s p o s s i b l e t h a t a bloom o f even s m a l l e r forms 

o c c u r s i n A u g u s t . Raw m i c o z o o p l a n k t o n d a t a c o l l e c t e d from t h e 

w e a t h e r s h i p s from 1966 t o 1977 were u s e d t o l o o k f o r t h i s 

phenomenon. T h e s e d a t a c o n s i s t e d o f s p e c i e s c o u n t s , p r i m a r i l y 

from n e a r - s u r f a c e s a m p l e s . P r o t o z o a n s ( f o r a m i n i f e r a and 

r a d i o l a r i a ) were n u m e r i c a l l y dominant and t h e s m a l l e r c o p e p o d s , 

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

t h e 150m v e r t i c a l h a u l s . The a u t e c o l o g y o f many o f t h e s e t a x a i s 

n o t w e l l - k n o w n and i n d i v i d u a l s i z e s were n o t r e c o r d e d , so t h a t i t 

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

However, t h e a v e r a g e s e a s o n a l c y c l e s i n abundance f o r most g r o u p s 

a l s o show a marked d e c l i n e i n A u g u s t ( T a b l e V I I ) . 

A t h i r d p o s s i b i l i t y i s t h a t t h e model i s wrong i n p r e d i c t i n g 

c o n t i n u e d h i g h p r i m a r y p r o d u c t i o n i n A u g u s t - S e p t e m b e r . T h e s e a r e 



Table VII. 

Average relative seasonal abundance of microzooplank 

(Raw data supplied by J. Fulton and 0. Kennedy.) 

Taxa 

Foraminifera 

Radiolaria 

Tintinnids 

Oithona 

nauplii 

copepodids 

ad tilts 

J F M A M J 

0.6 0.8 1.6 2.1 1.7 0.5 

5.2 1.3 0.5 0.8 1.2 0.8 

1.5 0.8 1.2 2.7 1.7 0.7 

0.9 0.6 0.8 1.2 1.7 0.9 

0.6 0.5 0.7 1.1 1.0 1.6 

0.8 0.5 1.1 1.0 1.0 1.4 

J A S 0 N D 

0.8 0.2 0.4 2.8 1.6 2.3 

0.5 0.4 0.6 0.9 2.7 4.4 

2.1 0.3 0.4 1.9 5.5 

2.6 0.7 0.6 1.9 1.5 0.8 

1.9 2.1 1.2 4.0 0.5 0.5 

1.7 1.0 1.2 4.3 1.0 0.5 
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the months of g r e a t e s t water column s t a b i l i t y and, i f n u t r i e n t s 

a r e not l i m i t i n g , one would expect h i g h p h y t o p l a n k t o n p r o d u c t i o n . 

However, parameters f o r t h e P vs I c u r v e c o r r e s p o n d i n g t o v e r y 

low growth r a t e s were found f o r t h e s e months i n Chapter 3 ( F i g 

24,27) but thes e were i g n o r e d , as the u n d e r l y i n g assumptions of 

the e s t i m a t i o n p r o c e d u r e were not met, and v e r y few 1 4 C p r o f i l e s 

c o n t r i b u t e d t o the e s t i m a t e s . In view of the z o o p l a n k t o n d e c l i n e 

i n August, a c a r e f u l f i e l d and e x p e r i m e n t a l study of 

p h y t o p l a n k t o n growth parameters a t O.S.P. a t t h i s time seems 

w a r r a n t e d . 

A d i s a p p o i n t i n g a s p e c t of the model has been i t s f a i l u r e t o 

p r o v i d e any c o n v i n c i n g e x p l a n a t i o n f o r the year t o year v a r i a t i o n 

i n z o o p l a n k t o n biomass at O.S.P. The year t o year v a r i a t i o n 

which i s p r e d i c t e d by the model o c c u r s i n the l a t e C. c r i s t a t u s 

biomass peak as a r e s u l t of v a r i a t i o n i n o v e r - w i n t e r i n g s u r v i v a l 

of s m a l l copepods and i s not c o n s i s t e n t w i t h the observ e d 

v a r i a t i o n . E l i m i n a t i o n of t h e s e peaks, by a l t e r i n g r e c r u i t m e n t 

r a t i o s or cha n g i n g p a r a m e t e r s , w i l l r e s u l t i n a p r e d i c t e d 

z o o p l a n k t o n biomass which, l i k e the p r i m a r y p r o d u c t i o n of F i g 33, 

v a r i e s l i t t l e from year t o y e a r . 

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

e f f e c t s a r e n e g l e c t e d i n the model. There i s good e v i d e n c e f o r a 

d i r e c t e f f e c t of a d v e c t i o n on z o o p l a n k t o n biomass a t p a r t i c u l a r 

t i m e s , such as l a t e 1973 and the s p r i n g of 1974, when the 

appearance of ' t r a n s i t i o n water'' a t O.S.P. i s a s s o c i a t e d w i t h low 

z o o p l a n k t o n biomass ( F u l t o n , 1 9 7 8 ) . Such an e f f e c t of a d v e c t i o n 

has t o be r e c o n c i l e d w i t h the requirement f o r g r a z i n g c o n t r o l of 

p h y t o p l a n k t o n . In the case of t r a n s i t i o n water, t h e r e appear t o 
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be two p o s s i b l e e x p l a n a t i o n s . One i s t h a t p h y t o p l a n k t o n g r o w t h 

r a t e s a r e l o w e r i n t h i s water mass, f o r some unknown r e a s o n . 

( N i t r a t e c o n c e n t r a t i o n s a p p e a r t o be a d e q u a t e f o r g r o w t h ) . A 

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

q u i t e d i f f e r e n t i n t h i s water mass. The t r a n s i t i o n w a ter i s , i n 

f a c t , r e c o g n i s e d by t h e a p p e a r a n c e of s a l p s and s i m i l a r 

g e l a t i n o u s forms ( F u l t o n , 1 9 7 8 ) . H i g h f e e d i n g e f f i c i e n c i e s have 

r e c e n t l y been r e p o r t e d f o r t h e s e t a x a (Madin,1974; H a r b i s o n and 

M c A l i s t e r , 1 9 7 9 ) . 

T h e s e e x p l a n a t i o n s do n o t s u f f i c e f o r t h e l a r g e v a r i a t i o n s 

i n z o o p l a n k t o n b i o m a s s w h i c h a r e n o t a s s o c i a t e d w i t h t h e 

a p p e a r a n c e of t r a n s i t i o n w a t e r . One p o s s i b i l i t y i s t h a t a n n u a l 

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

a r e n o t p r e d i c t e d by t h e model ..are r e s p o n s i b l e f o r t h e b i o m a s s 

v a r i a t i o n s . T h e s e r e c r u i t m e n t c h a n g e s c o u l d be due e i t h e r t o 

a d v e c t i o n or t o unknown f a c t o r s a f f e c t i n g o v e r - w i n t e r i n g s u c c e s s . 

T h i s argument i s s u p p o r t e d t o some e x t e n t by t h e p a r a m e t e r 

e s t i m a t i o n r e s u l t s of S e c t i o n 4.1 where d e s p i t e l a r g e 

u n c e r t a i n t i e s , h i g h r e c r u i t m e n t e s t i m a t e s a r e a s s o c i a t e d w i t h 

h i g h b i o m a s s y e a r s . However, t h e s e r e s u l t s a r e t h e m s e l v e s 

i n c o n s i s t e n t w i t h t h e model's r e a c t i o n t o r e c r u i t m e n t c h a n g e s . 

An i n c r e a s e i n r e c r u i t m e n t i n t h e model r e s u l t s i n l o w e r b i o m a s s 

due t o s l o w e r i n d i v i d u a l g r o w t h r a t e s and t h e w e i g h t - d e p e n d e n c e 

o f i n g e s t i o n . 

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

t h a t t h e p h y t o p l a n k t o n c o n t r o l r e q u i r e m e n t must a p p l y , and t h a t 

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

t h e n t h e s i z e - d e p e n d e n c e o f g r a z i n g p e r u n i t b i o m a s s i s l e f t a s a 
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p o s s i b l e e x p l a n a t i o n . T h i s c an be t e s t e d f o r a n n u a l v a r i a t i o n 

u s i n g t h e same t e c h n i q u e as f o r t h e A u g u s t d e c l i n e by l o o k i n g a t 

t h e ' i n g e s t i o n ' v a r i a b l e s V I and V2. A g a i n , b o t h V I and V2 v a r y 

as much as b i o m a s s from y e a r t o y e a r ( F i g 63) : s i z e - d e p e n d e n c e 

w i l l n ot e x p l a i n t h e a n n u a l v a r i a t i o n s i n b i o m a s s . 

An i n c r e a s e i n m o r t a l i t y r a t e m i g h t i n t u i t i v e l y be e x p e c t e d 

t o l o w e r z o o p l a n k t o n s t a n d i n g s t o c k . In f a c t , a c c o r d i n g t o t h e 

models u s e d h e r e , i n c r e a s i n g t h e m o r t a l i t y r a t e has t h e e f f e c t of 

i n c r e a s i n g t h e e q u i l i b r i u m p h y t o p l a n k t o n c a r b o n C ( e q u a t i o n 

4 . 3 a ) , t h e r e b y i n c r e a s i n g p r i m a r y p r o d u c t i o n . T h i s c o u n t e r a c t s 

t h e d i r e c t e f f e c t of m o r t a l i t y ( e q u a t i o n 4.3b) and l i t t l e n e t 

change i n s t a n d i n g s t o c k r e s u l t s . F u r t h e r , w i t h t h e o v e r 

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

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

w e i g h t o f t h e major c o p e p o d s . L a r g e c h a n g e s i n m o r t a l i t y r a t e 

w ould r e s u l t i n v e r y u n r e a l i s t i c o v e r - w i n t e r i n g b e h a v i o u r and 

p r o b a b l e l o s s o f p h y t o p l a n k t o n c o n t r o l . The e s t i m a t e s of 

s e c o n d a r y p r o d u c t i o n i n S e c t i o n 4.1 p r o v i d e an a d d i t i o n a l 

argument a g a i n s t a m o r t a l i t y r a t e e x p l a n a t i o n . A c c o r d i n g t o t h e 

model, i n y e a r s of h i g h m o r t a l i t y , p h y t o p l a n k t o n p r o d u c t i o n w i l l 

i n c r e a s e s l i g h t l y and z o o p l a n k t o n s t a n d i n g s t o c k (and t h e r e f o r e 

z o o p l a n k t o n m e t a b o l i s m ) w i l l d e c r e a s e . The r e s u l t s h o u l d be a 

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

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

h i g h b i o m a s s and low i n y e a r s of low bi o m a s s ( T a b l e V I ) 

None o f t h e s e e x p l a n a t i o n s i n terms o f v a r i a t i o n i n 

z o o p l a n k t o n c o m p o s i t i o n o r p a r a m e t e r s i s r e a l l y s a t i s f a c t o r y . In 

f a c t , t h e s i m p l e s t e x p l a n a t i o n w h i c h i s c o n s i s t e n t w i t h t h e 
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F i g u r e 63a. A n n u a l v a r i a t i o n i n i n g e s t i o n v a r i a b l e VI (10 day means). 
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g r a z i n g c o n t r o l h y p o t h e s i s , the model and the parameter 

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

p r o d u c t i o n , not p r e d i c t e d by the model of Chapter 3, a r e 

r e s p o n s i b l e . The p h y t o p l a n k t o n growth model i s d r i v e n w i t h 

o b s e r v e d s o l a r r a d i a t i o n , mixed l a y e r depth and t e m p e r a t u r e . I t 

i s p o s s i b l e t h a t the model i s not s u f f i c i e n t l y s e n s i t i v e t o t h e s e 

d r i v i n g v a r i a b l e s and t h a t l a r g e r a n n u a l d i f f e r e n c e s may be 

p r e d i c t e d f o r d i f f e r e n t p h y t o p l a n k t o n p a r a m e t e r s . For example, 

i n c r e a s i n g the r e s p i r a t i o n r a t e w i l l i n c r e a s e s e n s i t i v i t y t o 

mixed l a y e r depth : however, i t w i l l a l s o r e s u l t i n a g r e a t e r 

l o s s of p h y t o p l a n k t o n i n w i n t e r , as d i s c u s s e d e a r l i e r . I t was 

noted i n Chapter 3 t h a t s e c c h i depth c o u l d a f f e c t p r i m a r y 

p r o d u c t i o n but the time s e r i e s i s not adequate t o loo k f o r a 

r e l a t i o n s h i p w i t h z o o p l a n k t o n biomass. Changes i n s p e c i e s 

c o m p o s i t i o n and growth parameters c o u l d a l s o be r e s p o n s i b l e f o r 

changes i n p r i m a r y p r o d u c t i o n : the l a c k of s p e c i e s c o m p o s i t i o n 

d a t a and the problems i n v o l v i n g 1*C measurements have a l r e a d y 

been d i s c u s s e d i n Chapter 3. The p o s s i b i l i t y t h a t t h e r e i s some 

l i m i t i n g m i c r o - n u t r i e n t whose s u p p l y v a r i e s from year t o year 

must be c o n s i d e r e d , a l t h o u g h t h i s a n a l y s i s of the 

O.S.P. ecosystem r e s t s on the assumption t h a t n u t r i e n t l i m i t a t i o n 

does not o c c u r . As d i s c u s s e d i n Chapter 1, the m a c r o - n u t r i e n t s 

appear t o be abundant a t a l l t i m e s , but the p r i n c i p a l e v i d e n c e 

a g a i n s t m i c r o - n u t r i e n t l i m i t a t i o n i s the s i n g l e c u l t u r e 

experiment of M c A l l i s t e r et a l (1960). A g a i n , t h e r e i s a need 

f o r p h y t o p l a n k t o n growth s t u d i e s a t O.S.P. i n c l u d i n g the c u l t u r e 

of p h y t o p l a n k t o n i n f l a s k s w i t h g r a z e r s e x c l u d e d under c o n d i t i o n s 

which r u l e out the i n a d v e r t e n t s u p p l y of m i c r o - n u t r i e n t s . 
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A c o r r e l a t i o n between z o o p l a n k t o n abundance a t O.S.P. and 

computed Ekman t r a n s p o r t components a t 50 9N,160°W some months 

p r e v i o u s l y was found by W i c k e t t ( 1 9 6 7 ) f o r the y e a r s 1957 t o 1964. 

As i n a l l such s t a t i s t i c a l c o r r e l a t i o n s , i t i s not c l e a r whether 

a c a u s a l l i n k i s r e s p o n s i b l e . W i c k e t t suggested t h a t the s u p p l y 

of m a c r o - n u t r i e n t s t h r o u g h u p w e l l i n g i n the A l a s k a n Gyre, and 

t h e i r a d v e c t i o n t o the v i c i n i t y of O.S.P. was i n v o l v e d . I t i s 

d i f f i c u l t t o r e c o n c i l e such an e x p l a n a t i o n w i t h the apparent 

over-abundance of n u t r i e n t s a t O.S.P. i n a l l y e a r s . 

The d i s c u s s i o n so f a r has c e n t r e d on the a r e a s of 

disagreement between p r e d i c t i o n and o b s e r v a t i o n and t h e i r 

i m p l i c a t i o n s f o r the model and f o r f u t u r e f i e l d r e s e r a c h . 

V a r i o u s p o s s i b l e a l t e r a t i o n s or e x t e n s i o n s t o the model have been 

su g g e s t e d and t h e r e a r e many o t h e r s which c o u l d be d i s c u s s e d . 

Three t o p i c s which have r e c e n t l y r e c e i v e d c o n s i d e r a b l e a t t e n t i o n 

i n the m o d e l l i n g of marine systems, and have not been i n c l u d e d i n 

t h i s model f o r l a c k of i n f o r m a t i o n , d e s e r v e a t l e a s t a b r i e f 

m ention. 

The s i z e s t r u c t u r e of p h y t o p l a n k t o n was i n c l u d e d i n a model 

by S t e e l e and F r o s t (1977) and found t o s i g n i f i c a n t l y a f f e c t 

z o o p l a n k t o n dynamics. A l t h o u g h t h e r e i s no q u a n t i t a t i v e time 

s e r i e s i n f o r m a t i o n on p h y t o p l a n k t o n s i z e or s p e c i e s c o m p o s i t i o n 

a t O.S.P., v a r i o u s i s o l a t e d o b s e r v a t i o n s suggest t h a t 

p h y t o p l a n k t o n t h e r e a r e p r e d o m i n a n t l y s m a l l f l a g e l l a t e s . T h i s 

might n o r m a l l y be a t t r i b u t e d t o s e l e c t i v e g r a z i n g on l a r g e c e l l s 

by the dominant l a r g e c a l a n o i d copepods, b u t , a c c o r d i n g t o F r o s t 

(1978), C. plumchrus has an u n u s u a l l y f i n e f i l t e r i n g mesh. In 

f a c t , S t e e l e and F r o s t (1977) a t t r i b u t e d the dominance of 
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C. plumchrus over s m a l l e r copepods a t O.S.P. t o i t s a b i l i t y t o 

feed e f f i c i e n t l y on s m a l l c e l l s . The raw da t a from 

m i c r o z o o p l a n k t o n samples taken from the w e a t h e r s h i p r e v e a l a 

d i v e r s e assemblage of l a r g e diatoms and d i n o f l a g e l l a t e s a t low 

c o n c e n t r a t i o n s (<500 c e l l s . I " 1 ) . The c o n d i t i o n s a t O.S.P. of a 

deep mixed l a y e r and abundant n u t r i e n t s might n o r m a l l y be 

ex p e c t e d t o f a v o u r f a s t e r - g r o w i n g d i a t o m s . There i s c l e a r l y an 

i n t e r e s t i n g s e t of problems i n v o l v i n g p h y t o p l a n k t o n c o m p e t i t i o n 

at O.S.P. which may be a d d r e s s e d by a s i z e or s p e c i e s - s t r u c t u r e d 

model a f t e r s h i p b o a r d e x p e r i m e n t s on s i z e or sp e c i e s - d e p e n d e n t 

growth and g r a z i n g . I t i s not c l e a r how the c o n c l u s i o n s reached 

here c o n c e r n i n g the p h y t o p l a n k t o n - g r a z e r i n t e r a c t i o n would change 

f o r such a model. As a p o s s i b l e example, w i t h a s i n g l e 

p h y t o p l a n k t o n v a r i a b l e , a d e l i c a t e c o m p e t i t i v e b a l a n c e has been 

r e q u i r e d amongst the t h r e e z o o p l a n k t o n groups t o ensure a smooth 

t r a n s i t i o n of g r a z i n g c o n t r o l . Some form of r e s o u r c e 

p a r t i t i o n i n g by s i z e amongst t h e s e groups c o u l d r e s u l t i n more 

ro b u s t model b e h a v i o u r . 

The importance of the s i z e and/or s p e c i e s c o m p o s i t i o n of 

c a r n i v o r e s i n c o n t r o l l i n g h e r b i v o r e and p h y t o p l a n k t o n dynamics 

from above has been emphasized r e c e n t l y (Sonntag and Greve,1977; 

H a r r i s et a l ,1980). R e p r e s e n t a t i o n of p r e d a t i o n on h e r b i v o r e s 

as a c o n s t a n t m o r t a l i t y r a t e i n the model i s c e r t a i n l y 

u n r e a l i s t i c . The i n f o r m a t i o n on p r i m a r y c a r n i v o r e s a t O.S.P. i s 

of v a r i a b l e q u a l i t y . The 150m v e r t i c a l h a u l s p r o v i d e r e a s o n a b l e 

time s e r i e s f o r the p l a n k t o n i c forms, a l t h o u g h the l a r g e r forms 

may be under-sampled due t o net a v o i d a n c e (Heath,1977). These 

p l a n k t o n i c c a r n i v o r e s , dominated by the medusae, A g l a n t h a 
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d i g i t a l , the c h a e t o g n a t h S a g i t t a e l e g a n s , the e u p h a u s i i d 

Thysanoessa r a s c h i i and the amphipod P a r a t h e m i s t o , may f e e d 

p r i n c i p a l l y on the s m a l l e r copepods or e a r l y l i f e h i s t o r y s t a g e s 

of l a r g e r copepods. Other n e k t o n i c c a r n i v o r e s such as m y c t o p h i d 

f i s h and s q u i d , whose abundance and p o p u l a t i o n dynamic's a r e 

p o o r l y known, may be more i m p o r t a n t p r e d a t o r s on the l a r g e r 

copepods. F u n c t i o n a l response d a t a f o r a l l t h e s e t a x a i s 

l a c k i n g , w i t h the p a r t i a l e x c e p t i o n of the c h a e t o g n a t h s 

( S u l l i v a n , 1 9 8 0 ) . 

I n t r o d u c t i o n of more r e a l i s t i c c a r n i v o r e dynamics, when 

p o s s i b l e , w i l l almost c e r t a i n l y a f f e c t some of the c o n c l u s i o n s 

reached h e r e . However, the apparent t i g h t c o u p l i n g of 

p h y t o p l a n k t o n and g r a z e r s r e q u i r e d by the g r a z i n g c o n t r o l 

h y p o t h e s i s would seem t o r e q u i r e some d e c o u p l i n g between g r a z e r s 

and c a r n i v o r e s . For example, the assumption i n Chapter 1 of a 

h e r b i v o r e m o r t a l i t y r a t e which i n c r e a s e d w i t h biomass r e s u l t e d i n 

v e r y u n r e a l i s t i c b e h a v i o u r of p h y t o p l a n k t o n s t a n d i n g s t o c k . Some 

l i m i t e d c o u p l i n g between h e r b i v o r e s and c a r n i v o r e s may be 

d e s i r a b l e . A c o r r e l a t i o n between r e c r u i t m e n t and m o r t a l i t y r a t e , 

a r i s i n g out of a c a r n i v o r e response e i t h e r t o numbers of s m a l l 

copepods or t o the o v e r - w i n t e r i n g copepod p o p u l a t i o n s i n the 

p r e c e e d i n g w i n t e r , would te n d t o reduce the s e n s i t i v i t y of 

d e p a r t u r e t i m e s or w e i g h t s t o r e c r u i t m e n t l e v e l s which o c c u r s 

w i t h a c o n s t a n t m o r t a l i t y r a t e . S w i t c h i n g b e h a v i o u r or t h r e s h o l d 

f e e d i n g phenomena on the p a r t of c a r n i v o r e s may a g a i n d e c r e a s e 

the s e n s i t i v i t y of the p r e s e n t model d u r i n g the d e p a r t u r e p e r i o d 

by m a i n t a i n i n g minimum s t o c k s of s m a l l copepods. 

The i m p l i c a t i o n s of h o r i z o n t a l v a r i a t i o n or p a t c h i n e s s i n 
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p l a n k t o n p o p u l a t i o n s f o r t h e o r i e s of p o p u l a t i o n i n t e r a c t i o n s has 

a l s o r e c e i v e d much a t t e n t i o n i n t h e l a s t d e c a d e . Two ,types o f 

q u e s t i o n s have g e n e r a l l y been a d d r e s s e d by t h e s e s t u d i e s : 

(a) How i s p a t c h i n e s s i n p l a n k t o n p o p u l a t i o n s c r e a t e d and 

m a i n t a i n e d ? 

(b) How d o e s t h e e x i s t e n c e of p a t c h i n e s s a f f e c t c o n c l u s i o n s a b o u t 

p r o p e r t i e s of p o p u l a t i o n i n t e r a c t i o n s , s u c h as s t a b i l i t y , w h i c h 

have been b a s e d on models w h i c h i g n o r e h o r i z o n t a l s p a t i a l 

e f f e c t s ? 

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

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

as s m o o t h i n g o u t s p a t i a l v a r i a t i o n , so t h e f i r s t q u e s t i o n i s a 

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

l i n e a r model of p h y t o p l a n k t o n g r o w i n g a t a f i x e d r a t e i n a 

d i f f u s i v e e n v i r o n m e n t ( K i e r s t e a d and S l o b o d k i n , 1 9 5 3 ) . T h i s 

a n a l y s i s gave r i s e t o t h e i d e a of a c r i t i c a l p a t c h d i m e n s i o n , L c , 

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

T h i s l e n g t h s c a l e has been e s t i m a t e d t o be df o r d e r a few 

k i l o m e t r e s up t o h u n d r e d s of k i l o m e t r e s , d e p e n d i n g on growth 

r a t e s ( S t e e l e , 1 9 7 6 ) . T h e r e i s e m p i r i c a l e v i d e n c e t h a t s p a t i a l 

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

by p h y s i c a l p r o c e s s e s ( P i a t t , 1 9 7 2 ) . 

I f g r a z i n g i s t h o u g h t of s i m p l y as a r e d u c t i o n i n n e t g r o w t h 

r a t e i n a l i n e a r p h y t o p l a n k t o n model, i t s h o u l d have t h e e f f e c t 

of r e d u c i n g p a t c h i n e s s a t s m a l l l e n g t h s c a l e s ; t h a t i s , 

i n c r e a s i n g L c . I f g r o w t h and d i f f u s i o n o f z o o p l a n k t o n a r e 

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

a n a l y s i s o f s u c h a s y s t e m i s much more d i f f i c u l t . F o r s m a l l 
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p e r t u r b a t i o n s a b o u t a s p a t i a l l y - u n i f o r m s t e a d y - s t a t e , an 

a p p r o x i m a t e l i n e a r s y s t e m can be d e r i v e d and a F o u r i e r a n a l y s i s 

a p p l i e d . F o r e q u a l d i f f u s i o n r a t e s f o r p h y t o p l a n k t o n and 

z o o p l a n k t o n , d i f f u s i o n a g a i n has a s m o o t h i n g e f f e c t . I f t h e 

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

i s s t a b l e under p e r t u r b a t i o n s a t a l l f i n i t e w a v e l e n g t h s . I f i t 

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

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

F o r u n e q u a l d i f f u s i o n r a t e s and f o r a c e r t a i n c l a s s of r e a c t i o n 

m o d e l s , t h e l i n e a r t h e o r y shows t h a t t h e s t e a d y - s t a t e can be 

s t a b l e u nder u n i f o r m p e r t u r b a t i o n s b u t u n s t a b l e under 

p e r t u r b a t i o n s of i n t e r m e d i a t e w a v e l e n g t h . T h i s d i f f u s i o n -

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

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

( T u r i n g , 1 9 5 2 ; S e g e l and J a c k s o n , 1 9 7 2 ; K o p e l l and Howard,1973; 

Okubo,1974). U n e q u a l d i f f u s i o n r a t e s c o u l d a r i s e i n t h e o c e a n 

where h o r i z o n t a l m i x i n g i s d o m i n a t e d by s h e a r d i s p e r s i o n and 

z o o p l a n k t o n m i g r a t e v e r t i c a l l y ( E v a n s , 1978) . 

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

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

of t r a n s f e r of v a r i a b i l i t y a c r o s s l e n g t h s c a l e s v i a t h e non

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

been a r g u e d ( S t e e l e , 1 9 7 4 ) t h a t h i g h l y c o r r e l a t e d , l a r g e - a m p l i t u d e 

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

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

n a t u r e o f h o r i z o n t a l v a r i a t i o n i n t h e v i c i n i t y o f O.S.P. i s n o t 

w e l l known compared w i t h o t h e r r e g i o n s s u c h a s t h e N o r t h Sea 

( S t e e l e , 1 9 7 6 ) . I f a more o r l e s s c o n s t a n t f l o w p a s t O.S.P. o f 
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about 3 km.day" 1 i s a c c e p t e d (see Chapter 1 ) , some i n f o r m a t i o n 

about s p a t i a l v a r i a b i l i t y can be deduced from the w e a t h e r s h i p 

t i m e - s e r i e s . The h i g h - f r e q u e n c y s a m p l i n g of s u r f a c e c h l o r o p h y l l 

from 1964 t o 1968 ( F i g 13) r e p r e s e n t s samples about 6 km a p a r t . 

The g e n e r a l l y low v a r i a b i l i t y i n th e s e samples suggests t h a t 

t h e r e i s l i t t l e h o r i z o n t a l v a r i a t i o n i n C h i a. I t was noted i n 

Chapter 3 t h a t the o c c a s i o n a l s h o r t groups of h i g h v a l u e s c o u l d 

be i n t e r p r e t e d as p a t c h e s of o r d e r 20 t o 50 km a c r o s s . T h i s i s a 

t y p i c a l l e n g t h s c a l e a t which b i o l o g i c a l p a t c h i n e s s might be 

ex p e c t e d ( S t e e l e , 1 9 7 6 ) . With the models used h e r e , i t i s e a s i e r 

t o e x p l a i n t h e s e h i g h c h l o r o p h y l l o b s e r v a t i o n s as patc h e s r a t h e r 

than s h o r t - l i v e d , w i d e - s p r e a d blooms. Causes of ou t b r e a k s such 

as t h e s e a r e not c l e a r . There i s e v i d e n c e f o r c h e m i c a l and 

p h y s i c a l p a t c h e s on t h i s l e n g t h s c a l e ( M c A l l i s t e r e t a l ,1960; 

Miyake,1979) 

A c c o r d i n g t o the l i n e a r t h e o r i e s , p e r t u r b a t i o n s on l a r g e 

enough l e n g t h s c a l e s behave as a s p a t i a l l y u n i f o r m t h e o r y would 

p r e d i c t and i t has been argued t h a t c o n c l u s i o n s c o n c e r n i n g 

s t a b i l i t y s i m i l a r t o those reached h e r e , based on models which 

i g n o r e s p a t i a l e f f e c t s , a re s t i l l r e l e v a n t when s p a t i a l v a r i a t i o n 

i s t a ken i n t o account ( S t e e l e , 1 9 7 4 ) . A p o s s i b l e e x c e p t i o n c o u l d 

occur i n a s p a t i a l l y r e s t r i c t e d r e g i o n i f the c r i t i c a l p a t c h 

d i m e n s i o n exceeded the s i z e of the r e g i o n ( S t e e l e , 1 9 7 4 ) but t h i s 

does not seem l i k e l y f o r a system on the s c a l e of the S u b a r c t i c . 

P r o p e r t i e s of u n s t a b l e systems, such as p e r s i s t e n c e , can change 

markedly w i t h the i n t r o d u c t i o n of s p a t i a l v a r i a t i o n 

( H i l b o r n , 1 9 7 5 ) , but such phenomena depend i n t r i n s i c a l l y on l a r g e -

a m p l i t u d e s h o r t - t e r m f l u c t u a t i o n s i n space and time which a r e not 
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o b s e r v e d f o r O.S.P. 

Summary. 

T h i s s t u d y has t a k e n a s e t of v e r b a l h y p o t h e s i s r e g a r d i n g 

p h y t o p l a n k t o n - z o o p l a n k t o n i n t e r a c t i o n s a t O.S.P. and a t t e m p t e d t o 

e x p l o r e them more r i g o r o u s l y w i t h i n t h e framework o f a model 

b a s e d on i n f o r m a t i o n t a k e n from t h e l i t e r a t u r e and i n f o r m a t i o n 

o b t a i n e d by t h e o r i g i n a l a n a l y s i s of raw d a t a from t h e 

w e a t h e r s h i p t i m e s e r i e s . The r e s u l t s o f t h i s s t u d y c an be 

summarised by a n s w e r i n g two r e l a t e d q u e s t i o n s : 

(a) What has been l e a r n t a b o u t t h e O.S.P. e c o s y s t e m as a 

r e s u l t o f t h e s t u d y ? 

(b) What a r e t h e open q u e s t i o n s a b o u t t h e O.S.P. e c o s y s t e m 

w h i c h have been r a i s e d d u r i n g t h e s t u d y ? 

The a n a l y s i s of p h y t o p l a n k t o n d a t a has y i e l d e d i n f o r m a t i o n 

a b o u t t h e s e a s o n a l c y c l e of p h y t o p l a n k t o n s t a n d i n g s t o c k and 

growth r a t e s . The l i m i t a t i o n s imposed by t h e t y p e s of v a r i a b l e s 

m easured and a p p a r e n t i n c o n s i s t e n c i e s i n some d a t a have been 

d i s c u s s e d a t l e n g t h i n C h a p t e r 3. The d i r e c t a n a l y s i s o f 

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

P a r s l o w et. a l (1979) has p r o v i d e d i n f o r m a t i o n a b o u t t h e 

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

c o p e p o d s , a g a i n s u b j e c t t o t h e l i m i t a t i o n s imposed by t h e d e p t h 

r a n g e s a m p l e d . 

As t h e d a t a u s e d h e r e a r e f o r t h e most p a r t u n p u b l i s h e d , i t 

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

o f t h i s s t u d y and of t h e a u t h o r has meant t h a t much o f t h e 

i n f o r m a t i o n i n t h e w e a t h e r s h i p z o o p l a n k t o n t i m e s e r i e s h as been 

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

s p e c i e s c o n c e r n e d i s a v a i l a b l e . No c l a i m i s made t o an 

e x h a u s t i v e a n a l y s i s o f t h i s t i m e s e r i e s . -Summaries o f t h e b a s i c 

i n f o r m a t i o n on s e a s o n a l and a n n u a l abundance of a l a r g e number of 

z o o p l a n k t o n s p e c i e s w i l l be p u b l i s h e d s h o r t l y and t h e a p p l i c a t i o n 

o f o t h e r t e c h n i q u e s , s u c h as m u l t i v a r i a t e s t a t i s t i c s , t o t h e s e 

d a t a may p r o v e i l l u m i n a t i n g . Nor has t h e p o t e n t i a l of t h e t i m e 

s e r i e s f o r t e s t i n g m o d e ls been e x h a u s t e d : a s . f u r t h e r l a b o r a t o r y 

i n f o r m a t i o n i s o b t a i n e d on f e e d i n g and g r o w t h i n v a r i o u s 

h e r b i v o r e and c a r n i v o r e s p e c i e s , more complex models may be b u i l t 

and t e s t e d . 

The m o d e l l i n g component of t h i s s t u d y has a l l o w e d q u e s t i o n s 

c o n c e r n i n g g r a z i n g c o n t r o l o f p h y t o p l a n k t o n and t h e i m p o r t a n c e of 

t h r e s h o l d s and l i f e h i s t o r y s t r a t e g i e s t o be a d d r e s s e d . The 

q u a l i t a t i v e a n a l y s i s and s i m u l a t i o n s t u d i e s have e m p h a s i z e d t h e 

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

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

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

s t a b i l i z i n g e f f e c t s of s p r i n g r e c r u i t m e n t of h e r b i v o r e s has been 

d i s c u s s e d . P e r h a p s more n o v e l has been t h e d e s t a b i l i s i n g e f f e c t 

o f o v e r - w i n t e r i n g d e p a r t u r e of t h e d o m i n a n t h e r b i v o r e s w h i c h has 

f o c u s e d a t t e n t i o n on t h e months o f A u g u s t and September where 

b o t h model and d a t a i n d i c a t e a number o f i n t e r e s t i n g p u z z l e s . 

The q u e s t i o n s r a i s e d by t h e model and d a t a a n a l y s i s s h o u l d 

be o f i n t e r e s t as a g u i d e t o f u t u r e b i o l o g i c a l r e s e a r c h a t O.S.P. 

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

w i n t e r p r o d u c t i o n and g r o w t h r a t e s i n A u g u s t and September, have 

emerged as u n c e r t a i n and i m p o r t a n t . A t t e n t i o n needs t o be p a i d 
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t o p h y t o p l a n k t o n r e s p i r a t i o n r a t e s and t h e p o s s i b i l i t y of 

m i c r o n u t r i e n t l i m i t a t i o n . A n n u a l and s e a s o n a l v a r i a t i o n i n l i g h t 

e x t i n c t i o n c o e f f i c i e n t s a r e a l s o w o rthy o f s t u d y . The s i z e 

a n d / o r s p e c i e s c o m p o s i t i o n of p h y t o p l a n k t o n a p p e a r s l i k e l y t o be 

a p r o d u c t i v e s u b j e c t f o r f u t u r e r e s e a r c h p r o b l e m s . 

In t h e c a s e of z o o p l a n k t o n , d e e p e r s t r a t i f e d samples a r e 

needed t o r e s o l v e p r o b l e m s s u r r o u n d i n g s e a s o n a l and d i u r n a l 

v e r t i c a l m i g r a t i o n . T h e s e , t o g e t h e r w i t h c o l l e c t i o n and 

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

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

m a j o r h e r b i v o r e s . O b v i o u s l y , t h e q u e s t i o n s c o n c e r n i n g g r a z i n g 

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

s t u d i e s o f t h e t y p e d i s c u s s e d by F r o s t ( 1 9 7 9 ) , a l t h o u g h 

i n t e r p r e t i v e p r o b l e m s may r e m a i n . The m i c r o z o o p l a n k t o n have been 

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

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

t h e s e s p e c i e s ' f e e d i n g and g r o w t h c h a r a c t e r i s t i c s . T h i s g r o u p 

may be i m p o r t a n t i n w i n t e r where d e t r i t a l - b a s e d f o o d c h a i n s may 

p r e d o m i n a t e ( L e B r a s s e u r and K e n n e d y , 1 9 7 2 ) . In v i e w of t h e h i g h 

c o n c e n t r a t i o n s of n o n - p h y t o p l a n k t o n p a r t i c u l a t e o r g a n i c c a r b o n 

( M c A l l i s t e r et. a l ,1960) and t h e s e a s o n a l c y c l e i n t h i s m a t e r i a l 

(C.S.Wong and K . I s h i , p e r s . comm.), t h e e n e r g e t i c r o l e o f 

d e t r i t u s d e s e r v e s more a t t e n t i o n . T h e r e may a l s o be an 

i n t e r e s t i n g f e e d b a c k between d e t r i t u s and p h y t o p l a n k t o n g r o w th 

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

d e s p i t e a c o n s t a n t c h l o r o p h y l l l e v e l . The m i c r o z o o p l a n k t o n w i l l 

p l a y an i m p o r t a n t r o l e i n any s t u d y of t h e d y n a m i c s o f t h e 

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

A l t h o u g h i t would be p l e a s a n t t o p r o v i d e a d e f i n i t i v e answer 

t o t h e q u e s t i o n : 'What i s r e a l l y h a p p e n i n g a t O.S.P.?', i t would 

be u n r e a l i s t i c t o e x p e c t one. T h e r e a r e l a r g e gaps i n our 

knowledge, and models of t h e t y p e c o n s i d e r e d h e r e a r e n e c e s s a r i l y 

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

i n f o r m a t i o n and of t h e p o s s i b l e q u e s t i o n s . I t i s t o be hoped 

t h a t t h i s model s t u d y , by y i e l d i n g f r e s h i n s i g h t s i n t o t h e 

b i o l o g i c a l p r o b l e m s c o n s i d e r e d , and r a i s i n g new q u e s t i o n s , b o t h 

t h e o r e t i c a l and e m p i r i c a l , c a n c o n t r i b u t e t o a l o n g - t e r m 

i n v e s t i g a t i o n of t h i s i n t e r e s t i n g e c o s y s t e m . 
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CHAPTER 5 

PARAMETER ESTIMATION AND STABILITY FOR A CEPEX ENCLOSURE. 

5.1 I n t r o d u c t i o n . 

In Chapter 2, a q u a l i t a t i v e a n a l y s i s of the s t a b i l i t y 

p r o p e r t i e s of a s i m u l a t i o n model of the N o r t h Sea ( S t e e l e , 1 9 7 4 ; 

Landry,1976) was p r e s e n t e d . T h i s a n a l y s i s l e d t o the c o n c l u s i o n 

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

be e x p e c t e d because of the l i m i t a t i o n of p h y t o p l a n k t o n growth by 

a n u t r i e n t f l u x due t o m i x i n g . However, d u r i n g the t r a n s i t o r y 

approach t o t h i s c y c l e , the response of z o o p l a n k t o n t o low food 

d e n s i t i e s was found t o be c r i t i c a l . A b e h a v i o u r a l f e e d i n g 

t h r e s h o l d combined w i t h a z e r o b a s a l m e t a b o l i c r a t e was used by 

S t e e l e ( 1 9 7 4 ) t o ensure r e a s o n a b l e b e h a v i o u r d u r i n g t h i s p e r i o d . 

As i n d i c a t e d i n Chapter 2, o t h e r t y p e s of z o o p l a n k t o n response t o 

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

response or a rapid-enough i n c r e a s e i n m o r t a l i t y r a t e , c o u l d 

a c h i e v e the same e f f e c t . I t was suggested t h e r e t h a t t h e s e 

responses might be d i s t i n g u i s h e d i n l o n g - t e r m c u l t u r e e x p e r i m e n t s 

(eg P a f f e n h o f f e r , 1 9 7 0 ) i f these were c a r r i e d out a t s u f f i c i e n t l y 

low food d e n s i t i e s . 

The CEPEX e x p e r i m e n t s ( G r i c e e t a l ,1977), c o n d u c t e d i n 

S a a n i c h I n l e t from 1974 t o 1978, i n v o l v e d the c a p t u r e , 

p e r t u r b a t i o n and o b s e r v a t i o n of columns of water i n l a r g e , 

p l a s t i c e n c l o s u r e s . By a l l o w i n g the m a n i p u l a t i o n and study of an 

e n c l o s e d ecosystem i n a l a r g e volume (1300 m 3) over a p e r i o d of 

s e v e r a l months, th e s e e x p e r i m e n t s were i n t e n d e d t o b r i d g e the gap 

between l a b o r a t o r y s t u d i e s of a few s p e c i e s a t one or two t r o p h i c 
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l e v e l s and f i e l d i n v e s t i g a t i o n s where i t i s d i f f i c u l t t o f o l l o w a 

p a r t i c u l a r p l a n k t o n i c community over t i m e . 

In an experiment c a r r i e d out d u r i n g August, September and 

October of 1976, the e f f e c t s of u p w e l l i n g ( t h r o u g h a i r b u b b l i n g ) 

and a d d i n g c a r n i v o r e s ( s a l m o n i d j u v e n i l e s ) t o e n c l o s u r e s were 

i n v e s t i g a t e d . An a n a l y s i s of the r e s u l t s has been g i v e n by 

Sonntag and P a r s o n s ( 1 9 7 9 ) . Of p a r t i c u l a r i n t e r e s t here i s the 

b e h a v i o u r of the community i n the c o n t r o l bag (CEE5) which was 

not b u b b l e d . A f t e r an i n i t i a l p h y t o p l a n k t o n bloom, the biomass 

of p h y t o p l a n k t o n dropped t o v e r y low l e v e l s and remained 

r e l a t i v e l y c o n s t a n t f o r the d u r a t i o n of the e x p e r i m e n t . As both 

e s t i m a t e d z o o p l a n k t o n g r a z i n g r a t e s and the average n i t r a t e 

c o n c e n t r a t i o n i n the e n c l o s u r e remained v e r y h i g h d u r i n g t h i s 

p e r i o d , Sonntag and Parsons(1979) c o n c l u d e d t h a t f e e d i n g 

t h r e s h o l d s , or some s o r t of s p a t i a l r e f u g e , were n e c e s s a r y t o 

e x p l a i n the p e r s i s t e n c e of p h y t o p l a n k t o n a t low, c o n s t a n t l e v e l s . 

In view of the i m p l i c a t i o n s f o r the g e n e r a l q u e s t i o n s r a i s e d i n 

Chapter 2, a c l o s e r a n a l y s i s of the z o o p l a n k t o n - p h y t o p l a n k t o n 

i n t e r a c t i o n i n t h i s e n c l o s u r e seemed j u s t i f i e d . 

A s y s t e m s - i d e n t i f i c a t i o n t e c h n i q u e f o r e s t i m a t i n g copepod 

p o p u l a t i o n p arameters has a l r e a d y been d e s c r i b e d i n Chapter 4 and 

a p p l i e d t h e r e , w i t h some m o d i f i c a t i o n s , t o time s e r i e s of copepod 

d e n s i t i e s by s i z e c l a s s from O.S.P. T h i s t e c h n i q u e was 

o r i g i n a l l y t e s t e d on s i m u l a t e d d a t a and on o b s e r v a t i o n s of 

copepod d e n s i t i e s by l i f e - h i s t o r y stage from a CEPEX e n c l o s u r e 

( P a r s l o w e_t a_l ,1979). The e s t i m a t i o n p r o c e d u r e performed p o o r l y 

on the CEPEX time s e r i e s compared w i t h s i m u l a t e d d a t a . T h i s was 

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

p o p u l a t i o n p a r a m e t e r s ( m o r t a l i t y r a t e s and s t a g e r e s i d e n c e 

t i m e s ) i n t h e CEPEX p o p u l a t i o n . 

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

p a r a m e t e r , e s t i m a t i o n i n g e n e r a l . T h e s e h i g h e r - l e v e l p o p u l a t i o n 

p a r a m e t e r s depend on p h y s i c a l and b i o l o g i c a l components of t h e 

e n v i r o n m e n t (eg t e m p e r a t u r e , f o o d , p r e d a t o r s ) and c a n be e x p e c t e d 

t o v a r y o v e r t i m e i n a l l but t h e most t i g h t l y r e g u l a t e d 

l a b o r a t o r y s i t u a t i o n s . The b e s t t h a t c a n be e x p e c t e d of a s i n g l e 

e s t i m a t e o f a t i m e - v a r y i n g p a r a m e t e r i s t h a t i t r e p r e s e n t , i n 

some s e n s e , an a v e r a g e o v e r t i m e . The s y s t e m s - i d e n t i f i c a t i o n 

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

t h e d a t a o f a dynamic model i n w h i c h p a r a m e t e r s a r e assumed t o be 

c o n s t a n t o v e r t i m e . I f t h i s a s s u m p t i o n i s not met, t h e r e i s no 

g u a r a n t e e t h a t p a r a m e t e r e s t i m a t e s w i l l r e p r e s e n t any s o r t of 

a v e r a g e o v e r t i m e . The h i g h l y n o n - l i n e a r n a t u r e of t h e p r o c e d u r e 

may i n f a c t l e a d t o n o n s e n s i c a l e s t i m a t e s , even n e g a t i v e s t a g e 

r e s i d e n c e t i m e s ( P a r s l o w e t a_l , 1 9 7 9 ) . 

I d e a l l y one would l i k e t o e s t i m a t e p a r a m e t e r s w h i c h a r e 

c o n s t a n t o v e r t i m e . Where e n v i r o n m e n t a l c o n d i t i o n s v a r y , i t may 

s t i l l be r e a s o n a b l e t o assume t h a t t h e p a r a m e t e r s w h i c h d e t e r m i n e 

t h e i n d i v i d u a l ' s r e s p o n s e t o t h e s e c o n d i t i o n s a r e c o n s t a n t o v e r 

t i m e . I t was s u g g e s t e d by P a r s l o w e t a l (1979) t h a t a more 

d e t a i l e d model of t h e f u n c t i o n a l and n u m e r i c a l r e s p o n s e o f • 

c o p e p o d s , d r i v e n by o b s e r v e d t i m e s e r i e s of f o o d and p r e d a t o r s , 

might be f i t t e d t o d e n s i t i e s i n l i f e - h i s t o r y s t a g e s . 

R e s e r v a t i o n s were e x p r e s s e d c o n c e r n i n g t h e f e a s i b i l i t y of s u c h a 

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

In t h i s c h a p t e r , an a t t e m p t i s made t o e s t i m a t e f u n c t i o n a l 

and n u m e r i c a l r e s p o n s e p a r a m e t e r s i n a c o p e p o d g r o w t h model from 

t i m e s e r i e s o f c o p e p o d d e n s i t i e s i n t h e CEPEX e n c l o s u r e CEE5. 

T h e s e p a r a m e t e r e s t i m a t e s a r e u s e d t o a d d r e s s t h e q u e s t i o n o f 

c o p e p o d r e s p o n s e t o t h e low f o o d d e n s i t i e s i n CEE5, b o t h d i r e c t l y 

and by i n s e r t i n g them i n a combined n u t r i e n t - p h y t o p l a n k t o n -

z o o p l a n k t o n m o d e l . 

5.2 E s t i m a t i o n o f P a r a m e t e r s i n a Z o o p l a n k t o n Growth M o d e l . 

The d a t a o b t a i n e d from CEE5 w h i c h a r e u s e d i n t h i s p a p e r 

c o n s i s t of t i m e s e r i e s of o b s e r v a t i o n s o f 

(a) p h y t o p l a n k t o n c a r b o n (0-20m a v e r a g e ) by t a x a n o m i c g r o u p : 

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

s i l i c o f l a g e l l a t e s and u n i d e n t i f i e d f l a g e l l a t e s , 

(b) C h l o r o p h y l l a and 1 4 C p r o d u c t i v i t y by 4m l a y e r , 

( c ) n i t r a t e c o n c e n t r a t i o n by 4m l a y e r , 

(d) z o o p l a n k t o n ( n u m b e r s / l i t e r ) a s t o t a l n a u p l i i , and c o p e p o d i d s 

i d e n t i f i e d t o s p e c i e s and t o one o f t h e g r o u p s C I - I I I , CIV-V, o r 

CVI . 

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

c o n c e n t r a t i o n s t o d r i v e a model o f z o o p l a n k t o n g r o w th f o r e a c h 

s p e c i e s and t o o b t a i n e s t i m a t e s o f t h e p a r a m e t e r s i n t h e model by 

m i n i m i s i n g t h e sum o f s q u a r e s of d e v i a t i o n s between p r e d i c t e d and 

o b s e r v e d numbers o f z o o p l a n k t o n i n t h e above g r o u p s o f l i f e -

h i s t o r y s t a g e s . 

T h e r e a r e many forms w h i c h a model of z o o p l a n k t o n g r o w t h 

w h i c h p r e d i c t s numbers i n v a r i o u s l i f e - h i s t o r y s t a g e s c an t a k e . 
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A d i s c u s s i o n of parameter e s t i m a t i o n v i a systems i d e n t i f i c a t i o n 

t e c h n i q u e s i n some s i m p l e models which do not t a k e the e f f e c t of 

food c o n c e n t r a t i o n i n t o account i s g i v e n i n P a r s l o w et a_l (1979). 

When the e f f e c t of food c o n c e n t r a t i o n on growth i s t o be t r e a t e d 

e x p l i c i t l y , as i n t e n d e d h e r e , a c h o i c e must be made between a 

model which has as i t s u n d e r l y i n g s t a t e v a r i a b l e s the numbers i n 

a weight or stage c l a s s and c a l c u l a t e s the t r a n s f e r r a t e s between 

c l a s s e s as a f u n c t i o n of food d e n s i t y (eg Sonntag and Greve,1977) 

and one which f o l l o w s the weight and abundance of a g e - c l a s s e s and 

a s s i g n s them t o l i f e - h i s t o r y s t a g e s on the b a s i s of w e i g h t , as i n 

L a n d r y ' s (1976) m u l t i - c o h o r t v e r s i o n of S t e e l e ' s model. The 

former has the d i s a d v a n t a g e t h a t i t tends t o n u m e r i c a l l y smear 

the i n i t i a l weight or stage d i s t r i b u t i o n , w h i l e the l a t t e r does 

not a l l o w f o r observed i n d i v i d u a l v a r i a t i o n i n growth r a t e (eg 

P a f f e n h o f f e r , 1 9 7 0 ) . The l a t t e r model was used h e r e , p r i m a r i l y 

because of i t s s i m i l a r i t y t o S t e e l e ' s model which has p r o v i d e d 

much of the b i o l o g i c a l m o t i v a t i o n f o r t h i s s t u d y . 

The model used here . i s based on day c l a s s e s . For each day 

c l a s s i , i n t r o d u c e d on day t f , the d e n s i t y on day t > t-( i s 

denoted by Z ; ( t ) , and the i n d i v i d u a l weight by W j ( t ) . These 

change w i t h time a c c o r d i n g t o 

Wi = f ( W , , P ( t ) ) 5.1a 

Zi = g(W;,Zi ) 5.1b 

The i n i t i a l number i n day c l a s s i , Z , ( t ; ) , i s o b t a i n e d by 

assuming t h a t a d u l t s do not i n c r e a s e i n weight but c o n v e r t t h e i r 

c a l c u l a t e d d a i l y weight increment i n t o n a u p l i i w i t h an e f f i c i e n c y 
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X. I f , .. . ,W4 r e p r e s e n t the i n i t i a l w e i g h t s i n the l i f e -

h i s t o r y s t a g e groups NI-NVI, C I - C I I I , CIV-CV and CVI 

r e s p e c t i v e l y , the t o t a l numbers i n each of t h e s e r e s p e c t i v e 

groups can be d e f i n e d as 

The f u n c t i o n s f and g have been chosen t o be as s i m p l e as 

p o s s i b l e . A s s i m i l a t i o n i s assumed t o depend h y p e r b o l i c a l l y on 

food d e n s i t y P and a non-zero b a s a l m e t a b o l i c r a t e i s a l s o 

a l l o w e d . S t e e l e ( 1 9 7 4 ) assumed a W0-7 law f o r b o t h , p a r t l y on the 

b a s i s of o b s e r v a t i o n s (eg P a f f e n h o f f e r , 1 9 7 0 ) and p a r t l y on 

g e n e r a l t h e o r e t i c a l grounds. On the o t h e r hand, P a f f e n h o f f e r and 

H a r r i s ( 1 9 7 6 ) found no s i g n i f i c a n t d e v i a t i o n from a w 1 0 law f o r 

i n g e s t i o n by Pseudocalanus e l o n q a t u s and, even i n the case of 

Calanus h e l g o l a n d i c u s , maximum growth r a t e s per u n i t body weight 

i n c r e a s e d up t o NV and were more or l e s s c o n s t a n t from NVI t o 

C I I . I have chosen here t o make growth p r o p o r t i o n a l t o w 1 0 but 

to a l l o w f o r v a r i a t i o n i n growth parameters a c r o s s the groups of 

s t a g e s d e s c r i b e d above. (The same groups of l i f e - h i s t o r y s t a g e s 

were d i s t i n g u i s h e d by P a f f e n h o f f e r ( 1 9 7 0 ) and P a f f e n h o f f e r and 

H a r r i s ( 1 9 7 6 ) , f a c i l i t a t i n g the use of t h e i r r e s u l t s i n a n a l y s i s 

of the CEPEX d a t a . ) Thus, 

where 

f(W,P) = (Cn.P/(D+P) - F) . W 
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where Cn, D and F can depend on W through t h e i r s t a g e dependence. 

Note t h a t the parameter Cn r e p r e s e n t s the maximum i n g e s t i o n r a t e 

C, reduced by both a s s i m i l a t i o n e f f i c i e n c y and any component of 

m e t a b o l i c r a t e p r o p o r t i o n a l t o i n g e s t i o n , so t h a t Cn - F i s the 

maximum e x p o n e n t i a l growth r a t e . 

A c c o r d i n g t o Sonntag and P a r s o n s ( 1 9 7 9 ) , the m o r t a l i t y 

imposed on copepods due t o p r e d a t i o n was i n s i g n i f i c a n t i n CEE5 so 

t h a t copepod l o s s e s were presumably due t o ' n a t u r a l m o r t a l i t y ' , 

p o s s i b l y e x a c e r b a t e d by low food d e n s i t i e s . As d i s c u s s e d i n 

Chapter 2, c o m p a r a t i v e l y l i t t l e i s known about the dependence of 

m o r t a l i t y r a t e s on food c o n d i t i o n s i n copepods. A c o n s t a n t per 

c a p i t a m o r t a l i t y r a t e , 0, has been assumed here w i t h the 

p o s ' s i b l i t y t h a t e may v a r y over stage groups b e i n g r e t a i n e d . The 

q u e s t i o n of the dependence of e on food c o n d i t i o n s w i l l be 

r e t u r n e d t o i n the d i s c u s s i o n . 

The p h y t o p l a n k t o n data from CEE5 were used t o d r i v e the 

model. The o b s e r v a t i o n s i n F i g 64 r e p r e s e n t pg p h y t o p l a n k t o n 

c a r b o n / l i t e r , averaged over the whole bag (0 - 20m), as e s t i m a t e d 

from c e l l c o u n t s . The average c o n c e n t r a t i o n f a l l s t o v e r y low 

l e v e l s ( l e s s than 5 pg C . l " 1 ) a f t e r day 30. U n f o r t u n a t e l y , the 

a c c u r a c y of these o b s e r v a t i o n s i s c a l l e d i n t o q u e s t i o n by o t h e r 

p h y t o p l a n k t o n d a t a from the e n c l o s u r e . The ob s e r v e d 

c o n c e n t r a t i o n s of C h i a from day 30 on are too h i g h t o be 

c o n s i s t e n t w i t h the carbon e s t i m a t e s , y i e l d i n g C:Chl a r a t i o s as 

low as 6 pg C.pg C h i a " 1 and g e n e r a l l y l e s s than 10 pg C.pg C h i 

a " 1 . The e s t i m a t e s of 1 4 C p r o d u c t i v i t y i n the t o p 8m over the 

same p e r i o d range as h i g h as 10 pg C . l ^ . h r " 1 and average about 5 

pg C . l _ 1 . h r _ 1 . These a r e based on 4hr i n c u b a t i o n s and, even 
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Figure 64. Phytoplankton carbon (0-20 m average) in CEE5 (solid line 

estimated from c e l l counts, dashed line represents corrected 

time stream used to drive estimation models). 
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a l l o w i n g f o r an e x p o n e n t i a l i n c r e a s e i n p h y t o p l a n k t o n carbon 

d u r i n g t h e i n c u b a t i o n s , when combined w i t h the e s t i m a t e s of 

p h y t o p l a n k t o n carbon from c e l l c o u n t s , they y i e l d u n r e a s o n a b l y 

h i g h growth r a t e s , of o r d e r 1 h r - 1 and h i g h e r . 

The 1 4 C and C h i a o b s e r v a t i o n s a r e c o n s i s t e n t and both 

suggest t h a t the e s t i m a t e d p h y t o p l a n k t o n carbon i s too low. 

A p a r t from the u s u a l u n c e r t a i n t i e s a s s o c i a t e d w i t h e s t i m a t i n g 

c a r b o n from c e l l c o u n t s (eg M u l l i n e t a l ,1966), the p o s s i b i l i t y 

t h a t p h y t o p l a n k t o n carbon has been u n d e r e s t i m a t e d i s i n c r e a s e d i n 

t h i s c a s e by the f a c t t h a t the p h y t o p l a n k t o n over t h i s p e r i o d 

c o n s i s t e d almost e n t i r e l y of s m a l l f l a g e l l a t e s , so t h a t 

p r e s e r v a t i o n problems (Smetacek e t a_l ,1980) may have l e d t o an 

u n d e r e s t i m a t e . 

I t w i l l be assumed here t h a t f l a g e l l a t e c arbon i s 

u n d e r e s t i m a t e d i n F i g 64 by a f a c t o r of 5. T h i s assumption 

r e s u l t s i n c o r r e c t e d C : C h i a r a t i o s a f t e r day 30 i n the range 

25 t o 60 jug C.ug C h i a " 1 w i t h an average v a l u e of 37. The 

average growth r a t e i n the t o p 8m over the same p e r i o d has been 

e s t i m a t e d t o be about 1.4 day" 1 or 2 d i v i s i o n s per day, assuming 

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

i n c u b a t i o n (1000 t o 1400 h r s ) . 

B e f o r e the r e s u l t i n g time s e r i e s of p h y t o p l a n k t o n carbon can 

be used t o d r i v e the z o o p l a n k t o n growth model, the q u e s t i o n of 

v e r t i c a l v a r i a t i o n i n p h y t o p l a n k t o n d e n s i t y must be a d d r e s s e d . 

The o n l y guide t o t h i s v e r t i c a l v a r i a t i o n i s the c h l o r o p h y l l 

d a t a , as carbon e s t i m a t e s a r e o n l y a v a i l a b l e as a 0 t o 20m 

a v e r a g e . The c h l o r o p h y l l d a t a have been used h e r e as a rough 

g u i d e t o r e l a t i v e c o n c e n t r a t i o n s of p h y t o p l a n k t o n carbon a t 
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d i f f e r e n t d e p t h s , a l t h o u g h the l i k e l i h o o d of v a r i a t i o n s i n the C 

: C h i a r a t i o w i t h depth i s r e c o g n i s e d . The e a r l y p a r t of the 

experiment was c h a r a c t e r i z e d by an i n t e n s e d i a t o m bloom a t the 

s u r f a c e which sank out as a c o n c e n t r a t e d l a y e r as n u t r i e n t s 

became l o c a l l y d e p l e t e d . Thus, maximum l o c a l c o n c e n t r a t i o n s of 

p h y t o p l a n k t o n over t h i s p e r i o d were much g r e a t e r than the 0-20m 

average. However, i t w i l l be assumed here t h a t z o o p l a n k t o n saw 

the average carbon c o n c e n t r a t i o n i n the e n c l o s u r e over t h i s 

p e r i o d as t h i s was a l r e a d y h i g h enough t o a c h i e v e almost maximum 

growth so t h a t i n c r e a s i n g the a v a i l a b l e food d e n s i t y f u r t h e r 

would not s i g n i f i c a n t l y a f f e c t the c o n c l u s i o n s reached h e r e . 

From day 22 on, C h i a c o n c e n t r a t i o n s a r e low and r e l a t i v e l y 

u n i f o r m over the top 12m, d e c r e a s i n g s l o w l y below t h i s l e v e l , 

w h i l e p h y t o p l a n k t o n growth r a t e s a r e h i g h ( g r e a t e r than 1 d a y " 1 ) 

i n the t o p 8m but are much lower and a p p a r e n t l y l i g h t l i m i t e d 

below t h i s d e p t h . These h i g h growth r a t e s a r e a p p a r e n t l y matched 

by h i g h c l e a r a n c e r a t e s on the p a r t of the z o o p l a n k t o n (Sonntag 

and P a r s o n s , 1 9 7 9 ) . I f thes e c l e a r a n c e r a t e s were e v e n l y 

d i s t r i b u t e d over the water column, the p h y t o p l a n k t o n p o p u l a t i o n 

below 8m would be s u b j e c t t o a v e r y h i g h net l o s s r a t e . T h i s i s 

i n c o n s i s t e n t w i t h the p e r s i s t e n c e of p h y t o p l a n k t o n below 8m, 

g i v e n the s m a l l c h l o r o p h y l l g r a d i e n t s and low m i x i n g r a t e s 

( S t e e l e and Farmer,1977) obse r v e d i n the e n c l o s u r e . I t i s 

t h e r e f o r e assumed t h a t , a f t e r day 22, g r a z i n g o c c u r s 

p r e d o m i n a n t l y i n the t o p 8m and the c o n c e n t r a t i o n of 

p h y t o p l a n k t o n carbon t h e r e , o b t a i n e d u s i n g the average carbon f o r 

the e n c l o s u r e and the v a r i a t i o n of C h i a w i t h d e p t h , i s used as 

a v a i l a b l e f o o d . The time s e r i e s o f . f o o d d e n s i t y o b t a i n e d i n t h i s 
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way and now used t o d r i v e the z o o p l a n k t o n model i s a l s o g i v e n i n 

F i g 64. 

W h i l e the aim here i s t o e s t i m a t e parameters i n the 

z o o p l a n k t o n model d e s c r i b e d above by f i t t i n g i t t o the time 

s e r i e s of o b s e r v a t i o n s from CEE5, i t i s c l e a r t h a t not a l l the 

parameters can be e s t i m a t e d i n t h i s way. For example, the 

t r a n s i t i o n w e i g h t s , Wj, must be s p e c i f i e d as a c h a r a c t e r i s t i c of 

the s p e c i e s i n q u e s t i o n : t h e i r v a l u e s determine the s p e c i e s s i z e 

and the e s t i m a t e d growth r a t e s . For each of the t h r e e p r i n c i p a l 

z o o p l a n k t o n s p e c i e s p r e s e n t i n the e n c l o s u r e , I w i l l t h e r e f o r e 

b e g i n w i t h a review of l i t e r a t u r e - e s t a b l i s h e d v a l u e s f o r the 

p a r a m e t e r s , i n d i c a t i n g those which a r e w e l l - e s t a b l i s h e d and those 

which a r e u n c e r t a i n . The model w i l l then be f i t t e d t o the d a t a 

and the r e s u l t i n g parameter e s t i m a t e s d i s c u s s e d i n terms of t h e i r 

r e l a t i o n t o the l i t e r a t u r e v a l u e s and the degree of c o n f i d e n c e 

which the e s t i m a t i o n p r o c e d u r e might l e a d us t o p l a c e i n them. 

The o b j e c t i v e f i t t i n g of the model t o the d a t a i s made 

p o s s i b l e here by the a p p l i c a t i o n of the n o n - l i n e a r systems 

i d e n t i f i c a t i o n t e c h n i q u e d e s c r i b e d i n Benson(1978) and P a r s l o w e_t 

a l (1979). B r i e f l y , the procedure i n v o l v e s making an i n i t i a l 

guess a t the parameter v a l u e s and i t e r a t i v e l y r e d u c i n g the sum of 

squares of e r r o r s between p r e d i c t i o n s and o b s e r v a t i o n s u s i n g a 

n o n - l i n e a r o p t i m i s a t i o n a l g o r i t h m . The Marquardt t e c h n i q u e 

(Marquardt,1963) has been used here and i t s i m p l e m e n t a t i o n i n 

t h i s case i s r e l a t i v e l y s t r a i g h t - f o r w a r d w i t h one e x c e p t i o n . The 

model as d e s c r i b e d above uses weight t h r e s h o l d s t o a s s i g n day 

c l a s s e s t o observed s t a g e groups; t h a t i s 
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Yj{t) = I Z i ( t ) . ^ J ( W i ( t ) ) 

where t h e (f>z, d e f i n e d a bove, a r e s t e p - f u n c t i o n s . As a r e s u l t , 

w h i l e W j ( t ) and Z ; ( t ) a r e d i f f e r e n t i a b l e f u n c t i o n s o f t h e 

p a r a m e t e r s t h r o u g h t h e s y s t e m e q u a t i o n s 5.1, t h e p r e d i c t e d 

d e n s i t i e s i n s t a g e g r o u p s , Y j - ( t ) , a r e d i s c o n t i n u o u s f u n c t i o n s of 

t h e p a r a m e t e r s . The M a r q u a r d t t e c h n i q u e r e q u i r e s t h a t t h e 

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

c a l c u l a t e d , and c a n n o t be u s e d under t h e s e c i r c u m s t a n c e s . T h i s 

p r o b l e m has been overcome by r e p l a c i n g t h e s t e p - f u n c t i o n s <f>j by 

smooth f u n c t i o n s Y'j d e f i n e d by 

1^(W) = ( e r f (W-Wj)/(a.Wj) - e r f ( W - W J + 1 )/(cr.W J + a ))/2. 

H e r e , a i s a s m a l l p a r a m e t e r w h i c h c o n t r o l s t h e s p r e a d of ^ 

a b o u t Wj and W J + 1 ( F i g 65). As <J a p p r o a c h e s 0, 1^(W) a p p r o a c h e s 

0j-(W) . A v a l u e of (7 = 0.1 was u s e d h e r e and f o u n d t o a l l o w 

r e a s o n a b l e c o n v e r g e n c e o f t h e i t e r a t i v e scheme w h i l e l e a d i n g t o 

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

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

5.3 E s t i m a t i o n r e s u l t s . 

The a p p l i c a t i o n o f t h e e s t i m a t i o n scheme w i l l now be 

d i s c u s s e d f o r e a c h o f t h e d o m i n a n t c o p e p o d s p e c i e s i n CEE5 i n 

t u r n . 

A P s e u d o c a l a n u s m i n u t u s 

T h i s s p e c i e s has been t h e s u b j e c t of a number o f l a b o r a t o r y 

and f i e l d s t u d i e s . (eg P a r s o n s e t a l ,1969; Poulet,1973; 



0. 
0.1 

/il 
/: 
/: 

0.4 1.0 

W (ug C ) 
10. 

Figure 65. j&jCW) , ^(W) for pg C, WJ+]=2.0 pg C. 

(Solid line is ̂ j(W), dashed line i s ^ (W) with 

(J = 0.2, dotted line i s . • (W) with (7= 0.1.) 
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Ikeda,1976). However, most of the s e have d e a l t w i t h b e h a v i o u r 

over s h o r t time p e r i o d s or o n l y a t l a t e l i f e - h i s t o r y s t a g e s . I 

have r e l i e d h e a v i l y here on the r e s u l t s of P a f f e n h o f f e r and 

H a r r i s ( 1 9 7 6 ) f o r another s p e c i e s , Pseudocalanus e l o n g a t u s , based 

on l o n g - t e r m l a b o r a t o r y c u l t u r e s . A c c o r d i n g t o F r o s t ( 1 9 7 9 ) , the 

two s p e c i e s a r e q u i t e s i m i l a r . 

The t r a n s i t i o n w e i g h t s W1,...,W4 have been taken from 

P a f f e n h o f f e r and H a r r i s ( 1 9 7 6 ) as 0.08, 0.4, 2.0 and 8.0 ug 

C / i n d i v i d u a l r e s p e c t i v e l y . The f i r s t and l a s t a r e i n good 

agreement w i t h v a l u e s g i v e n by F r o s t ( 1 9 7 9 ) f o r Pseudocalanus  

minutus. Maximum e x p o n e n t i a l growth r a t e s (Cn-F i n the model 

used here) were found t o be s i g n i f i c a n t l y h i g h e r f o r s t a g e s CI t o 

C I I I than f o r o t h e r s t a g e s (about 0.3 d a y" 1 compared w i t h 0.18 

d a y " 1 ) . However, no s i g n i f i c a n t o v e r a l l r e l a t i o n s h i p was found 

between i n g e s t i o n per u n i t body weight and weight i t s e l f . 

P a f f e n h o f f e r and H a r r i s c u l t i v a t e d P. e l o n g a t u s a t 4 d i f f e r e n t 

d e n s i t i e s of a mo d e r a t e l y s i z e d d i a t o m ( T h a l a s s i o s i r a r o t u l a , 20-

22 pm d i a m e t e r ) . W h i l e e s t i m a t e s of a h a l f - s a t u r a t i o n c o n s t a n t D 

c o u l d be o b t a i n e d f o r any p a r t i c u l a r copepod weight from t h e i r 

graphs of c l e a r a n c e r a t e or i n g e s t i o n r a t e v e r s u s body weight f o r 

each food d e n s i t y , the s c a t t e r i n t h e i r d a t a r e s u l t s i n h i g h 

u n c e r t a i n t y i n e s t i m a t e s of D. For example, the graphs i n F i g 66 

are based on the same d a t a s e t but one uses P a f f e n h o f f e r and 

H a r r i s ' s r e g r e s s i o n l i n e s t h r o u g h t h e i r c l e a r a n c e r a t e vs weight 

d a t a w h i l e the o t h e r i s based on t h e i r average i n g e s t i o n r a t e s 

per u n i t body weight f o r d i f f e r e n t food c o n c e n t r a t i o n s . The 

f i r s t y i e l d s a v a l u e f o r D l e s s than 15 pg C . l " 1 ( f o r an 

i n d i v i d u a l of 10 pg d r y weight) w h i l e the second g i v e s a v a l u e 
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Food cone. ( u g C . I - 1 ) 

u r e 66. (a) ( C l e a r a n c e r a t e ) * vs f o o d c o n c e n t r a t i o n (P) f o r 10 p g 

d r y weight P s e u d o c a l a n u s ( f r o m F i g 3, P a f f e n h o f f e r and H a r r i s , 

1976). L i n e : I n g e s t i o n = 0.69.P/(12.6+P) (pg C . d a y " 1 ) . 

(b) (Food c o n c e n t r a t i o n P ) / ( % body w e i g h t i n g e s t e d p e r day) 

v s f o o d c o n c e n t r a t i o n ( P a f f e n h o f f e r and H a r r i s , 1 9 7 6 ) . 

L i n e : % body w e i g h t i n g e s t e d p e r day = 181.P/(41.+P). 
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g r e a t e r than 40 pg C . l " 1 . 

An e s t i m a t e of b a s a l m e t a b o l i c r a t e i n P s e u docalanus might 

be o b t a i n e d from the d a t a of P a f f e n h o f f e r and H a r r i s by l o o k i n g 

f o r a d e c r e a s e i n g r o s s growth e f f i c i e n c y w i t h d e c r e a s i n g food 

c o n c e n t r a t i o n s . Y e t , t h e i r r e s u l t s s u g g e s t , i f a n y t h i n g , an 

i n c r e a s e i n g r o s s growth e f f i c i e n c y down t o the l o w e s t food 

c o n c e n t r a t i o n they used. On the o t h e r hand, measurements of 

oxygen consumption by s m a l l copepods i n the absence of food 

suggest b a s a l m e t a b o l i c r a t e s as h i g h as 0.04 t o 0.11 day" 1 

( M a r s h a l l , 1 9 7 3 ; Ikeda,1977). 

P a f f e n h o f f e r and H a r r i s ( 1 9 7 6 ) found t h a t , a t a food 

c o n c e n t r a t i o n of 115 pg C . l " 1 , n a u p l i a r p r o d u c t i o n c o u l d c o n t i n u e 

i n P. e l o n g a t u s f o r as l o n g as 35 days, w i t h average p r o d u c t i o n 

over the f i r s t 15 days b e i n g about 4 per female per day (from 

t h e i r F i g 6 ) . Under the assumptions of our model, such a 

p r o d u c t i o n r a t e r e q u i r e s an e f f i c i e n c y X of 0.2 f o r females or 

0.1 f o r a 50:50 male:female r a t i o . 

The o b s e r v a t i o n s of d e n s i t i e s of P. minutus i n CEE5 are 

shown i n F i g 67. An anomalous f e a t u r e i s the appearance of l a r g e 

numbers of a d u l t s on day 19 w i t h no s i g n of any c o h o r t i n C I - I I I 

or CIV-V b e f o r e t h i s day. I f the d a t a were a c c u r a t e , they would 

imply the passage of t h e s e i n d i v i d u a l s from NVI to'CVI i n l e s s 

than 3 days which i s q u i t e i m p o s s i b l e a c c o r d i n g t o the r e s u l t s of 

P a f f e n h o f f e r and H a r r i s ( 1 9 7 6 ) and r e f e r e n c e s c i t e d t h e r e i n . I t 

w i l l be assumed here t h a t the a d u l t s o b s e r v e d i n the e n c l o s u r e 

were p r e s e n t from day 1 and t h a t the e a r l i e r c o p e p o d i t e s t a g e s 

a r e due t o the p r o d u c t i o n of n a u p l i i by a d u l t s d u r i n g the i n i t i a l 

p h y t o p l a n k t o n bloom. Only the C I - I I I and CIV-V time s e r i e s w i l l 
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F i g u r e 67. O b s e r v e d d e n s i t i e s o f P s e u d o c a l a n u s i n CEE5. 

E r r o r b a r s r e p r e s e n t 95% c o n f i d e n c e l i m i t s 

b a s e d on P o i s s o n s u b - s a m p l i n g s t a t i s t i c s . 
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be f i t t e d . 

The e r r o r b a r s drawn i n F i g 67 and i n the c o r r e s p o n d i n g 

f i g u r e s f o r the o t h e r s p e c i e s r e p r e s e n t 95% c o n f i d e n c e i n t e r v a l s 

based s o l e l y on the sub-sampling s t a t i s t i c s . A r e l a t i v e l y s m a l l 

p r o p o r t i o n of the sample taken on each day was counted and the 

raw c o u n t s a r e assumed t o be P o i s s o n d i s t r i b u t e d w i t h a mean 

f i x e d by the t r u e c o n c e n t r a t i o n i n the o r i g i n a l sample. T h i s 

does not t a k e i n t o account the degree t o which c o n c e n t r a t i o n s i n 

the pumped sample a re r e p r e s e n t a t i v e of the p o p u l a t i o n s i n the 

e n c l o s u r e ; t h i s q u e s t i o n has been a d d r e s s e d by Lawson and G r i c e 

(1977). 

The f o l l o w i n g parameters were not e s t i m a t e d but f i x e d on the 

b a s i s of the r e f e r e n c e s d i s c u s s e d above. The t r a n s i t i o n w e i g h t s 

Wj were ta k e n as 0.08, 0.4, 2.0 and 8.0 ug C / i n d . The 

r e p r o d u c t i v e e f f i c i e n c y was taken as 0.1 b u t , as the i n i t i a l 

number of r e p r o d u c t i v e a d u l t s was e s t i m a t e d , t h i s d i d not f i x the 

n a u p l i a r r e c r u i t m e n t . The e s t i m a t i o n r e s u l t s f o r P. minutus can 

be d i v i d e d i n t o two c a t e g o r i e s . The f i r s t were o b t a i n e d by 

assuming t h a t growth and m o r t a l i t y parameters were c o n s t a n t 

a c r o s s s t a g e s . Some j u s t i f i c a t i o n f o r t h i s can be found i n 

P a f f e n h o f f e r and H a r r i s ' s i n g e s t i o n d a t a . 

The i n i t i a l t r i a l w i t h a l l parameters f r e e converged v e r y 

s l o w l y . T h i s slow convergence was due p r i m a r i l y t o the i n a b i l i t y 

of the model t o d i s t i n g u i s h between d i f f e r e n t v a l u e s of the b a s a l 

m e t a b o l i c r a t e F on the b a s i s of t h e s e o b s e r v a t i o n s . When F was 

f i x e d a t each of t h r e e d i f f e r e n t v a l u e s , 0.0, 0.03, 0.10, 

convergence was r a p i d and d i r e c t and a unique optimum w i t h a low 

SSQ was o b t a i n e d i n each c a s e . The t h r e e r e s u l t i n g parameter 
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s e t s and the c o r r e s p o n d i n g SSQ a r e g i v e n as T r i a l s 1, 2 and 3 i n 

Tab l e V I I I ; the p r e d i c t i o n s and o b s e r v a t i o n s f o r T r i a i 1 a r e 

g i v e n i n F i g 68a. I t can be seen from T a b l e V I I I t h a t the lo w e s t 

SSQ i s o b t a i n e d f o r F = 0.0 but t h a t the i n c r e a s e i n SSQ f o r F = 

0.03 or F = 0.1 i s v e r y s m a l l . As F i s i n c r e a s e d , the t e c h n i q u e 

m a i n t a i n s a good f i t t o the o b s e r v a t i o n s by i n c r e a s i n g Cn and 

d e c r e a s i n g D. Note t h a t the maximum e x p o n e n t i a l growth r a t e , Cn-

F, i s r o u g h l y c o n s t a n t as- F changes (0.13 t o 0.14 d a y " 1 ) , but 

somewhat lower than t h a t found by P a f f e n h o f f e r and H a r r i s ( 1 9 7 6 ) . 

The p r i n c i p a l e f f e c t of i n c r e a s i n g F i s t o a l t e r D but the v a l u e s 

of D a r e a l l w i t h i n the range c a l c u l a t e d above from P a f f e n h o f f e r 

and H a r r i s ' s d a t a . 

The second s e t of e s t i m a t e s was o b t a i n e d by m u l t i p l y i n g the 

growth r a t e f o r C I - I I I by a f a c t o r 1.7, f o l l o w i n g P a f f e n h o f f e r 

and H a r r i s ' s o b s e r v a t i o n s of h i g h e r growth r a t e s i n these s t a g e s . 

The parameters Cn, D, 9, and the i n i t i a l number of a d u l t s were 

a g a i n e s t i m a t e d f o r F = 0.0, 0.03 and 0.10 d a y " 1 . As b e f o r e , 

convergence was r a p i d and d i r e c t i n a l l c a s e s and the r e s u l t i n g 

parameter e s t i m a t e s and minimum SSQ a r e g i v e n as t r i a l s 4, 5 and 

6 i n Ta b l e V I I I . The SSQ a r e s l i g h t l y lower than f o r the f i r s t 

s e t (Table V I I I , F i g 68b) and now de c r e a s e as F i n c r e a s e s a l t h o u g h 

the change w i t h F i s a g a i n s m a l l . The parameter Cn changes 

l i t t l e w i t h the i n t r o d u c t i o n of the 1.7 growth f a c t o r and the 

major e f f e c t i s a l a r g e i n c r e a s e i n D. T h i s b e h a v i o u r i s easy t o 

und e r s t a n d as the growth of n a u p l i i i n the e n c l o s u r e t a k e s p l a c e 

p r i m a r i l y a t h i g h food c o n c e n t r a t i o n s , f i x i n g the maximum growth 

r a t e , w h i l e the growth of C I - I I I t a k e s p l a c e a t low food 

c o n c e n t r a t i o n s , f i x i n g the v a l u e of D. 



Table VIII. 

Final parameter estimates and corresponding SSQ errors for 

Pseudocalanus. ( Subscripts 1.. .4 refer to stage groupings NI-VI, 

CI-III,CIV-V,CVI respectively. A "" means that the parameter value 

is fixed at the value given for the stage group above; an asterisk 

means that the parameter value i s fixed,not estimated.) 

Parameters Trials 

1 2 3 4 5 6 

Cn 1 .14 .16 .23 .16 .18 .24 

Cn 2 
II t i II .28 .30 .41 

C n 3 
II II i t .16 .18 .24 

Cn 4 
11 II II II II II 

D l 34. 20. 9.9 72. 34. 16. 

D 2 
II II II II II i t 

D 3 
i t II II II i t 

D 4 
i i II II II II i t 

F l 
* 

.00 
* 

.03 
* 

.10 
* 

.00 
* 

.03 • io : 

F 2 
II II i t n * 

.05 .17 : 

F 3 
II II II t i * 

.03 .10 

F 4 
II II II II i t i t 

9 1 .01 .01 .01 .01 .01 .01 

V I I II I I I I II I t 

9 3 
I I II I I I I II I I 

e 4 
I I II I I I I II I t 

Lt. adults 1.84 1.85 1.86 1.93 1.94 1.88 

SSQ 74. 75. 77. 66. 63. 60. 
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Figure 68a. Comparison of p r e d i c t i o n s ( s o l i d symbols) and 

observations (open symbols) f o r Pseudocalanus 

( t r i a l 1). 
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Figure 68b. Comparison of predictions (closed symbols) and 

observations (open symbols) f o r Pseudocalanus 

( t r i a l 6). 
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The e s t i m a t e d i n i t i a l number of a d u l t s r e q u i r e d t o produce 

the c o h o r t i s r e l a t i v e l y c o n s t a n t a c r o s s a l l t r i a l s , l y i n g 

between 1.78 and 1.96 per l i t e r . T h i s e s t i m a t e i s of c o u r s e 

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

X. The low v a l u e of e i s a l s o worthy of comment. There appears 

to have been l i t t l e or no i n c r e a s e i n m o r t a l i t y r a t e as a r e s u l t 

of the low food c o n c e n t r a t i o n s . Note t h a t t h i s m o r t a l i t y r a t e 

has been assumed c o n s t a n t a c r o s s s t a g e s and i s r e a l l y d e t e r m i n e d 

by o b s e r v a t i o n s of CI-V. I t i s e n t i r e l y p o s s i b l e t h a t m o r t a l i t y 

r a t e s of n a u p l i i i n the e n c l o s u r e were h i g h e r than those of 

c o p e p o d i d s , as found by P a f f e n h o f f e r and H a r r i s ( 1 9 7 6 ) i n 

l a b o r a t o r y c u l t u r e s , but w i t h o u t o b s e r v a t i o n s on Pseudocalanus 

n a u p l i i a l o n e , i t i s i m p o s s i b l e t o e s t i m a t e a n a u p l i a r m o r t a l i t y 

r a t e . 

B C a l a n u s p a c i f i c u s 

C a l a n u s p a c i f i c u s ( h e l g o l a n d i c u s ) i s the l a r g e s t of the 

t h r e e dominant c a l a n o i d copepods i n CEE5. I t has been the 

s u b j e c t of a l a r g e number of l a b o r a t o r y and f i e l d s t u d i e s 

( P a f f e n h o f f e r , 1 9 7 0 , 1 9 7 1 , 1 9 7 6 ; M u l l i n and Brooks,1970; 

Frost,1972,1975,1979; Runge,1980), b e i n g one of the b e s t - s t u d i e d 

of marine p e l a g i c copepods. 

The t r a n s i t i o n w e i g h t s Wj- have been taken from 

P a f f e n h o f f e r ( 1 9 7 1 ) as 0.1, 1.0, 10., 70. jug C per i n d i v i d u a l 

r e s p e c t i v e l y . The f a c t t h a t C. p a c i f i c u s grows th r o u g h a much 

g r e a t e r weight range than P. minutus i n r o u g h l y the same 

g e n e r a t i o n time has been commented on by F r o s t (1979) and the 

maximum e x p o n e n t i a l growth r a t e s r e p o r t e d by P a f f e n h o f f e r ( 1 9 7 6 ) 

e x p l a i n t h i s , b e i n g 0.41, 0.41, 0.33 and 0.2 f o r n a u p l i i , C I - I I I , 
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C I I I - V and CV t o young a d u l t r e s p e c t i v e l y . These a r e almost 

t w i c e t h o s e found f o r P. e l o n g a t u s . 

T h i s l a r g e r a t i o of a d u l t t o n a u p l i a r weight i s a l s o 

r e f l e c t e d i n the f e c u n d i t y of C. p a c i f i c u s females which 

m a i n t a i n e d a p r o d u c t i o n r a t e of about 40 eggs per female per day 

over 40 t o 50 days a t h i g h food c o n c e n t r a t i o n s 

( P a f f e n h o f f e r , 1 9 7 6 ) . Under the assumptions of the model, a 

r e p r o d u c t i v e e f f i c i e n c y of about 0.28 f o r females or a v a l u e of X 

of 0.14 f o r a 1:1 sex r a t i o i s r e q u i r e d t o produce t h i s 

f e c u n d i t y . 

The r e s u l t s of P a f f e n h o f f e r ( 1 9 7 0 , 1 9 7 1 ) and F r o s t ( 1 9 7 2 ) 

emphasize the dependence of the h a l f - s a t u r a t i o n c o n s t a n t , D, on 

the type and p a r t i c u l a r l y the s i z e of the p h y t o p l a n k t o n c e l l s 

o f f e r e d as f o o d . P a f f e n h o f f e r ' s (1970,1971) l o n g - t e r m c u l t u r e 

s t u d i e s were d e s i g n e d t o look a t the e f f e c t of food type r a t h e r 

than food d e n s i t y on growth, but when two c o n c e n t r a t i o n s of one 

food type (50 and 100 ug C . l " 1 of t h e ' d i a t o m L a u d e r i a b o r e a l i s ) 

were used, c l e a r a n c e r a t e s per u n i t body weight were o n l y about 

1.2 t i m e s as h i g h a t the lower d e n s i t y , s u g g e s t i n g t h a t D f o r 

i n g e s t i o n i s r a t h e r l a r g e . F r o s t ' s (1972) g r a z i n g e x p e r i m e n t s 

u s i n g a d u l t females a l s o s u g g ested r a t h e r h i g h v a l u e s of D 

r a n g i n g from about 50 t o 150 ug C . l " 1 . ( F r o s t ' s d a t a were f i t t e d 

t o a r e c t i l i n e a r r a t h e r than a c u r v i l i n e a r f u n c t i o n a l response 

but the two models c o u l d not be d i s t i n g u i s h e d s t a t i s t i c a l l y 

( M u l l i n ejt a l ,1975) and i t i s e x c e e d i n g l y u n l i k e l y t h a t they 

c o u l d be d i s t i n g u i s h e d on the b a s i s of the time s e r i e s f i t t e d 

h e r e . I have t h e r e f o r e c o n t i n u e d t o use the c u r v i l i n e a r form f o r 

c o n s i s t e n c y . ) Runge(1980) found h i g h e r c l e a r a n c e r a t e s and 
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c o n s e q u e n t l y lower v a l u e s f o r D i n C. p a c i f i c u s than F r o s t 

r e p o r t e d , a l t h o u g h he i n d i c a t e s t h a t t h e s e may have been due t o 

p r e t r e a t m e n t e f f e c t s . H i s r e s u l t s suggest v a l u e s of D as low as 

15 ug C . l " 1 f o r the l a r g e s t c e l l s i z e used. I f average 

e x p o n e n t i a l growth r a t e s over NI t o CIV a r e c a l c u l a t e d from the 

d a t a of M u l l i n and B r o o k s ( 1 9 7 0 ) , the r e s u l t s (Table IX) suggest 

t h a t D f o r growth l i e s w e l l below 19 ug C . l " 1 f o r Gymnodinium and 

below 49 ug C . l " 1 f o r T h a l a s s i o s i r a . I t i s a g a i n i m p o s s i b l e t o 

e s t i m a t e b a s a l m e t a b o l i c r a t e s from the l a b o r a t o r y c u l t u r e 

r e s u l t s as g r o s s growth e f f i c i e n c y appears t o d e c r e a s e r a t h e r 

than i n c r e a s e w i t h i n c r e a s i n g food c o n c e n t r a t i o n ( M u l l i n and 

Brooks,1970). E s t i m a t e s of oxygen consumption by l a t e s t a g e s of 

copepods i n the s i z e range of C. p a c i f i c u s suggest low 

r e s p i r a t i o n r a t e s of o r d e r 0.03 day" 1 ( M a r s h a l l , 1 9 7 3 ; 

Ikeda,1977). M o r t a l i t y r a t e s i n c u l t u r e were found t o be 

markedly dependent on food d e n s i t y ( P a f f e n h o f f e r , 1 9 7 0 ) and t o be 

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

CEPEX e n c l o s u r e s as the l a t e s t a g e s of C. p a c i f i c u s are s t r o n g 

v e r t i c a l m i g r a t o r s i n the w i l d ( M u l l i n and Brooks,1970) and may 

not be a b l e t o s u r v i v e i n the e n c l o s u r e s a t any food 

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

The time s e r i e s of o b s e r v e d C. p a c i f i c u s d e n s i t i e s i n CEE5 

ar e shown i n F i g 69. A d u l t s were not o b s e r v e d a f t e r day 1. In 

a t t e m p t i n g t o f i t the model t o t h i s d a t a s e t , the t r a n s i t i o n a l 

w e i g h t s were s e t a t 0.1, 1., 10. and 70. jug C / i n d . and the 

e f f i c i e n c y X a t 0.14. A g a i n the i n i t i a l number of a d u l t s p r e s e n t 

was e s t i m a t e d and a d u l t s were assumed t o produce eggs f o r o n l y 4 

days as they were not o b s e r v e d on day 5. 
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Table IX. 

Exponential growth rates for Calanus over NI to CIV at 12°C and 

different concentrations of Gymnodinium and Thalassiosira 

(.calculated from Table 3 and Fig 2, Mullin .and Brooks, 1970) . 

Gymnodinium 

Food concentration (ug C.l" 1) 19. 23. 54. 78. 271. 318. 

Growth rate (day - 1) .24 .19 .26 .30 .33 .33 

Thalassiosira 

Food concentration (ug C . l - 1 ) 49. 63. 165. 205. 750. 750. 

Growth rate (day - 1) .25 .25 .29 .31 .31 .34 



2 0 

CIV-V 

Figure 69. Observed densities of Calanus i n CEE5. 

(Error bars as i n Fig 67.) 
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In the i n i t i a l t r i a l , growth r a t e s i n N I - V I , C I - I I I , CIV-V 

and CVI were assumed t o f o l l o w a f i x e d r a t i o 1:1:0.8:0.5 and the 

h a l f - s a t u r a t i o n c o n s t a n t , D, was assumed t o be c o n s t a n t a c r o s s 

s t a g e s . The r e s u l t i n g b e s t f i t was r a t h e r u n r e a l i s t i c ; i n 

p a r t i c u l a r , a d u l t s appeared from day 47 on. To p r e v e n t t h i s , the 

h a l f - s a t u r a t i o n c o n s t a n t D f o r CIV-V was i n c r e a s e d t o a h i g h 

l e v e l of 100 ug C . l " 1 . T h i s r a t h e r ad hoc a c t i o n was based on 

the o b s e r v a t i o n t h a t the p h y t o p l a n k t o n p o p u l a t i o n when CIV-V were 

p r e s e n t c o n s i s t e d of s m a l l f l a g e l l a t e s f o r w hich, on the b a s i s of 

F r o s t ' s (1972) r e s u l t s , the l a t e s t a g e s of C. p a c i f i c u s might be 

e x p e c t e d t o have low c l e a r a n c e r a t e s . However, any change i n the 

growth parameters of s t a g e s CIV-V which p r e v e n t e d them from 

r e a c h i n g CVI would r e s u l t i n e q u a l l y good agreement between 

p r e d i c t i o n s and o b s e r v a t i o n s . 

W i t h the new v a l u e of Dry-v > the a l g o r i t h m converged r a p i d l y 

t o the parameter s e t and SSQ g i v e n i n t r i a l 1, T a b l e X . The 

f i n a l SSQ i s r a t h e r h i g h and the comparison of p r e d i c t i o n s and 

o b s e r v a t i o n s i n F i g 70a shows why: the model i s unable t o 

reproduce the sharp c o i n c i d e n t r i s e i n C I - I I I and CIV-V on day 19 

and compromises w i t h a s m a l l e r and e a r l i e r i n c r e a s e i n C I - I I I and 

a l a t e r i n c r e a s e i n CIV-V. The parameter e s t i m a t e s of Cn and D 

a r e lower than the l i t e r a t u r e v a l u e s d i s c u s s e d above. As i n the 

case of P s e u d o c a l a n u s , the SSQ i s e n t i r e l y i n s e n s i t i v e t o the 

v a l u e of the b a s a l m e t a b o l i c r a t e F; when F i s f i x e d a t 0.0 or 

0.08, the same SSQ i s o b t a i n e d , ( t r i a l s 2 and 3, T a b l e X ) . 

H i g h e r v a l u e s of F a r e compensated f o r by i n c r e a s e s i n Cn and 

s l i g h t d e c r e a s e s i n D. 

The reason f o r the c o m p a r a t i v e l y poor f i t here i s t h a t the 
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Table X. 

F i n a l parameter estimates and corresponding SSQ errors f o r Calanus. 

( Subscripts 1...4, "" and as i n Table VIII.) 

Parameters T r i a l s 

1 2 3 4 5 6 + 7 + 8 + 

Cnl .26 .24 .32 .18 .20 .26 .25 .24 

Cn 2 " " " .31 .34 " .43 .41 

Cn 3 .21 .19 .26 .14 .16 .21 .20 .19 

Cn. .13 .12 .16 .09 .10 .13 .12 .12 
4 

9.5 10.6 7.3 0.0 10.0* 8*6 0.0 10.0* 
•p. II II II II 11 II H I I 

2 
D 3 100.* 100.* 100.* 100.* 100.* 100.* 100.* 100.* 
D. 9.5 10.6 7.3 0.0 10.0* 8.6 0.0 10.0* 
4 * * * F x .020 .000 .080 .020 .015 .023 .022 .000 

F 2 " . . . . .. > 0 2 4 -. > 0 3 7 / 0 0 0 

F„ .016 .000* .064* .016* .012 .018 .018 .000 

F, .010 .000 .040 .010 .007 .012 . .011 .000 
3 

4 
&x .030 .030 .030 .054 .047 .056 .107 .081 
a . . . i t I I I I I I I I t i I I 

2 

Q I I 11 II I I I I I I I I I t 

3 

Q I I I I I I 11 I I II I t I I 

I n i t . adults .23 .23 .23 .84 .60 .62 2.3 1.2 

SSQ 195. 195. 195. 130. 152. 124. 75. 86. 

+ In these t r i a l s , observations on day 16 were ignored. 
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o b s e r v a t i o n s a r e i n c o n s i s t e n t w i t h the known growth 

c h a r a c t e r i s t i c s of C. p a c i f i c u s . The da t a suggest t h a t , over a 

p e r i o d of a p p a r e n t l y h i g h food d e n s i t y , C. p a c i f i c u s n a u p l i i took 

more than 16 days t o rea c h C I , y e t almost h a l f of t h e s e reached 

CIV by day 19 a t lower food c o n c e n t r a t i o n s . T h i s i s i m p o s s i b l e 

i f growth r a t e s i n NI-VI are as h i g h as those i n C I - I I I a t the 

same food c o n c e n t r a t i o n s . In f a c t , an i n d i v i d u a l r e a c h i n g CIV 

from NVI i n 3 days would have t o grow a t an e x p o n e n t i a l r a t e 

e x c e e d i n g 0.77 d a y " 1 , almost t w i c e the maximum r e p o r t e d from 

l a b o r a t o r y c u l t u r e s w i t h abundant f o o d . 

I f we a r e p r e p a r e d t o concede a h i g h e r maximum growth r a t e 

i n C I - I I I than i n N I - V I , a c o n s i d e r a b l y b e t t e r f i t can be 

o b t a i n e d . For example, i f the f a c t o r 1.7 f o r C I - I I I over N I - V I , 

used f o r Ps e u d o c a l a n u s , i s i n t r o d u c e d , a c o n s i d e r a b l e r e d u c t i o n 

i n minimum SSQ i s p o s s i b l e ( t r i a l 4, Ta b l e X ) . I t can be seen 

from F i g 70b t h a t the r e s u l t i n g i n c r e a s e i n growth r a t e d u r i n g 

C I - I I I has a l l o w e d the model t o e l i m i n a t e the e a r l y i n c r e a s e i n 

C I - I I I and t o match the peak d e n s i t y on day 19 more c l o s e l y . The 

model i s s t i l l u nable t o produce an i n c r e a s e i n CIV-V by day 19, 

not s u r p r i s i n g l y , and the a l g o r i t h m f o r c e s D towards z e r o i n an 

e f f o r t t o do so. A s i m i l a r f i t , w i t h a somewhat h i g h e r SSQ, can 

be o b t a i n e d w i t h D f r o z e n a t 10 ug C . l " 1 ( t r i a l 5, Ta b l e X ) . The 

f i n a l v a l u e of Cn i m p l i e s a maximum growth r a t e f o r NI-NVI of 

0.16 d a y " 1 and f o r C I - I I I of 0.27 d a y " 1 , s t i l l w e l l below the 

maximum found by P a f f e n h o f f e r ( 1 9 7 6 ) . 

U n l e s s we a r e w i l l i n g t o a l l o w u n r e a s o n a b l y h i g h growth 

r a t e s f o r s t a g e s C I - I I I , the model must e i t h e r p r e d i c t an 

i n c r e a s e i n C I - I I I b e f o r e day 19 or an i n c r e a s e i n CIV-V a f t e r 
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day 19. Faced w i t h the e n t i r e s e t of o b s e r v a t i o n s , the a l g o r i t h m 

'chooses' t o do the l a t t e r . However, the o b s e r v a t i o n of low C I -

I I I on day 16 may be more open t o q u e s t i o n as a sample of p a r t of 

the bag was l o s t . In t r i a l 6, the o b s e r v a t i o n s on day 16 a r e 

o m i t t e d and the 1:1 r a t i o between maximum growth r a t e s i n NI-VI 

and C I - I I I i s r e t u r n e d t o . The model i s s t i l l unable t o a c h i e v e 

an i n c r e a s e i n CIV-V by day 19 ( F i g 7 0 c ) . To do so, n a u p l i i must 

s t i l l t a k e a t l e a s t 11 days t o r e a c h C I - I I I and l e s s than 8 days 

s u b s e q u e n t l y t o reach CIV-V, a t lower food c o n c e n t r a t i o n s . 

R e i n t r o d u c i n g the f a c t o r 1.7 and n e g l e c t i n g the o b s e r v a t i o n s on 

day 16 a l l o w s f o r the f i r s t time an i n c r e a s e i n CIV-V on day 19 

( F i g 70d) and a s i g n i f i c a n t r e d u c t i o n i n SSQ ( t r i a l 7, Table X ) . 

Ag a i n the a l g o r i t h m tends t o make D z e r o ; on f r e e z i n g D a t 10 ug 

C . l " 1 , a s i m i l a r f i t w i t h a s l i g h t l y h i g h e r SSQ can be o b t a i n e d 

( t r i a l 8, T a b l e X ) . The maximum growth r a t e s f o r NI-VI and C I -

I I I from t r i a l 8 a r e 0.24 and 0.41 day" 1 r e s p e c t i v e l y . The 

former i s , of c o u r s e , low but the second ag r e e s r a t h e r w e l l w i t h 

the maximum r a t e s r e p o r t e d by P a f f e n h o f f e r ( 1 9 7 6 ) . 

We a r e t h e r e f o r e l e d t o the f o l l o w i n g c o n c l u s i o n s . I t i s 

i m p o s s i b l e f o r the growth model t o reproduce the o b s e r v a t i o n s of 

C. p a c i f i c u s w i t h o u t u s i n g much h i g h e r growth r a t e s than a r e 

r e a s o n a b l e . To make sense of the d a t a , i t must be assumed t h a t 

e i t h e r the low o b s e r v a t i o n of C I - I I I on day 16 or the h i g h 

o b s e r v a t i o n of CIV-V on day 19 i s i n c o r r e c t . In e i t h e r c a s e , a 

h i g h e r maximum growth r a t e i n C I - I I I than i n NI-VI and a low 

v a l u e of D i s n e c e s s a r y t o f i t the r e m a i n i n g o b s e r v a t i o n s 

c l o s e l y . 

E s p e c i a l l y i n the l a t e r t r i a l s where the e a r l y r i s e i n CIV-V 
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i s r e p r o d u c e d , a v e r y h i g h m o r t a l i t y r a t e (0.08 d a y " 1 ) i s 

e s t i m a t e d . T h i s i s r e q u i r e d t o e x p l a i n the r a p i d d e c r e a s e i n 

c o p e p o d i t e d e n s i t i e s a f t e r day 19. The m o r t a l i t y r a t e has been 

assumed c o n s t a n t a c r o s s s t a g e s b u t , as noted f o r P s e u d o c a l a n u s , 

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

s t a g e s w i t h o u t o b s e r v a t i o n s of C. pac i f i c u s n a u p l i i . In f a c t , 

t h e r e may be reasons t o s u s p e c t lower m o r t a l i t y r a t e s f o r 

n a u p l i i . The c o p e p o d i d s , e s p e c i a l l y CIV-V, were exposed t o low 

d e n s i t i e s of s m a l l p h y t o p l a n k t o n c e l l s and P a f f e n h o f f e r ' s (1970) 

r e s u l t s suggest t h a t t h i s may have l e d t o i n c r e a s e d m o r t a l i t y 

r a t e s . Attempts t o m i g r a t e v e r t i c a l l y i n a s h a l l o w e n c l o s u r e 

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

c o p e p o d i d s . F i n a l l y , the number of i n i t i a l a d u l t s r e q u i r e d t o 

produce the c o h o r t i n t r i a l s 7 and 8 i s s e v e r a l t i m e s t h a t 

o b s e r v e d i n CEE5 on day 1 : t h i s number c o u l d be reduced w i t h o u t 

a f f e c t i n g the f i t t o the copepodids by d e c r e a s i n g the n a u p l i a r 

m o r t a l i t y r a t e . 

C P a r a c a l a n u s parvus 

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

of the t h r e e and c o m p a r a t i v e l y l i t t l e i s known of i t s f e e d i n g and 

growth dynamics. The major sou r c e of i n f o r m a t i o n known t o the 

a u t h o r i s a r e c e n t l a b o r a t o r y and f i e l d s t u d y of f e e d i n g and egg 

p r o d u c t i o n by a d u l t females of P a r a c a l a n u s ( C h e c k l e y , 1 9 8 0 ) . The 

w e i g h t s of a d u l t females and eggs have been taken from t h i s study 

as 3.0 and 0.02 pg C / i n d r e s p e c t i v e l y . The t r a n s i t i o n w e i g h t s 

f o r NVI t o CI and C I I I t o CIV a r e not known and have been guessed 

t o be 0.1 and 0.6 pg C / i n d , r o u g h l y i n keeping w i t h the p a t t e r n 

of growth i n the o t h e r two s p e c i e s . P a r a c a l a n u s i s i n t e r m e d i a t e 



286 

between Pseudocalanus and Calanus i n terms of the r a t i o of a d u l t 

female weight t o weight of egg, but i n maximum e x p o n e n t i a l growth 

r a t e , i t appears t o match or exceed Calanus p a c i f i c u s , h a v i n g an 

e x c e e d i n g l y s h o r t g e n e r a t i o n time of as l i t t l e as 14 days 

(Sonntag and P a r s l o w , 1 9 8 0 ) . T h i s c o r r e s p o n d s t o a maximum 

average e x p o n e n t i a l growth r a t e of 0.36 d a y " 1 . The p a t t e r n of 

growth r a t e over s t a g e s i s unknown. 

The f e c u n d i t y of P a r a c a l a n u s females i n response t o food 

s u p p l y has been w e l l s t u d i e d by C h e c k l e y ( 1 9 8 0 ) , who found maximum 

r a t e s of p r o d u c t i o n of o r d e r 50 eggs/female day, a g a i n matching 

those of C. p a c i f i c u s , a l t h o u g h the d u r a t i o n of b r e e d i n g i n 

P a r a c a l a n u s i s unknown. The d a i l y egg p r o d u c t i o n r e p r e s e n t s more 

than 0.3 of the female body weight per day as compared w i t h l e s s 

than 0.1 f o r Pseudocalanus and C a l a n u s . An e f f i c i e n c y X e q u a l t o 

1.0 f o r females or 0.5 f o r a 1:1 sex r a t i o i n a d u l t s i s r e q u i r e d 

i n the model t o reproduce t h i s h i g h f e c u n d i t y . 

C h e c k l e y found a c o n s i s t e n t h a l f - s a t u r a t i o n c o n s t a n t f o r egg 

p r o d u c t i o n of about 4 j j g N . l " 1 or about 20 t o 40 ug C . l " 1 

depending on the C:N r a t i o of the p h y t o p l a n k t o n . T h i s was 

o b t a i n e d f o r a diatom ( T h a l a s s i o s i r a ) and e x t r a p o l a t i n g i t t o the 

f l a g e l l a t e s i n CEE5 or t o s t a g e s o t h e r than a d u l t females might 

be d i f f i c u l t t o j u s t i f y . He a l s o r e p o r t e d v e r y low b a s a l 

m e t a b o l i c r a t e s , about 0.01 d a y " 1 , based on the r e l a t i o n s h i p 

between i n g e s t i o n and egg p r o d u c t i o n . H i s 95% c o n f i d e n c e 

i n t e r v a l f o r t h i s parameter was r a t h e r wide, however, a l l o w i n g 

v a l u e s up t o 0.12 d a y " 1 . In a st u d y of r e s p i r a t i o n i n 

z o o p l a n k t o n , Ikeda(1977) found oxygen consumption by P a r a c a l a n u s 

t o drop t o about 0.02 u l . h r " 1 a f t e r 3 days of s t a r v a t i o n , g i v i n g 

http://ul.hr%221
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a ' b a s a l ' m e t a b o l i c r a t e of about 0.08 d a y " 1 . However, b o t h " 

ammonia e x c r e t i o n and d r y weight l o s s s u g g ested lower v a l u e s , 

l e s s than 0.03 d a y " 1 . 

W h i l e ' n a t u r a l ' m o r t a l i t y r a t e s f o r P a r a c a l a n u s have not 

been r e p o r t e d , C h e c k l e y emphasized the l a c k of l i p i d r e s e r v e s i n 

t h i s s m a l l copepod and found t h a t females c o u l d s u r v i v e 

s t a r v a t i o n f o r an average of 5 days o n l y . Some s o r t of m o r t a l i t y 

response t o low food d e n s i t i e s might t h e r e f o r e be r e a s o n a b l y 

e x p e c t e d . 

The time- s e r i e s of o b s e r v e d d e n s i t i e s of P a r a c a l a n u s 

c o p e p o d i d s i n CEE5 a r e shown i n F i g 71. The t o t a l d e n s i t y of 

n a u p l i i i n a l l s p e c i e s i s a l s o g i v e n i n F i g 72. The t r a n s i t i o n 

w e i g h t s Wj were s e t a t 0.02,0.1,0.6 and 3.0 pg C r e s p e c t i v e l y and 

the r e p r o d u c t i v e e f f i c i e n c y f i x e d a t 0.5 as d i s c u s s e d above. A 

new f e a t u r e of the P a r a c a l a n u s d a t a i s t h a t c o n s i d e r a b l e numbers 

of a d u l t s a r e p r e s e n t l a t e r i n the e x p e r i m e n t ; t o p r e v e n t the 

p r o d u c t i o n of n a u p l i i by t h e s e a d u l t s i n numbers much g r e a t e r 

than t h o s e o b s e r v e d , i t was found n e c e s s a r y t o s e t the parameters 

c o n t r o l l i n g a d u l t f e c u n d i t y so t h a t n a u p l i i p r o d u c t i o n ceased 

a f t e r about day 30. T h i s was a c c o m p l i s h e d by s e t t i n g Cn, D and F 

f o r a d u l t s e q u a l t o 0.4 d a y " 1 , 80 pg C . l " 1 and 0.08 day" 1 

r e s p e c t i v e l y . The f i t t o the d a t a i s more or l e s s i n s e n s i t i v e t o 

the v a l u e s taken by t h e s e p a r a m e t e r s , p r o v i d e d they p r e v e n t l a t e 

n a u p l i a r p r o d u c t i o n , and they have been f i x e d r a t h e r than 

e s t i m a t e d . 

In the i n i t i a l s e r i e s of t r i a l s , the o b s e r v e d c o h o r t has 

been assumed t o be due t o an i n i t i a l p o p u l a t i o n of a d u l t s which 

produce n a u p l i i b e g i n n i n g on day 1. In t r i a l 1, a l l growth and 
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Figure 71. Observed d e n s i t i e s of Paracalanus i n CEE5. 

(Error bars as i n F i g 67.) 
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Figure 72. Observed densities of total nauplii i n CEE5. 

(Error bars as in Fig 67.) 
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m o r t a l i t y parameters were assumed to be constant over NI-CV. As 

i n the case of Pseudocalanus, the r a t e of convergence was very 

slow and improved g r e a t l y when the b a s a l metabolic r a t e , F, was 

f r o z e n . The r e s u l t i n g best parameter estimates are given i n 

Table XI. The SSQ i s high and the reason can be seen in F i g 73a; 

the d i p i n C I - I I I on day 16 cannot be reproduced by the model 

which smooths out the r i s e i n C I - I I I and c u t s o f f the peak. The 

e a r l y i n c r e a s e s i n CIV-VI are ignored e n t i r e l y by the model. 

The o b s e r v a t i o n s on day 16 were questioned d u r i n g the 

a n a l y s i s of the C. p a c i f i c u s d ata. I t i s not s u r p r i s i n g that the 

SSQ i s reduced when these are ignored ( t r i a l 2, Table X I ) , but 

the f i t to remaining o b s e r v a t i o n s i s a l s o much improved ( F i g 

73b), although the e a r l y CIV-VI o b s e r v a t i o n s are s t i l l ignored. 

While the p r e d i c t e d decrease i n CIV-V d e n s i t i e s . a f t e r day 54 does 

not agree with o b s e r v a t i o n s , the l a t t e r i n d i c a t e an i n c r e a s e i n . 

combined numbers of CIV-V and CVI a f t e r t h i s day when the d e n s i t y 

in C I - I I I has dropped to near-zero; the model, which has to 

'conserve' copepods, cannot reproduce t h i s . 

Another d i s c r e p a n c y i n t r i a l 2 i s the p r e d i c t e d 

disappearance of n a u p l i i a f t e r day 33, although t o t a l n a u p l i i 

numbers are observed to remain h i g h . As an excess of C I - I I I ' s i s 

a l s o p r e d i c t e d from day 33 on, i t seems l i k e l y that n a u p l i i are 

c o n t i n u i n g to grow and reach C I - I I I i n the model at food 

c o n c e n t r a t i o n s which prevent t h i s i n the e n c l o s u r e . On 

i n c r e a s i n g F f o r n a u p l i i to 0.12 day" 1 and a l l o w i n g Cn f o r 

n a u p l i i to vary independently of Cn f o r copepodids, a 

c o n s i d e r a b l e r e d u c t i o n i n minimum SSQ was achieved ( t r i a l 3, 

Table XI) with a much b e t t e r f i t to C I - I I I i n p a r t i c u l a r ( F i g 



Table XI. 

Final parameter estimates and corresponding SSQ errors for Paracalanus. 

( Subscripts 1...4, "", '*';and ' + ' as i n Table X.) 

Parameters Trials 

1 2 + 3 4 

Cn 1 .22 .24 .36 .52 

Cn 2 " " .34 .47 

Cn 3 " " " .36 
& & <fe <fc 

Cn. .40 .40 .40 .40 
4 

D 1 20. 23. 61. 41. 

D 2 " " " 41. 

D 3 '* " " 50. 

D, 80.* 80.* 80.* 80.* * * * * 
F x .03 .03 .12 .14 

F 0 " " .03* .03* 

•TH II II II II 

3 
F, .08* .08* .08* .08* 
4 

9 X .039 .051 .037 .020 

0 2
 11 " " .070 

_ II II II it 
3 

e " " .020 
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7 3 c ) . The r e s u l t i n g s e t of parameter e s t i m a t e s i s c h a r a c t e r i z e d 

by much h i g h e r maximum growth r a t e s and h a l f - s a t u r a t i o n c o n s t a n t s 

f o r CI-V. The e s t i m a t e d maximum growth r a t e f o r n a u p l i i i s s t i l l 

low, however. As i n the case of Pseudocalanus and C a l a n u s , the 

minimum SSQ i s more or l e s s ' independent of the v a l u e of F chosen 

f o r CI-V a l t h o u g h h i g h v a l u e s of F f o r NI-VI and CVI are 

n e c e s s a r y here t o e x p l a i n the o b s e r v e d n a u p l i a r d e n s i t i e s . 

A s e t .of parameters which would a l l o w the model t o p r e d i c t 

the e a r l y i n c r e a s e s i n CIV-V and CVI and s t i l l f i t the l a t e r 

o b s e r v a t i o n s , on the b a s i s of a s i n g l e c o h o r t s t a r t i n g on day 1, 

c o u l d not be found. However, the d a t a s e t f o r P a r a c a l a n u s 

d i f f e r s from t h a t f o r Pseudocalanus i n t h a t the e a r l y 

o b s e r v a t i o n s a r e c o n s i s t e n t : an i n c r e a s e i n C I - I I I on day 11 i s 

f o l l o w e d by an i n c r e a s e i n CIV-V on day. 16 and an i n c r e a s e i n CVI 

on day 19. T h i s c o u l d be a case where the model's i n a b i l i t y t o 

a l l o w v a r i a t i o n i n growth r a t e w i t h i n a day c l a s s i s a t f a u l t . 

A l t e r n a t i v e l y , e s p e c i a l l y i f we a r e p r e p a r e d t o a c c e p t the low 

C I - I I I d e n s i t y on day 16 as g e n u i n e , i t a l s o seems p l a u s i b l e t h a t 

the d a t a r e p r e s e n t 2 c o h o r t s , one due t o a d u l t s which reproduce 

f o r a s h o r t p e r i o d s t a r t i n g on day 1 and the o t h e r due t o 

c o pepodids on day 1 which mature and reproduce i n time t o g i v e 

r i s e t o the l a r g e C I - I I I peak obse r v e d on day 19. T h i s i s 

s u p p o r t e d by the f a c t t h a t the i n i t i a l number of a d u l t s o b s e r v e d 

i s low (0.1 i nd/1) and i n c r e a s e s t o 0.8 i n d / 1 by day 11. 

The model was t h e r e f o r e changed t o a l l o w two i n i t i a l day 

c l a s s e s , one c o n s i s t i n g of a d u l t s which produce eggs f o r 5 days 

and the o t h e r c o n s i s t i n g of j u v e n i l e s . The number of i n d i v i d u a l s 

i n b o th i n i t i a l day c l a s s e s and the weight of i n d i v i d u a l s i n the 
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j u v e n i l e day c l a s s were e s t i m a t e d a l o n g w i t h growth and m o r t a l i t y 

p a r a m e t e r s . The parameters c o n t r o l l i n g r e p r o d u c t i o n were the 

same as t h o s e used above. Convergence f o r t h i s case was r a t h e r 

p o o r , however; the parameter s e t g i v i n g the l o w e s t SSQ found i s 

g i v e n i n T a b l e XI ( t r i a l 4) and the p r e d i c t e d and observed time 

s e r i e s compared i n F i g 70d. The SSQ o b t a i n e d i s not p a r t i c u l a r l y 

low and the second i n c r e a s e i n C I - I I I i s not as s t e e p as 

o b s e r v e d . Because of c o n t i n u e d n a u p l i a r growth, the decrease i n 

C I - I I I i s a l s o too slow and p r e d i c t e d n a u p l i a r d e n s i t i e s a r e too 

low by day 50. The problem here i s t h a t the o b s e r v e d d e c r e a s e i n 

p h y t o p l a n k t o n carbon a f t e r day 19 ( F i g 64) i s not g r e a t enough t o 

p e r m i t a s e t of growth parameters which w i l l a l l o w the r a p i d 

n a u p l i a r growth n e c e s s a r y t o reproduce the l a r g e i n c r e a s e i n C I -

I I I between day 16 and 19, w h i l e p r e v e n t i n g n a u p l i a r growth i n t o 

C I - I I I a f t e r day 30. 

The parameter e s t i m a t e s o b t a i n e d here i n v o l v e c o n s i d e r a b l e 

v a r i a t i o n a c r o s s s t a g e s ; t h i s i s p a r t l y j u s t i f i e d by the f a c t 

t h a t a l l s t a g e s a r e now p r e s e n t over a range of food d e n s i t i e s 

due t o the two c o h o r t a s s u m p t i o n . The maximum growth r a t e s 

(0.38,0.44,0.33) are h i g h e r than those found f o r a s i n g l e c o h o r t 

and i n g e n e r a l agreement w i t h the average r a t e c a l c u l a t e d from 

the g e n e r a t i o n t i m e . The v a l u e s of D are r a t h e r s i m i l a r f o r N l -

CV and a t the upper end of the range suggested f o r a d u l t females 

f e e d i n g on diatoms by C h e c k l e y . High m o r t a l i t y r a t e s i n CI-VI 

a r e r e q u i r e d t o e x p l a i n the low s u r v i v a l from C I - I I I t o CIV-V t o 

CVI. There i s no e v i d e n c e t h a t the m o r t a l i t y r a t e f o r n a u p l i i i s 

as low as 0.02 day" 1 except t h a t the e s t i m a t e d s i z e s of the 

i n i t i a l day c l a s s e s a r e a l r e a d y r a t h e r h i g h compared t o 
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o b s e r v a t i o n s and would need to be even higher i f n a u p l i a r 

m o r t a l i t y r a t e s were i n c r e a s e d . 

5.4 S t a b i l i t y of the Phytoplankton-zooplankton I n t e r a c t i o n . 

In the preceding s e c t i o n , the phytoplankton dynamics were 

ignored, zooplankton parameters being estimated on the b a s i s of 

observed phytoplankton c o n c e n t r a t i o n s . However, as noted by 

Sonntag and Parsons(1979), the phytoplankton-zooplankton 

i n t e r a c t i o n i n the encl o s u r e i s a l s o worthy of study.- As a f i r s t 

step, we might ask what impact the zooplankton had on 

phytoplankton c o n c e n t r a t i o n s a c c o r d i n g to the estimated f e e d i n g 

parameters. The zooplankton model was t h e r e f o r e a l t e r e d to allow 

a l l three zooplankton s p e c i e s to feed simultaneously on the 

observed phytoplankton and the t o t a l phytoplankton carbon 

ingested d a i l y was c a l c u l a t e d . T h i s r e q u i r e d the e v a l u a t i o n of 

an e f f i c i e n c y Ef which i n c o r p o r a t e d both the a s s i m i l a t i o n 

e f f i c i e n c y and any component of metabolic r a t e p r o p o r t i o n a l to 

i n g e s t i o n . A s s i m i l a t i o n e f f i c i e n c y was taken as 0.7, f o l l o w i n g 

Steele(1974) . In a l a t e r v e r s i o n of S t e e l e ' s model, Landry used 

a combination of basal and in g e s t ion-dependent metabolic r a t e . 

Combining h i s value f o r the l a t t e r with the a s s i m i l a t i o n 

e f f i c i e n c y of 0.7 y i e l d e d a value of Ef equal to 0.5. 

For the p e r i o d from day 30 on, when phytoplankton d e n s i t i e s 

are low and r e l a t i v e l y c o n s t a n t , the average c a l c u l a t e d 

zooplankton i n g e s t i o n i s 24.9 pg C . l " 1 . d a y " 1 compared with the 

c a l c u l a t e d average d a i l y p r o d u c t i o n of 25.7 pg C . l " 1 . T h i s c l o s e 

agreement i s probably f o r t u i t o u s , given the crude assumptions 

made to convert 1 4 C o b s e r v a t i o n s to d a i l y p r o d u c t i o n and to 
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convert zooplankton growth to i n g e s t i o n , but i t does suggest that 

the g r a z i n g parameter estimates are at l e a s t i n the r i g h t b a l l 

park. 

The q u e s t i o n of the s t a b i l i t y of the phytoplankton-

zooplankton i n t e r a c t i o n remains. Simple predator-prey models 

(May,1974) i n d i c a t e that an i n t e r a c t i o n between a prey which i s 

growing e x p o n e n t i a l l y i n the absence of resource l i m i t a t i o n and a 

predator which i s feeding a c c o r d i n g to a h y p e r b o l i c (Type 2, 

Holling,1965) f u n c t i o n a l response w i l l l ead to unstable 

o s c i l l a t i o n s i n the two p o p u l a t i o n s . Given the high turnover 

r a t e of phytoplankton i n CEE5, we would expect the system to 

break down very q u i c k l y . 

As shown i n Chapter 1, simple models a l s o i n d i c a t e that a 

s t a b l e e q u i l i b r i u m i s p o s s i b l e i f the predator possesses a 

t h r e s h o l d or type-3 f u n c t i o n a l response ( H o l l i n g , 1 9 6 5 ) . Sonntag 

and Parsons(1979) have suggested that a response of t h i s type on 

the part of the zooplankton, or some s o r t of s p a t i a l refuge f o r 

the phytoplankton, c o u l d be r e s p o n s i b l e f o r the p e r s i s t e n c e at 

r e l a t i v e l y constant l e v e l s of the phytoplankton i n CEE5. A 

c l o s e r examination of the CEPEX data suggests an a l t e r n a t i v e 

e x p l a n a t i o n . While the average n i t r a t e c o n c e n t r a t i o n i n the 

e n c l o s u r e remains high, the n i t r a t e p r o f i l e s show very low l e v e l s 

in the top 8m from day 30 on. There i s a steep n u t r i c l i n e 

between 8 and 16m with g r e a t e r than 16 ug at NO'.l" 1 below t h i s 

depth. The 1*C data i n d i c a t e t hat most of the primary p r o d u c t i o n 

i s o c c u r r i n g i n the top 8m and p r o d u c t i o n below t h i s depth 

appears to be l i g h t l i m i t e d . I t seems p o s s i b l e that the 

behaviour observed i n the e n c l o s u r e c o u l d be analogous to that 
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d e s c r i b e d i n chapter 2 f o r S t e e l e ' s model f o l l o w i n g n u t r i e n t 

d e p l e t i o n , with the n u t r i e n t f l u x i n t o the upper l a y e r l i m i t i n g 

phytoplankton growth and thereby s t a b i l i z i n g the phytoplankton-

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

The c a l c u l a t e d d a i l y r e s p i r a t i o n by zooplankton i n the 

combined run d i s c u s s e d above was 12.5 jug C . l " 1 . Assuming that 

0.4 of t h i s i s r e c y c l e d as n u t r i e n t (Steele,1974), a net n u t r i e n t 

i n f l u x of approximately 20 pq C ( e q u i v a l e n t ) . 1 " 1 . d a y " 1 i n t o the 

top 8m i s r e q u i r e d to meet the demands of phytoplankton growth. 

The n u t r i e n t g r a d i e n t from 8 to 16m i s approximately 2 mg at.m" 4 

or 200 mg C(eq).m" 4 (assuming a C:N r a t i o of 7:1). A d i f f u s i o n 

r a t e of 1 m 2.day" 1 would maintain a f l u x of 200 mg 

C(eq).m" 2.day" 1 i n t o the upper l a y e r , p r o v i d i n g 25 mg C(eq).m" 3 

( i e 25 jug C(eq.).l" 1) over the 8m depth per day. S t e e l e and 

Farmer(1977) report mixing r a t e s f o r the e n c l o s u r e s of 0.05 to 

0.26 cm 2.sec" 1 or approximately 0.4 to 2.2 m 2.day" 1, so that the 

observed n u t r i e n t g r a d i e n t and d i f f u s i o n r a t e s are c e r t a i n l y 

compatible with the c a l c u l a t e d demand. 

To t e s t the s t a b i l i t y of the proposed n u t r i e n t - p h y t o p l a n k t o n 

zooplankton i n t e r a c t i o n , n u t r i e n t and phytoplankton components 

were added to the zooplankton model, f o l l o w i n g the f o r m u l a t i o n of 

St e e l e ( 1 9 7 4 ) . The n u t r i e n t and phytoplankton equations a r e : 

R = -A.R.P/(B+R) + V.(RO-R) + U.res(P) 

P = A.R.P/(B+R) - ing(P) 

where res(P) and ing(P) represent t o t a l zooplankton r e s p i r a t i o n 

and i n g e s t i o n r a t e s as c a l c u l a t e d by the combined zooplankton 
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model using the'estimated f e e d i n g parameters and the p r e d i c t e d 

phytoplankton c o n c e n t r a t i o n P. In f a c t , no attempt has been made 

to model the si-nking out of the diatom bloom or the change i n 

sp e c i e s composition from diatoms to s i l i c o f l a g e l l a t e s to 

f l a g e l l a t e s . T h i s was avoided by d r i v i n g the zooplankton model 

with observed phytoplankton d e n s i t i e s up to day 30. The 

phytoplankton and n u t r i e n t dynamics were then switched on with 

the observed value of P (17.87 jug C . l " 1 ) and a low value of R (20 

pg C ( e q ) . ! " 1 ) as i n i t i a l c o n d i t i o n s . 

The parameters used i n the p h y t o p l a n k t o n - n u t r i e n t equations 

were l a r g e l y determined by the o b s e r v a t i o n s d i s c u s s e d above. As 

i n - s i t u phytoplankton growth r a t e s have been c a l c u l a t e d to be 

about 1.4 day" 1, supposedly under c o n d i t i o n s of n u t r i e n t 

l i m i t a t i o n , the maximum growth r a t e was chosen to be h i g h e r . A 

value of A equal to 2 day" 1, or about 3 d i v . d a y " 1 was taken as a 

reasonable maximum at t h i s temperature. The h a l f - s a t u r a t i o n 

constant f o r growth has been taken as 5 pg C ( e q ) . ! " 1 or 0.05 pg 

a t . N O g . l " 1 ; t h i s i s r a t h e r low although lower v a l u e s have been 

re p o r t e d (Goldman and McCarthy,1978). I t i s needed to e x p l a i n 

growth r a t e s up to 0.75.A at the low n u t r i e n t c o n c e n t r a t i o n s 

observed i n the top 8m. The value s of V and RO were chosen so as 

to p r ovide a n u t r i e n t f l u x of 20 pg C(eq ) . 1 " 1 . d a y " 1 i n t o the top 

8m and U was taken as 0.4 f o l l o w i n g Steele(1974) . 

It can be seen from F i g 74 that the system behaves i n a 

s t a b l e manner a f t e r day 30 as expected on the b a s i s of the 

q u a l i t a t i v e a n a l y s i s of Chapter 2. The o s c i l l a t i o n r e s u l t i n g 

from the i n i t i a l phytoplankton and n u t r i e n t c o n c e n t r a t i o n s damps 

out and approximately 20 pg phytoplankton c a r b o n . I " 1 are 
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maintained f o r the remaining 40 days. The zooplankton i n g e s t i o n 

r a t e a l s o s t a y s r e l a t i v e l y constant at about 25 ug C.1" 1.day" 1. 

In view of t h i s , i t i s not s u r p r i s i n g that the p r e d i c t e d 

zooplankton time s e r i e s based on p r e d i c t e d and on observed 

phytoplankton carbon were very s i m i l a r . 

5.5 C o n c l u s i o n s . 

The parameter e s t i m a t i o n technique presented here appears to 

h o l d c o n s i d e r a b l e promise as a t o o l f o r the i n v e s t i g a t i o n of 

zooplankton growth dynamics. I t i s hoped that a d i s c u s s i o n of 

i t s performance on t h i s data s e t , p a r t i c u l a r l y i n terms of the 

r e l i a b i l i t y of parameter estimates and i t s dependence on the 

data, w i l l serve as a guide to the types of experiments and data 

of most value i n the e s t i m a t i o n of such parameters. 

An obvious f a c t o r a f f e c t i n g the r e l i a b i l i t y of estimates i s 

o b s e r v a t i o n e r r o r . As noted above, the c o n f i d e n c e l i m i t s p l a c e d 

on o b s e r v a t i o n s i n F i g 67,69,71 and 72 are based on the 

s t a t i s t i c s of sample s p l i t t i n g ; t h a t i s , on the a c t u a l number of 

i n d i v i d u a l s counted. I t i s r a t h e r i n t e r e s t i n g that the s t r a t e g y 

employed in c o u n t i n g these samples, a commonly p r a c t i s e d one of 

counting approximately the same t o t a l number of i n d i v i d u a l s from 

each sample, r e s u l t s i n an i r r e g u l a r d i s t r i b u t i o n of o b s e r v a t i o n 

e r r o r s over time. T h i s i s because the number of i n d i v i d u a l s 

counted f o r any p a r t i c u l a r group of stages and s p e c i e s depends 

not only on i t s a b s o l u t e abundance but a l s o on i t s abundance 

r e l a t i v e to other stages or s p e c i e s . 

These co n f i d e n c e l i m i t s do not take i n t o account the degree 

to which the pumped samples are r e p r e s e n t a t i v e of the enclosure 
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and, i n t h i s r e g a r d , t h e anomalous f e a t u r e s o f t h e P s e u d o c a l a n u s 

and C a l a n u s t i m e s e r i e s a r e p a r t i c u l a r l y t r o u b l i n g . T h e s e t i m e 

s e r i e s c o u l d not be e x p l a i n e d e x c e p t by i g n o r i n g o r a s s u m i n g v e r y 

l a r g e e r r o r s i n one o r s e v e r a l o b s e r v a t i o n s . T h i s i s an ad hoc 

p r o c e d u r e and i n t r o d u c e d an u n s a t i s f a c t o r y d e g r e e of a m b i g u i t y 

i n t o t h e d a t a a n a l y s i s . 

Where t h e d i s t r i b u t i o n of o b s e r v a t i o n e r r o r s i s known, t h e 

l o c a l J a c o b i a n e v a l u a t e d i n t h e M a r q u a r d t a l g o r i t h m can be u s e d 

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

( B e n s o n , 1 9 7 8 ) . W h i l e t h e i r r e g u l a r d i s t r i b u t i o n of o b s e r v a t i o n 

e r r o s d i s c u s s e d above c o u l d be a l l o w e d f o r by m i n i m i s i n g a 

w e i g h t e d sum of s q u a r e s of e r r o r s , t h e u n c e r t a i n t i e s i n t r o d u c e d 

by anomalous f e a t u r e s ' i n t h e d a t a make any s u c h a p p r o a c h 

q u e s t i o n a b l e and I have been c o n t e n t h e r e t o g i v e some i n d i c a t i o n 

o f t h e s e n s i t i v i t y of t h e SSQ t o v a r i a t i o n s i n c e r t a i n 

p a r a m e t e r s . Where s a m p l i n g e r r o r s a r e b e t t e r u n d e r s t o o d , p e r h a p s 

i n s m a l l e r - s c a l e l a b o r a t o r y e x p e r i m e n t s , a more r i g o r o u s 

s t a t i s t i c a l a p p r o a c h t o p a r a m e t e r u n c e r t a i n t y may be j u s t i f i e d . 

Even i f o b s e r v a t i o n e r r o r s were m i n i m i z e d , c e r t a i n a m b i g u i t i e s i n 

p a r a m e t e r v a l u e s would r e m a i n . The d a t a , a f t e r a l l , r e p r e s e n t 

o n l y a s i n g l e t i m e s e r i e s of o b s e r v a t i o n s of p h y t o p l a n k t o n and 

z o o p l a n k t o n numbers. Some o b v i o u s s o u r c e s o f a m b i g u i t y a r e 

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

e x p e r i m e n t a l d e s i g n s o r t y p e s o f d a t a t o be c o l l e c t e d . 

In a l l c a s e s , e x c e p t f o r P a r a c a l a n u s n a u p l i i and a d u l t s , i t 

was n o t p o s s i b l e t o e s t a b l i s h any p r e f e r e n c e between z e r o and 

r a t h e r h i g h b a s a l m e t a b o l i c r a t e s . T h i s m i g h t be a c c o m p l i s h e d a t 

even l o w e r f o o d d e n s i t i e s but i t seems l i k e l y t h a t d i r e c t 
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i n f o r m a t i o n on t h e w e i g h t s of i n d i v i d u a l s as w e l l as l i f e - h i s t o r y 

s t a g e d e n s i t i e s may be n e c e s s a r y . 

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

depends o f c o u r s e on a v a r i a t i o n i n f o o d d e n s i t y o v e r t i m e . T h i s 

v a r i a t i o n c o i n c i d e d h e r e w i t h t h e p r o g r e s s i o n of t h e c o h o r t s 

t h r o u g h l i f e h i s t o r y s t a g e s , so t h a t i t was n e c e s s a r y t o assume 

some f i x e d p a t t e r n of v a r i a t i o n of g r o w t h p a r a m e t e r s w i t h w e i g h t 

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

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

range o f f o o d d e n s i t i e s w h i c h would r e q u i r e s e v e r a l g e n e r a t i o n s . 

T h e r e was some t e n d e n c y h e r e f o r c o n f u s i o n between t h e s i z e 

of i n i t i a l r e c r u i t m e n t and m o r t a l i t y r a t e s , as has been f o u n d f o r 

s i m p l e r m o d e ls ( P a r s l o w e t a l , 1 9 7 9 ) . T h i s c o n f u s i o n would have 

been r e d u c e d i f n a u p l i i had been i d e n t i f i e d t o s p e c i e s and egg 

p r o d u c t i o n had been e s t i m a t e d . 

The e f f e c t of f o o d p a r t i c l e s i z e and q u a l i t y on z o o p l a n k t o n 

i n g e s t i o n r a t e s has not been p a i d t h e r e s p e c t i t d e s e r v e s h e r e 

( M u l l i n and B r o o k s , 1 9 7 0 ; P a f f e n h o f f e r , 1 9 7 0 ; F r o s t , 1 9 7 2 ; 

P o u l e t , 1 9 7 3 ) . In g e n e r a l , e s t i m a t i n g a s i n g l e h a l f - s a t u r a t i o n 

c o n s t a n t f o r i n g e s t i o n when p h y t o p l a n k t o n c o m p o s i t i o n i s v a r y i n g 

i s l i k e l y t o be m i s l e a d i n g . In CEE5, t h e change i n s p e c i e s 

c o m p o s i t i o n f r o m d i a t o m s t o s i l i c o - f l a g e l l a t e s t o f l a g e l l a t e s 

c o i n c i d e d w i t h t h e change f r o m h i g h c a r b o n c o n c e n t r a t i o n s t o low, 

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

t y p e s c o u l d n o t have been e s t i m a t e d . The h a l f - s a t u r a t i o n 

c o n s t a n t s o b t a i n e d were d e t e r m i n e d p r i m a r i l y by b e h a v i o u r a t low 

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

f l a g e l l a t e s . 
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Both i n terms of reducing o b s e r v a t i o n e r r o r s and i n terms of 

m a n i p u l a t i n g food" d e n s i t y and composition, s m a l l e r - s c a l e 

l a b o r a t o r y experiments may be of more immediate use i n e s t i m a t i n g 

zooplankton parameters. Perhaps the most e x c i t i n g prospect 

i n v o l v e s the maintenance of continuous c u l t u r e s of phytoplankton 

and zooplankton (Droop and Scott,1979) and the i n v e s t i g a t i o n of 

both e q u i l i b r i u m and t r a n s i e n t behaviour as has been done f o r 

phytoplankton and n u t r i e n t s (eg Caperon and Meyer,1972). In an 

approach of t h i s type, the e s t i m a t i o n technique c o u l d be used f o r 

experimental design as w e l l as data a n a l y s i s . By studying the 

technique's a b i l i t y to estimate parameters from p r e d i c t e d 

timestreams, those manipulations of the experimental system 

a l l o w i n g g r e a t e s t d i s c r i m i n a t i o n between parameters c o u l d be 

chosen. Features n e g l e c t e d i n the model used here, such as the 

v a r i a t i o n of growth r a t e a c r o s s i n d i v i d u a l s i n the same day c l a s s 

( P a f f e n h o f f e r , 1 9 7 0 ) , the v a r i a t i o n of weights at p a r t i c u l a r l i f e 

h i s t o r y stages with n u t r i t i o n a l s t a t u s ( M u l l i n and Brooks,1970; 

P a f f e n h o f f e r and Harris,1976) and changes i n sex r a t i o with food 

q u a l i t y and q u a n t i t y ( P a f f e n h o f f e r , 1 9 7 0 ) , might a l s o be u s e f u l l y 

i n c l u d e d and parameterised i n an i n t e r a c t i v e study of t h i s type. 

U l t i m a t e l y , however, the c o n c l u s i o n s drawn from l a b o r a t o r y 

s t u d i e s have to be t e s t e d i n the f i e l d . The t r a d i t i o n a l approach 

has been to c o n s t r u c t a s i m u l a t i o n model, i n s e r t parameter val u e s 

obtained i n the l a b o r a t o r y and see i f the f i e l d o b s e r v a t i o n s are 

reproduced. If the o b s e r v a t i o n s and p r e d i c t i o n s are judged to 

agree, i t may be concluded that the l a b o r a t o r y values apply i n 

the f i e l d , although one has no i n d i c a t i o n as to how good a t e s t 

the f i e l d data r e p r e s e n t . (Perhaps the p r e d i c t i o n s are 
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c o m p l e t e l y i n s e n s i t i v e t o c h a n g e s i n c e r t a i n p a r a m e t e r s o r 

c o m b i n a t i o n s o f p a r a m e t e r s ) . I f t h e o b s e r v a t i o n s and p r e d i c t i o n s 

d i s a g r e e and i t i s s u s p e c t e d t h a t c h a n g e s i n p a r a m e t e r v a l u e s may 

be r e s p o n s i b l e , t h i s a p p r o a c h l e a v e s no a l t e r n a t i v e t o ' t u n i n g ' 

t h e s i m u l a t i o n model by a l t e r i n g p a r a m e t e r s u n t i l a greement i s 

o b t a i n e d . A g a i n t h e r e i s no i n d i c a t i o n a s t o whether o t h e r 

p a r a m e t e r s e t s m ight do as w e l l . The n o n - l i n e a r e s t i m a t i o n 

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

where o b s e r v a t i o n e r r o r s a r e w e l l u n d e r s t o o d , c o n f i d e n c e l i m i t s 

may be p l a c e d on p a r a m e t e r e s t i m a t e s and l a b o r a t o r y and f i e l d 

e s t i m a t e s compared s t a t i s t i c a l l y . At w o r s t , t h e t e c h n i q u e of 

f r e e z i n g c e r t a i n p a r a m e t e r s and e s t i m a t i n g o t h e r s c a n be u s e d , as 

i t has been h e r e , t o i n d i c a t e whether d i s c r i m i n a t i o n between 

p a r a m e t e r v a l u e s on t h e b a s i s o f t h e d a t a i s p o s s i b l e . 

The p e r s i s t e n c e of p h y t o p l a n k t o n i n CEE5 a t low, c o n s t a n t 

l e v e l s has been e x p l a i n e d h e r e as a r e s u l t o f n u t r i e n t 

l i m i t a t i o n , w i t h o u t any need f o r g r a z i n g t h r e s h o l d s o r s p a t i a l 

r e f u g i a . A g a i n t h i s does not p r o v e t h a t g r a z i n g t h r e s h o l d s do 

not e x i s t ; j u s t t h a t t h e y a r e n o t n e c e s s a r y t o e x p l a i n t h i s d a t a 

s e t . A c o m p a r i s o n of t h e s t a b i l i t y p r o p e r t i e s o f t h e z o o p l a n k t o n 

model and t h e n u t r i e n t - p h y t o p l a n k t o n - z o o p l a n k t o n model d o e s r a i s e 

some i n t e r e s t i n g q u e s t i o n s c o n c e r n i n g p a r a m e t e r e s t i m a t i o n . 

H e r e , I c h o s e t o e s t i m a t e z o o p l a n k t o n p a r a m e t e r s by d r i v i n g t h e 

z o o p l a n k t o n model w i t h t h e o b s e r v e d p h y t o p l a n k t o n c o n c e n t r a t i o n s . 

I t c o u l d be a r g u e d t h a t I s h o u l d have f i t t e d a n u t r i e n t -

p h y t o p l a n k t o n - z o o p l a n k t o n model t o t h e f u l l d a t a s e t , e s p e c i a l l y 

i n view o f t h e u n c e r t a i n t i e s c o n c e r n i n g t h e t r u e l e v e l o f 

p h y t o p l a n k t o n c a r b o n d i s c u s s e d e a r l i e r . 
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A p a r t from the n u m e r i c a l p r a c t i c a l i t y of such a scheme, 

which would r e q u i r e the s i m u l t a n e o u s e s t i m a t i o n of parameters f o r 

a l l s p e c i e s of z o o p l a n k t o n , i t s r e s u l t s c o u l d be d i f f e r e n t i n the 

f o l l o w i n g q u a l i t a t i v e sense. When the z o o p l a n k t o n model i s 

d r i v e n by the observ e d p h y t o p l a n k t o n d e n s i t y , p r e d i c t e d w e i g h t s 

depend e x p o n e n t i a l l y on g r a z i n g p a r a m e t e r s . At low food 

c o n c e n t r a t i o n s , i n c r e a s i n g Cn or d e c r e a s i n g D w i l l l e a d t o a 

c o r r e s p o n d i n g i n c r e a s e i n e x p o n e n t i a l growth r a t e , and a l a r g e 

i n c r e a s e i n i n d i v i d u a l weight a f t e r s u f f i c i e n t time has e l a p s e d . 

In the combined n u t r i e n t - p h y t o p l a n k t o n - z o o p l a n k t o n model, 

p r o v i d e d the e q u i l i b r i u m a t low n u t r i e n t c o n c e n t r a t i o n i s 

m a i n t a i n e d , p h y t o p l a n k t o n p r o d u c t i o n and t o t a l z o o p l a n k t o n 

i n g e s t i o n a r e f i x e d by the n u t r i e n t f l u x . Changes i n D a c r o s s 

s p e c i e s w i l l not change p r e d i c t e d i n g e s t i o n or growth r a t e s but 

w i l l change the e q u i l i b r i u m v a l u e of p h y t o p l a n k t o n c a r b o n . W i t h 

n u t r i e n t f l u x f i x e d , the most d i r e c t way t o a f f e c t growth r a t e s 

would be th r o u g h the growth g r o s s e f f i c i e n c y ; t h a t i s , t h r o u g h 

m e t a b o l i c r a t e s . A v e r y d i f f e r e n t p a t t e r n of parameter 

d i s c r i m i n a t i o n might be e x p e c t e d . 

There i s an o t h e r i n t e r e s t i n g a s p e c t t o the b e h a v i o u r of the 

n u t r i e n t based model. An e q u i l i b r i u m w i t h p h y t o p l a n k t o n growth 

l i m i t e d by n u t r i e n t l e v e l s i s o n l y p o s s i b l e p r o v i d e d the maximum 

p h y t o p l a n k t o n growth r a t e , A, exceeds the z o o p l a n k t o n c l e a r a n c e 

r a t e . The v a l u e of A used h e r e , 2 d a y " 1 , i s p r o b a b l y c l o s e t o 

the maximum p o s s i b l e f o r p h y t o p l a n k t o n a t t h i s temperature 

( E p p l e y , 1 9 7 2 ) . The c a l c u l a t e d z o o p l a n k t o n c l e a r a n c e r a t e s , b oth 

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

r e l a t i v e l y c o n s t a n t a t about 1.4 d a y " 1 from day 30 on, i n s p i t e 
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of the f a c t that Paracalanus i n d i v i d u a l s , f o r example, undergo a 

5 to 10 f o l d i n c r e a s e i n weight and i n g e s t i o n r a t e over the same 

p e r i o d . I t i s only the high m o r t a l i t y r a t e s estimated f o r 

Paracalanus and Calanus copepodids which keep the t o t a l 

zooplankton c l e a r a n c e r a t e low enough to allow the e q u i l i b r i u m to 

p e r s i s t . 

The source of these high m o r t a l i t y r a t e s i s not known. I f 

c a r n i v o r e s are not important (Sonntag and Parsons,1979), the 

p o s s i b i l i t y that they were caused by low food d e n s i t i e s seems 

p l a u s i b l e , e s p e c i a l l y i n view of P a f f e n h o f f e r ' s (1970) and 

Checkley's(1980) r e s u l t s . The f a c t that low m o r t a l i t y r a t e s were 

estimated f o r Pseudocalanus may seem i n c o n s i s t e n t , but i s i n f a c t 

encouraging, s i n c e P a f f e n h o f f e r and H a r r i s (1976) found no marked 

i n c r e a s e i n m o r t a l i t y r a t e s i n Pseudocalanus elongatus at low 

food d e n s i t i e s i n c u l t u r e . I t was s p e c u l a t e d i n Chapter 2 that 

o v e r - d e p l e t i o n of phytoplankton d u r i n g a t r a n s i e n t approach to a 

s t a b l e , n u t r i e n t - l i m i t e d e q u i l i b r i u m might be prevented by a 

zooplankton m o r t a l i t y response to low food d e n s i t i e s . Although 

no e x p l i c i t dependence of m o r t a l i t y r a t e on n u t r i t i o n a l s t a t u s 

was assumed in the models used here, the e s t i m a t i o n r e s u l t s and 

the behaviour of the n u t r i e n t based model suggest that the 

ecosystem in the CEE5 e n c l o s u r e may w e l l have c o n s t i t u t e d an 

example of t h i s phenomenon. 
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C hapter 6 

DIFFUSION, SINKING AND GROWTH OF PHYTOPLANKTON. 

6.1 I n t r o d u c t i o n . 

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

c o n t i n u e t o y i e l d more d e t a i l e d knowledge of the dependence of 

growth r a t e on c o n d i t i o n s of n u t r i e n t s , l i g h t and c e l l h i s t o r y 

(Droop,1974; Goldman and McCarthy,1978). However, i n c o n s i d e r i n g 

n a t u r a l p h y t o p l a n k t o n p o p u l a t i o n s i n the oceans, one must 

r e c o g n i s e t h a t the p o p u l a t i o n i s d i s t r i b u t e d i n space and t h a t 

p h y s i c a l growth p r o c e s s e s such as t u r b u l e n t m i x i n g and s i n k i n g 

may be as i m p o r t a n t as i n - s i t u growth r a t e s . To model th e s e 

p h y s i c a l p r o c e s s e s p r e c i s e l y i s no s i m p l e m a t t e r ; the study of 

t u r b u l e n t m i x i n g a l o n e i s a c h a l l e n g i n g t a s k , by no means 

complete. Moreover, r e c e n t s t u d i e s (Marra,1978a,b) p o i n t t o even 

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

on the l i g h t - d e p e n d e n c e of growth r a t e s . 

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

m o d e l l i n g p h y t o p l a n k t o n p o p u l a t i o n s have e n j o y e d c o n s i d e r a b l e 

s u c c e s s . An example i s S v e r d r u p ' s c r i t i c a l d e p th model 

( S v e r d r u p , 1 9 5 3 ) , i n which p h y t o p l a n k t o n are assumed t o be 

u n i f o r m l y mixed throughout a mixed l a y e r of d e p t h z M . Under the 

f u r t h e r assumptions t h a t r e s p i r a t i o n i s independent of d e pth and 

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

the c r i t e r i o n f o r net growth z M < z C R , where 

z C R / ( l - e x p ( - k . z C R )) = I e / ( k . I c ) . 



311 

Here I e i s the average p h o t o s y n t h e t i c a l l y a c t i v e r a d i a t i o n 

(P.A.R.) p e n e t r a t i n g the s u r f a c e and I c i s the compensation l i g h t 

i n t e n s i t y . T h i s c r i t e r i o n was s u c c e s s f u l l y a p p l i e d by Sverdrup 

to data from Weathership M i n the A t l a n t i c and has s i n c e been 

found to e x p l a i n other data s e t s (eg Parsons and 

LeBrasseur,1968). 

Another simple approach to m o d e l l i n g the depth d i s t r i b u t i o n 

of phytoplankton was devised by Riley,Stommel and Bumpus(1949), 

who c o n s i d e r e d the s t e a d y - s t a t e p r o f i l e s which r e s u l t when a 

phytoplankton p o p u l a t i o n i s s u b j e c t to a constant (eddy) 

d i f f u s i o n r a t e K and constant s i n k i n g r a t e w with growth rate 

v a r y i n g as a s t e p - f u n c t i o n of depth. These authors a l s o obtained 

s t e a d y - s t a t e p r o f i l e s using numerical techniques under more 

r e a l i s t i c assumptions concerning the v a r i a t i o n with depth of 

growth r a t e , d i f f u s i o n , s i n k i n g and g r a z i n g . Numerical 

s i m u l a t i o n has become more popular with the advent of computers 

( R i l e y et a_l obtained t h e i r numerical s o l u t i o n s with the help of 

a s l i d e r u l e ) , and a number of numerical models t r e a t i n g 

phytoplankton, n u t r i e n t s and p o s s i b l y h e r b i v o r e s as f u n c t i o n s of 

depth and time have been developed (eg Winter e_t a l ,1975; Jamart 

et a l ,1977; Wrobleski,1977). 

The same degree of i n t e r e s t has not been shown i n extending 

the a n a l y t i c r e s u l t s of Sverdrup or R i l e y et a l . Numerical 

models have tended towards i n c r e a s e d d e t a i l and r e a l i s m ; the 

r e s u l t i n g complexity i s not conducive to o b t a i n i n g a n a l y t i c 

s o l u t i o n s . However t h i s complexity a l s o means that the 

dependence of s o l u t i o n s on the s t r u c t u r a l assumptions and the 

p a r t i c u l a r parameter values used can be i n v e s t i g a t e d only i n a 
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l i m i t e d sense, u s i n g s e n s i t i v i t y a n a l y s i s . A n a l y t i c s o l u t i o n s of 

a p p r o x i m a t e or s i m p l i f i e d models can p r o v i d e u s e f u l i n s i g h t s i n t o 

the b e h a v i o u r of t h e s e more c o m p l i c a t e d n u m e r i c a l models, as w e l l 

as e x p l a i n f i e l d o b s e r v a t i o n s . In t h i s c h a p t e r , a modest s t a r t 

i s made by e x t e n d i n g the r e s u l t s of S v e r d r u p t o non-uniform mixed 

l a y e r s and non-zero s i n k i n g r a t e s , and those of R i l e y e t a l t o a 

more r e a l i s t i c dependence of growth r a t e on d e p t h . 

6.2 Review of a Simple Model. 

The c o n c e n t r a t i o n of p h y t o p l a n k t o n i s t a k e n t o be a f u n c t i o n 

P ( z , t ) of depth z, measured v e r t i c a l l y downwards from the s u r f a c e 

z=0, and time t . P h y t o p l a n k t o n c e l l s a re s u b j e c t t o eddy 

d i f f u s i v i t y - K ( z ) , s i n k a t r a t e w(z) and grow a t r a t e p ( z ) , 

y i e l d i n g the p a r t i a l d i f f e r e n t i a l e q u a t i o n : 

dt dzS d z / bz ' 

( R i l e y e t a l ,1949). The boundary c o n d i t i o n s a r e KdP/dz=w.P a t 

z = 0 ( z e r o f l u x t h r o u g h the s u r f a c e ) and P 0 as z - * c o . Growth 

r a t e i s assumed t o be a f u n c t i o n of depth o n l y ; i n p a r t i c u l a r , 

p h y t o p l a n k t o n d e n s i t y on the e x t i n c t i o n c o e f f i c i e n t and hence 

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

c o n s i s t e n t w i t h a d i s c u s s i o n of the onset of the s p r i n g bloom, as 

i n S v e r d r u p (1953), or of a r e g i o n i n which n u t r i e n t s a r e 

abundant and the p h y t o p l a n k t o n c o n c e n t r a t i o n i s kept low by 

g r a z i n g , as appears t o be the case i n the S u b - A r c t i c P a c i f i c . 

As mentioned above, R i l e y e t a l (1949) c o n s i d e r e d the c a se 

6.1 

n u t r i e n t - l i m i t a t i o n i s not c o n s i d e r e d and any e f f e c t of 
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of K,w c o n s t a n t and u ( z ) a s t e p f u n c t i o n : 

u ( z ) = r p - d 0 < z < z g 

L -d z > z g 6.2 

and l o o k e d f o r s t e a d y - s t a t e s o l u t i o n s o n l y . B e f o r e p r o c e e d i n g , 

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

v a r i a b l e s T = ps.t, S= z. ( j u s / K ) 0 5 . When t h e s e a r e s u b s t i t u t e d 

i n t o 6 . 1 , u s i n g t h e form of p(z) g i v e n i n 6.2 and t h e a s s u m p t i o n 

K,w c o n s t a n t , t h e e q u a t i o n 

hP = d!p - 2 . G U . 3 _ P + f ( l - S).P 0 < 5 < 
y r a s 2 bs < 

I- S.p S > S3 6.3 

i s o b t a i n e d . The n o n - d i m e n s i o n a l p a r a m e t e r s co, 5g and 5 a r e 

g i v e n by. 

oo = w / ( 2 . (ju s.K) °-5 ) , S = d/ps , 53= z3.(ps/K)°-5 . 

The b o u n d a r y c o n d i t i o n s a r e 

bP/dS — 2. co .P a t 5 =0 and P -» 0 as 5 -* co . 

The s t e a d y - s t a t e s o l u t i o n of R i l e y e t a l c a n be g i v e n a more 

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

s p e c i a l c a s e of a g e n e r a l e i g e n v a l u e p r o b l e m ; t h a t i s , by s e e k i n g 

s o l u t i o n s of 6.3 o f t h e form 
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P( $ , T ) = exp( X . T ) . p ( S ) . 

Then p s a t i s f i e s t h e o r d i n a r y d i f f e r e n t i a l e q u a t i o n (ODE) 

0 = p " - 2 . c o . p ' + f l - ( S + X ) .p 0 < S < $3 

I -(8 + X ) .p 5 > S5 6.4 

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

ODE's w i t h c o n s t a n t c o e f f i c i e n t s i n t h e r e g i o n s 0 < 5 < S$ , 

S > S3 , s u b j e c t t o t h e b o u n d a r y c o n d i t i o n s p ' ( 0 ) = 2.co.p (0) , 

p -» 0 as $ ~ * 0 0 , and t h e r e q u i r e m e n t .that p,p' be c o n t i n u o u s a t 

5 = S9 . 

T h i s p r o b l e m i s e a s i l y s o l v e d ; an i n d i r e c t method i s 

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

p r o b l e m t r e a t e d l a t e r . L e t t i n g p(S ) = e x p ( c o . 5 ) h ( S ) and 

s u b s t i t u t i n g i n 6.4 g i v e s : 

0 = h " + f ( l - 6 u 2 - ( S + A ) ) . h 0 < S < 5 5 

I - ( c o 2 + ( S + X ) ) .h 5 > S3 6.5 

I t c a n e a s i l y be shown t h a t a s o l u t i o n t o 6.5 s a t i s f y i n g a l l 

b o u n d a r y and c o n t i n u i t y c o n d i t i o n s i s p o s s i b l e o n l y i f 8 +/\ > 0, 

1- to 2-( S~ + X ) > 0 and i s g i v e n by: 

h(S ) = ( C . ( c o s ( a . ( S - S3 )) - b . s i n ( a . ( 5 - S3 ) ) / a ) 0 < 5 < S3 

Lc.exp(-b . ( S - 5 9 )) 5 >5 3 

where a = (1-u> 2 - ( 8 + X ) ) 0 5 , b = ( co 2 + S + X ) °-5. The non-
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dimensional growth rate A must s a t i s f y the e i g e n - c o n d i t i o n : 

t a n ( a . S g ) = a. ( 6o + (l-a 2-) °-5 ) / ( a 2 - cu. (1-a 2 ) °-5) 6.6 

= f ( a ) 

A graph of f ( a ) vs a i s shown i n F i g u r e 75. Only values of a i n 

the i n t e r v a l (0, (1- cu2) °-5) correspond to permissable values of 

S + A . Depending on the. value of S3 , there may be no s o l u t i o n , 

one s o l u t i o n or many s o l u t i o n s of 6.6 i n t h i s i n t e r v a l . In the 

l a t t e r case, only that s o l u t i o n corresponding to the s m a l l e s t 

value of a or the l a r g e s t value of ~X+S i s of i n t e r e s t here. 

By s o l v i n g the e i g e n - c o n d i t i o n 6.6 n u m e r i c a l l y , a contour 

p l o t of the l a r g e s t s o l u t i o n + S as a f u n c t i o n J\{ u>, S9 ) of 

non-dimensional s i n k i n g r a t e and depth of p o s i t i v e growth has 

been generated ( F i g 76). Two i n t e r p r e t a t i o n s are p o s s i b l e f o r 

t h i s f i g u r e . For given 8 < _/Y( cu, Sg ), A= j\.{ou,S$ )-S i s the 

maximum s u s t a i n a b l e growth r a t e of a p o p u l a t i o n s u b j e c t to these 

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

the v e r t i c a l p r o f i l e of the p o p u l a t i o n should be c l o s e l y . 

approximated by the c o r r e s p o n d i n g e i g e n s o l u t i o n , p(S ). On the 

other hand, i f s t e a d y - s t a t e s o l u t i o n s are of i n t e r e s t , i t can be 

concluded that a non-dimensional l o s s r a t e of S =_/Y(co,S g ) i s 

necessary f o r a s t e a d y - s t a t e s o l u t i o n and that the v e r t i c a l 

p r o f i l e i n t h i s s t e a d y - s t a t e i s given by p (5 ). 

The r e d u c t i o n i n the number of f r e e parameters by non-

d i m e n s i o n a l i s a t i o n has allowed a simple, complete g r a p h i c a l 

r e p r e s e n t a t i o n of r e l e v a n t s o l u t i o n s of 6.6 ( F i g 76). The 

c o n s i d e r a t i o n of some approximate s o l u t i o n s of 6.6 i n c e r t a i n 
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Figure 75. An i l l u s t r a t i o n of the eigencondition 6.6 showing 

graphs of tan(a.J) ( s o l i d l i n e ) and f(a) (dashed 

l i n e ) . 
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l i m i t i n g c a s e s i s q u i t e r e v e a l i n g o f t h e b a l a n c e of p h y s i c a l and 

b i o l o g i c a l p r o c e s s e s i n v o l v e d . F o r 5 g < < 1 , r e l e v a n t s o l u t i o n s 

of 6.6 e x i s t o n l y f o r 2 . co < and a r e g i v e n a p p r o x i m a t e l y by 

A + 8 = Sg 2 ~ 2 . CU .5g 

Now S3 = z 3 . ( ju s /K) °-5, so S 3 « 1 c o r r e s p o n d s t o h i g h m i x i n g 

r a t e s . The p o p u l a t i o n i s a l m o s t u n i f o r m w i t h i n t h e g r o w t h l a y e r 

and i s m i x e d o v e r d e p t h s much g r e a t e r t h a n z g ( F i g 7 7 a ) . F o r 

z e r o s i n k i n g r a t e , t h e p o p u l a t i o n d e c l i n e s e x p o n e n t i a l l y below zg 

w i t h c h a r a c t e r i s t i c d e p t h K / ( u s . z g ) . The p r e d i c t e d g r o s s g r o w th 

r a t e , ps . ( A + 8 ) = j u 5 . z g . ( J U s . z 3 ) / K i s j u s t t h e r a t i o of 

p r o d u c t i o n ( p s . z g . p ( 0 ) ) t o t o t a l i n t e g r a t e d b i o m a s s 

( R . p ( 0 ) / ( p s . z 3 ) ). I f t h e p o p u l a t i o n were u n i f o r m l y m i x e d o v e r 

a l a y e r .of d e p t h K / ( j u s . z 9 ) , a s i n k i n g r a t e w would r e s u l t i n a 

l o s s r a t e w . z g . u 5 / K , o r a n o n - d i m e n s i o n a l l o s s r a t e l.cu.S^ , 

w h i c h i s j u s t t h e c o r r e c t i o n t e r m f o r s i n k i n g o b t a i n e d from 6 . 6 . 

F o r $3 » 1 , t h e t i m e s c a l e f o r m i x i n g o v e r t h e g r o w t h 

l a y e r i s l o n g compared w i t h t h e g r o w t h t i m e s c a l e and t h e 

p o p u l a t i o n c a n be e x p e c t e d t o v a r y m a r k e d l y w i t h d e p t h w i t h i n 

t h i s l a y e r . The a p p r o x i m a t i o n o f 6 . 6 depends on w, I f co=0 ( o r 

cv« 1/S3 ), (a. S3)* 3 77/2 and . 

A + S * 1 - ( r r / ( 2 . 5 3 ) ) 2 . 

I f co = 0 ( 1 / 5 ^ ) o r g r e a t e r , 

A + 8 » 1 - co 2 - TT 2/S3

 2. 
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T h e s e two c a s e s c o r r r e s p o n d t o d i f f e r e n t d e p t h p r o f i l e s . F o r 

a>=0, maximum b i o m a s s o c c u r s a t t h e s u r f a c e ( F i g 77b) and g r o w t h 

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

p + d = J U S - 7T2 , K / ( 4 . z 3
 2 ) , 

so d i f f u s i v e l o s s e s d e c r e a s e w i t h K. F o r 6 O = 0 ( l ) , t h e r e i s a 

p r o n o u n c e d s u b - s u r f a c e maximum ( F i g 7 7 c ) . The d i m e n s i o n a l g r o w t h 

e q u a t i o n i s 

p5 + d = ps - w 2 / ( 4 . K ) - T T 2 . K / ( Z 3
2 ) 

T h e r e a r e s e v e r a l i n t e r e s t i n g f e a t u r e s o f t h i s e q u a t i o n . The 

s i n k i n g l o s s t e r m does not depend on w/z g, as i t would f o r a 

u n i f o r m l y m i x e d l a y e r . T h i s i s b e c a u s e t h e s u b - s u r f a c e l a y e r has 

a t h i c k n e s s o f o r d e r (K/w) and t h e s i n k i n g l o s s r a t e i s 

d e t e r m i n e d by w/(K/w). The a p p e a r a n c e of t h e d i f f u s i o n r a t e K i n 

b o t h s i n k i n g and m i x i n g t e r m s e m p h a s i z e s i t s d u a l r o l e i n 

d e t e r m i n i n g p o p u l a t i o n g r o w t h r a t e s . I n c r e a s i n g K r e d u c e s 

s i n k i n g l o s s e s b u t i n c r e a s e s m i x i n g l o s s e s from t h e e u p h o t i c 

z o n e . The o v e r a l l e f f e c t o f c h a n g i n g K depends on t h e r e l a t i v e 

i m p o r t a n c e of t h e s e t w o - l o s s e s . 

The e x i s t e n c e of p r o n o u n c e d s u b - s u r f a c e maxima i n s o l u t i o n s 

f o r l a r g e -Sg and moderate co i s r a t h e r i n t e r e s t i n g . I t was 

n o t e d by R i l e y e t a l ( 1 9 4 9 ) , who u s e d i t t o e x p l a i n o b s e r v e d sub

s u r f a c e maxima. I t i s n o t c l e a r , however, t o what e x t e n t t h i s 

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

f o r m u s e d t o a p p r o x i m a t e p{z). T h i s q u e s t i o n w i l l be a n s w e r e d i n 



321 

t h e n e x t s e c t i o n , where an a n a l y t i c s o l u t i o n i s o b t a i n e d f o r a 

mqre r e a l i s t i c form of p ( z ) . 

6.3 A More R e a l i s t i c M o d e l . 

The s t e p - f u n c t i o n form f o r u ( z ) was p r e s u m a b l y c h o s e n by 

R i l e y e_t a_l t o a l l o w f o r s i m p l e a n a l y t i c s o l u t i o n s w h i l e 

m a i n t a i n i n g t h e g e n e r a l p r o p e r t y of h i g h e r g r o w t h r a t e s n e a r t h e 

s u r f a c e . T h i s form i s now r e p l a c e d by S v e r d r u p ' s (1953) 

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

mean l i g h t i n t e n s i t y a t t h a t d e p t h . T h e r e a r e s e v e r a l a d v a n t a g e s 

t o making t h i s a s s u m p t i o n h e r e . The a s s u m p t i o n may be q u i t e 

r e a l i s t i c under low s u r f a c e l i g h t i n t e n s i t i e s ( f o r a d e t a i l e d 

d i s c u s s i o n , see S v e r d r u p ( 1 9 5 3 ) ) . The r e s u l t s o b t a i n e d by u s i n g 

i t r e p r e s e n t a d i r e c t e x t e n s i o n o f S v e r d r u p ' s c r i t i c a l d e p t h 

c r i t e r i o n t o t h e c a s e of f i n i t e d i f f u s i o n r a t e and n o n - z e r o 

s i n k i n g r a t e . F i n a l l y , i t r e p r e s e n t s i n some s e n s e t h e o p p o s i t e 

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

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

s u r f a c e ( S t e e l e , 1 9 6 2 ) a r e i n t e r m e d i a t e between t h e s e two. 

Under S v e r d r u p ' s a s s u m p t i o n , a s s u m i n g a c o n s t a n t e x t i n c t i o n 

c o e f f i c i e n t k f o r l i g h t , p(z) t a k e s t h e fo r m : 

u ( z ) = u s . e x p ( - k . z ) - d 

N o n - d i m e n s i o n a l i z i n g as b e f o r e , e q u a t i o n 6.1 becomes: 

& P = £ p - 2 . c u . & j > + ( e x p ( - 2 . S //? )- S ) .P 
bx bS* b$ 
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where t h e new n o n - d i m e n s i o n a l p a r a m e t e r (3 i s g i v e n by 

/3 = 2. ( p s / K ) °-5/k. As b e f o r e , e i g e n s o l u t i o n s o f t h e form P = 

exp(/\.T+cx>.S ).h(S ) a r e s o u g h t , w i t h h(S ) s a t i s f y i n g 

h" + (exp(-2.S / / 5 , ) - ( X + S + o ; 2 ) ) . h = 0 6.7 

and b o u n d a r y c o n d i t i o n s : h'(0) = c y . h ( O ) , exp(a>.5 ).h(S ) 0 as 

5 ^ co . The s o l u t i o n t o 6.7 c a n be o b t a i n e d by means o f a 

change of i n d e p e n d e n t v a r i a b l e . L e t t i n g y = yC?exp(- S//3 ), h(.5 ) 

= H(y) and s u b s t i t u t i n g i n 6.7 y i e l d s 

y 2 . H " + y.H* + ( y 2 - / 3 2 . ( / \ + S+ap 2)).H = 0 6.8 

E q u a t i o n 6.8 i s B e s s e l ' s e q u a t i o n o f o r d e r y = j3 . ( A + 6" + ou 2)0-5. 

P r o v i d e d X+8 + ou2 i s p o s i t i v e , t h e s o l u t i o n c an be w r i t t e n a s : 

H = q . J v ( y ) + C2 . Y v ( y ) . 

The b o u n d a r y c o n d i t i o n s on H ( y ) a r e : 

expicu.S ).h(S ) = y " 7 ^ . H ( y ) - » 0 as $-»co o r y 0. 

H' (/3 ) = -cu.H(fi) 

The f i r s t b o u n d a r y c o n d i t i o n i m p l i e s t h a t C2 = 0, s i n c e Y v 

b e h a v e s l i k e y " v as y-> 0. As J y b e h a v e s l i k e y v as y v - » 0, t h i s 

b o u n d a r y c o n d i t i o n i s s a t i s f i e d p r o v i d e d v > u>.(3 ; t h a t i s , 

p r o v i d e d )\ + 8 > 0. 

The s e c o n d b o u n d a r y c o n d i t i o n p r o d u c e s t h e e i g e n - c o n d i t i o n : 
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j ; ( /3 ) = -cv.Jv(/3 ) . 6.9 

Only values of j3 such that J v ( y ) > 0 f o r 0 < y < (3 correspond to 

p o s i t i v e and t h e r e f o r e meaningful p o p u l a t i o n p r o f i l e s . A sketch 

of J v ( y ) and J v ( y ) i s given i n F i g 78. I f j y denotes the f i r s t 

zero of J y ( y ) , i t i s c l e a r from F i g 78 that /? must exceed j y . 

I t i s a p r o p e r t y of B e s s e l f u n c t i o n s that j y > V, so that the 

c o n d i t i o n (3 > V or A+S + o»2 < 1 must be s a t i s f i e d i n order to 

o b t a i n a meaningful s o l u t i o n . T h i s was a l s o a necessary 

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

Equation 6.9 can be s o l v e d n u m e r i c a l l y to o b t a i n \+S as a 

f u n c t i o n A.{uo,f3). A contour p l o t of TV i s given i n F i g 79. 

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

c o n d i t i o n 6.9 and F i g 79 r e s u l t s i f some l i m i t i n g cases are 

c o n s i d e r e d . For (3« 1, the T a y l o r expansion f o r Jv i n a 

neighbourhood of the o r i g i n can be used to o b t a i n the approximate 

s o l u t i o n 

X+S = ( {3/2)* - 2.cu A /3/2) 

T h i s i s i d e n t i c a l to the approximate s o l u t i o n f o r the step-

f u n c t i o n growth p r o f i l e i f 5$ i s equated to (3/2. The agreement 

i s simply e x p l a i n e d on p h y s i c a l grounds. For 5 g or (3 very 

s m a l l , the p o p u l a t i o n i s mixed over depths l a r g e compared with 

those a s s o c i a t e d with change in growth. As e x p l a i n e d e a r l i e r , 

the growth r a t e . i s determined by the r a t i o of i n t e g r a t e d 

p r o d u c t i o n to i n t e g r a t e d biomass. As biomass i s more or l e s s 

constant over depths of order z g or 1/k, t o t a l p r o d u c t i o n i s the 
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Figure 78. An i l l u s t r a t i o n o f the e i g e n c o n d i t i o n 6.9, 

showing graphs o f the f u n c t i o n s J„(x) , J^,(x) . 
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same under t h e two g r o w t h laws when zg = 1/k, o r S$ = /3/2. 

An a p p r o x i m a t e t r e a t m e n t o f t h e o t h e r l i m i t i n g c a s e , 

j 3 » 1, i s r a t h e r more c o m p l i c a t e d f o r t h e e x p o n e n t i a l g r o w t h 

law. An a s y m p t o t i c e x p a n s i o n of J y ( y ) f o r l a r g e V,y w i t h 

L/^V i s needed. T h i s c an be d e r i v e d by a p p l y i n g t h e method o f 

s t e e p e s t d e s c e n t t o an i n t e g r a l r e p r e s e n t a t i o n o f t h e B e s s e l 

f u n c t i o n ( S o m m e r f e l d , 1 9 4 9 ) . U s i n g t h i s e x p a n s i o n , i t can be 

shown t h a t , t o l e a d i n g o r d e r i n (1//9 ), 

)\ + S = l - cu2 - c o n s t a n t . ^ " 2 / 3 . 

The ' m i x i n g l o s s ' t e r m d e c r e a s e s l i k e /3'2/3 a s j3 i n c r e a s e s . 

T h i s i s much s l o w e r t h a n t h e c o r r e s p o n d i n g t e r m ( c o n s t . Sg " 2 ) f o r 

t h e s t e p - f u n c t i o n g r o w t h p r o f i l e . The e i g e n - s o l u t i o n p ( S ) i s 

g i v e n by 

p( S ) = exp( c o . 5 ) . J v ( (3 . e x p ( - S /{3 )) . 

F o r V l a r g e , J v ( y ) d e c r e a s e s as y i n c r e a s e s t o w a r d s t h e f i r s t 

z e r o o v e r an i n t e r v a l o f w i d t h 0 ( / t f l / 3 ) . The s u b s u r f a c e maximum 

i n p(6* ) t h e r e f o r e o c c u r s a t a d e p t h S of o r d e r / ? l / 3 and t h e 

e x p o n e n t i a l g r o w t h law r e s u l t s i n a r e d u c t i o n o f growth r a t e i n 

t h e b i o m a s s l a y e r by a f a c t o r e x p ( - 2 . 5 /j3 ) w h i c h i s 

a p p r o x i m a t e l y 1 - 2 . o r 1 - c o n s t a n t . f t ' 2 / 3 . The s l o w e r 

i n c r e a s e i n X+S as f3 i n c r e a s e s c a n be seen by c o m p a r i n g F i g 79 

w i t h F i g 76. 

An example of t h e s u b - s u r f a c e maxima w h i c h o c c u r f o r l a r g e 

/3 and OJ i s g i v e n i n F i g u r e 8 0 . The s u b - s u r f a c e maxima f o u n d by 
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R i l e y et §_1 (1949) are not the r e s u l t of choosing an u n r e a l i s t i c 

dependence of growth rate on depth. I t i s i n t r i g u i n g that such 

pronounced sub-surface maxima are p o s s i b l e f o r a f a i r l y r e a l i s t i c 

growth p r o f i l e i n the absence of n u t r i e n t d e p l e t i o n and v e r t i c a l 

v a r i a t i o n i n mixing and s i n k i n g r a t e s . 

The contour p l o t of _/\_ ( F i g 79) can be used i n the same 

manner as Sverdrup's c r i t i c a l depth c r i t e r i o n . In f a c t , 8 = 

d/u s a l s o equals I c / l e s i n c e growth r a t e i s assumed to be 

p r o p o r t i o n a l to l i g h t i n t e n s i t y . For given S, the contour 

.A( co, f3 ) = c9 d i v i d e s those regions of ( to, (3 ) space where 

continued growth of the p o p u l a t i o n i s p o s s i b l e from those where 

i t i s not. Since co and {3 are both p r o p o r t i o n a l to K" 0 - 5 , 

i n c r e a s i n g the s t a b i l i t y of the water column (decreasing K) moves 

( to, j3 ) outward along a s t r a i g h t l i n e through the o r i g i n i n Fig-

79. Provided co > 0, the r e s u l t i s always an i n c r e a s e i n growth 

ra t e f o l l o w e d by a decrease. T h i s r e v e r s i b l e e f f e c t of d i f f u s i o n 

r a t e on p o p u l a t i o n growth r a t e was commented on e a r l i e r and can 

be a p p r e c i a t e d by c o n s i d e r i n g two extreme s i t u a t i o n s . If K i s 

very high, the p o p u l a t i o n w i l l be mixed more or l e s s u n i f o r m l y 

through a depth exceeding Sverdrup's c r i t i c a l depth and p o s i t i v e 

growth w i l l be i m p o s s i b l e , r e g a r d l e s s of ou. On the other hand, 

i f K i s zero, the p o p u l a t i o n must i n e v i t a b l y sink out, r e g a r d l e s s 

of growth r a t e . 

6.4 E f f e c t of a Mixed Layer. 

A d i r e c t comparison of the above r e s u l t s with Sverdrup's i s 

not p o s s i b l e s i n c e h i s model i s based on the assumption of a 

uniformly-mixed l a y e r , not a s e m i - i n f i n i t e l a y e r with f i n i t e 
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Figure 80 Characteristic phytoplankton prof i l e for 

co = 0.7, (3= 20. 
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d i f f u s i o n r a t e . I t i s r e l a t i v e l y s i m p l e t o i n t r o d u c e a f i n i t e 

mixed l a y e r i n t o the model d i s c u s s e d above. W i t h i n the 

c o n s t r a i n t s of the eddy d i f f u s i o n assumption and a d e s i r e f o r 

a n a l y t i c s o l u t i o n s , t h i s can be a c c o m p l i s h e d by making the 

d i f f u s i o n c o e f f i c i e n t K a s t e p - f u n c t i o n of z : 

0 < z < z M 

z > z M 

K ( z ) = 

where 6 i s s m a l l , c o r r e s p o n d i n g t o low m i x i n g r a t e s below the 

mixed l a y e r . T h i s problem can be s o l v e d i n a s i m i l a r manner t o 

t h a t used w i t h the growth s t e p - f u n c t i o n i n the f i r s t s e c t i o n ; 

t h a t i s , by o b t a i n i n g s o l u t i o n s i n 0 < z < z M , z > z M and u s i n g 

c o n t i n u i t y of c o n c e n t r a t i o n and f l u x a c r o s s z = zM. The 

c o n t i n u i t y of f l u x c o n d i t i o n becomes 

i n v o l v i n g a d i s c o n t i n u i t y i n the g r a d i e n t of P a t z = z M . 

Recent measurements of m i x i n g r a t e s i n the t h e r m o c l i n e have 

y i e l d e d low v a l u e s , of o r d e r 1 c m 2 . s e c " 1 or l e s s (Osborn,1980), 

so t h a t S i s v e r y s m a l l . The l i m i t i n g case £ = 0 i s t r e a t e d 

h e r e ; S v e r d r u p ' s r e s u l t s can be r e g a r d e d as a l i m i t i n g case of 

the r e s u l t s o b t a i n e d i n t h i s way w i t h K -> oo and cu=0. For £"=0, 

the problem f o r z < z M reduces t o : 

SP = K . - w. £P + (ju s . e x p ( - k . z ) - d ) .P 6.10 
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w i t h b o u n d a r y c o n d i t i o n s : 

3_P = w.P a t z = 0 and _̂P = 0 a t z = z M . 

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

can be o b t a i n e d from 6.10 by p r o c e e d i n g as i n t h e p r e v i o u s 

s e c t i o n . They t a k e t h e f o r m : 

p(S ) = expico.S ) . ( J v ( y ) + C 3 . Y v ( y ) ) 

where y = /5.exp(- § /j3 ) and 

C 3 = ( J v ( / 3 )+ co.3v{(3 ))/(Y;(/?)+ cu.Yv(/3)). 

The e i g e n - c o n d i t i o n f o r y = ( A + £ + 2) °-5 i s now r a t h e r 

c o m p l i c a t e d : 

( y M . J v ( y M ) - / ( 3 . 6 o . J v ( y M ) ) / ( y M . Y v ( y M ) - (3. co . Y v ( y M )) = 

( j ; ( /3 )+ c u . J y ( /3 ) )/(Y; ((3 )+ to.Yv( ft)) 6.11 

The c o n s t a n t y M = j3.exp(-fj/2) where t h e new n o n - d i m e n s i o n a l 

p a r a m e t e r ^ e q u a l s k . z M and has a d i r e c t p h y s i c a l i n t e r p r e t a t i o n 

as e x p ( - k . z M ) i s t h e r a t i o o f l i g h t i n t e n s i t y a t t h e . b o t t o m of 

t h e m i x e d l a y e r t o t h a t a t t h e s u r f a c e . As b e f o r e , t h e e q u a t i o n 

6.11 c a n be s o l v e d n u m e r i c a l l y t o o b t a i n A+S as a f u n c t i o n J\. 

of , co and f3. The r e s u l t s o f t h e p r e v i o u s s e c t i o n f o r a s e m i -

i n f i n i t e l a y e r can be r e c o v e r e d i n t h e l i m i t ^-> oo . 

I t i s o f i n t e r e s t h e r e t o compare t h e r e s u l t s i m p l i c i t i n 

6.10 and 6.11 w i t h t h o s e p r e d i c t e d by S v e r d r u p f o r t h e u n i f o r m l y -

m ixed l a y e r . T h i s c o m p a r i s o n i s f a c i l i t a t e d by t h e i n t r o d u c t i o n 
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of a new non-dimensional parameter fl=4.cv/j3 = k.w/us, a measure 

of the r e l a t i v e magnitude of s i n k i n g l o s s r a t e from the euphotic 

zone and growth r a t e . The f u n c t i o n X + 8 = jt(.^,0.,p) can be 

obtained from the f u n c t i o n J ,Lo,j3) d e f i n e d above. Of the 

parameters ^,fi,(3, only ft depends on the d i f f u s i o n r a t e K and 

the e f f e c t of changing the d i f f u s i o n r a t e can be demonstrated by 

a s e r i e s of contour p l o t s of /\ +5" vs Ci, ^ f o r d i f f e r e n t values 

of (3. 

The contour p l o t f o r a uniformly-mixed l a y e r i s obtained by 

a simple e x t e n s i o n of Sverdrup's theory. The average growth r a t e 

in a u n i f o r m l y mixed l a y e r of depth z i s , by simple i n t e g r a t i o n , 

ps.(l-exp(-k.zM))/(k.zM) - d 

A s i n k i n g r a t e w imposes an a d d i t i o n a l l o s s r a t e equal to w/z M. 

On d i v i d i n g by u s , the non-dimensional p o p u l a t i o n growth rate 

becomes : 

X = ( l - e x p ( - k . z M ) ) / ( k . z M ) -d/p s - w/(p s.z M) 

S u b s t i t u t i n g f o r ^ , fl and S, t h i s becomes 

>+S = ( l - e x p ( - J )-£!)/§ 6.12 

Contour p l o t s of \+8 vs _Q,J f o r (3=0 (from (6.12)) and (3 = 

1,3,10 (from (6.11)) are shown in F i g u r e 81. 

The dependence of X + 8 on (3 , J~L and ^ again r e f l e c t s the 

dual r o l e of mixing whenever s i n k i n g i s p r e s e n t . In the case 



Figure 81a. Contour plot of the function A. ( i l , 

for (3=0. 
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F i g u r e 81b. C o n t o u r p l o t o f t h e f u n c t i o n JV ( f l , £ ) 

f o r (3=1. 



F i g u r e 81c. C o n t o u r p l o t o f t h e f u n c t i o n JV. ( f l , 

f o r (3 =3. 



F i g u r e 81d. C o n t o u r p l o t o f t h e f u n c t i o n J\ {fl, 

f o r (3=10. 
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p7=0, f o r i l > 0, de c r e a s i n g £ by de c r e a s i n g z M r e s u l t s f i r s t in 

an i n c r e a s e i n > + <5 as mixing below the euphotic zone decreases 

and then i n a decrease i n A+S as the l o s s r a t e due to s i n k i n g 

out of the mixed l a y e r i n c r e a s e s ( F i g 81a). For cJ l a r g e , the 

e f f e c t of de c r e a s i n g mixing rate or i n c r e a s i n g (3 i s to in c r e a s e 

A + 8 f o r f i small and decrease A+S f o r f l l a r g e ( F i g 

81a,b,c,d). In the f i r s t case, l o s s e s from the euphotic zone due 

to mixing outweigh l o s s e s due to s i n k i n g ; i n the second case, the 

converse i s t r u e . 

For /3=1, the time s c a l e f o r mixing over the l i g h t 

p e n e t r a t i o n depth (1/k) i s of the same order as the dou b l i n g time 

of the phytoplankton at the s u r f a c e but departures from the 

uniform mixed l a y e r theory occur only at l a r g e values of £j =k.zM 

( F i g 81b). For f3 l a r g e , s i g n i f i c a n t departures from the 

uniformly-mixed l a y e r theory occur at moderate val u e s of ̂  . In 

f a c t , f o r |S=10, the dependence of A+S on fi i s the same f o r 

§ > 1 as that d e r i v e d i n the s e m i - i n f i n i t e l a y e r theory (]£-*<»). 

I t can be concluded from F i g 81 that the uniform mixed l a y e r i s a 

good approximation u n l e s s the time s c a l e of mixing over the 

'mixed l a y e r ' i s much g r e a t e r than the minimum dou b l i n g time of 

the phytoplankton. T h i s w i l l occur when 5M = z M . (p.s/K) °-5 

(=2.^ .@ ) i s l a r g e . The s e m i - i n f i n i t e l a y e r theory then becomes 

a good approximation except f o r a l i m i t e d r e g i o n where ^ i s 

sm a l l . 

6.5 A General Necessary C o n d i t i o n f o r Growth. 

It was noted e a r l i e r that the c o n d i t i o n >+S+co 2 < l i s 

necessary f o r a s o l u t i o n f o r both s t e p - f u n c t i o n and e x p o n e n t i a l 
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v e r s i o n s o f j u ( z ) , a l t h o u g h i t was d e r i v e d f r o m r a t h e r d i f f e r e n t 

e i g e n - c o n d i t i o n s . A s i m p l e r and more g e n e r a l d e r i v a t i o n i s 

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

g e n e r a l v e r s i o n of e q u a t i o n 6.4 : 

p" - 2.co.p' + (q (5 )-A-S).p = 0 

where i t i s assumed t h a t t h e t i m e s c a l e u s e d i n non-

d i m e n s i o n a l i z i n g i s t h e i n v e r s e of t h e maximum g r o w t h r a t e , so 

t h a t q ( 5 ) 1 . L e t t i n g p(S ) = expico.S ) . h ( 5 ) as b e f o r e g i v e s 

h" + (q(S ) - ( a>2 + > + £ ) ) .h = 0 

I f > + £ + c u 2 > 1 , q ( 5 )-( X + 5'• + co2) < 0 f o r a l l S and h" > 0 f o r 

a l l S . The z e r o - f l u x b o u n d a r y c o n d i t i o n a t S =0 means t h a t 

h ' ( 0 ) > 0 . S i n c e h ' ( 0 ) > 0 and h' i n c r e a s e s w i t h 5 , h i n c r e a s e s 

f o r a l l S and n e i t h e r t h e c o n d i t i o n e x p ( c o . S ).h —> 0 as S->co 

f o r a s e m i - i n f i n i t e l a y e r , n o r t h e c o n d i t i o n h' ( SM ) = - 6 o . h ( S M ) 

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

be met. Th u s , t h e r e q u i r e m e n t X+S + u>2 < 1 r e p r e s e n t s q u i t e a 

g e n e r a l c o n d i t i o n on p o p u l a t i o n s s u b j e c t t o d i f f u s i o n and 

s i n k i n g ; i n p a r t i c u l a r , i f co (= w / ( 2 . ( K . j u s ) 0 - 5 ) ) > 1 , c o n t i n u e d 

n e t p o p u l a t i o n g r o w t h , o r a s t e a d y - s t a t e p o p u l a t i o n , i s not 

p o s s i b l e . 

6.6 D i s c u s s i o n . 

As m e n t i o n e d i n t h e i n t r o d u c t i o n , t h i s c h a p t e r has been 

aimed a t a b e t t e r u n d e r s t a n d i n g o f t h e p r o c e s s e s o f d i f f u s i o n , 
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s i n k i n g and g r o w t h and t h e i r i n t e r a c t i v e e f f e c t on p h y t o p l a n k t o n 

g r o w t h r a t e s and v e r t i c a l d i s t r i b u t i o n , r a t h e r t h a n an 

e x p l a n a t i o n of a s p e c i f i c s e t o f -data. The q u e s t i o n of t h e 

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

r e m a i n s and i s a d d r e s s e d h e r e by c o n s i d e r i n g t h r e e r e l a t e d 

q u e s t i o n s : 

(a) t o what e x t e n t do t h e a s s u m p t i o n s and a p p r o x i m a t i o n s 

i n v o l v e d i n t h e t h e o r y (when compared t o what i s known of r e a l 

p o p u l a t i o n s o r what i s assumed i n more complex n u m e r i c a l m o d e l s ) 

i n v a l i d a t e t h e c o n c l u s i o n s ? 

(b) a r e t h e p a r a m e t e r r a n g e s f o r w h i c h i n t e r e s t i n g r e s u l t s 

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

o c e a n s ? 

(c) do p r e d i c t i o n s o f t h e t h e o r y c o r r e s p o n d a t l e a s t 

q u a l i t a t i v e l y t o phenomena o b s e r v e d i n t h e o c e a n s ? 

The a s s u m p t i o n s u n d e r l y i n g t h e models d i s c u s s e d h e r e have 

a°lready been m e n t i o n e d . Those u n d e r l y i n g t h e l a s t model w i l l now 

be d i s c u s s e d i n more d e t a i l as t h e most g e n e r a l and r e a l i s t i c . 

The p h y s i c a l s t r u c t u r e o f t h e w ater column i s r e p r e s e n t e d by an 

upper m i x e d l a y e r bounded below by a t h e r m o c l i n e a c r o s s w h i c h no 

m i x i n g o c c u r s . T h i s l a t t e r a s s u m p t i o n was j u s t i f i e d e a r l i e r on 

t h e b a s i s o f r e c e n t measurements o f v e r y low d i f f u s i o n r a t e s i n 

t h e t h e r m o c l i n e . A more p r o b a b l e s o u r c e of e r r o r i s t h e 

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

r e p r e s e n t e d by a c o n s t a n t eddy d i f f u s i o n c o e f f i c i e n t , K. M i x i n g 

i n t h e s u r f a c e l a y e r s o f t h e o c e a n a p p e a r s t o be a much more 

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

w i n d - m i x i n g and s t r a t i f i c a t i o n t h r o u g h h e a t i n g i n t h e summer and 
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by c o n v e c t i v e m i x i n g and wind storms i n the w i n t e r (Denman,1972). 

The l a c k of a b e t t e r a l t e r n a t i v e , and i t s w i d e s p r e a d use i n 

n u m e r i c a l models (Winter et a_l ,1975; Jamart e t a_l ,1977) a r e 

c o n s i d e r e d t o j u s t i f y the use of the d i f f u s i o n a p p r o x i m a t i o n 

h e r e . 

The assumptions made r e g a r d i n g growth r a t e and i t s 

dependence on depth a r e the same as those made by S v e r d r u p (1953) 

and much of the d i s c u s s i o n t h e r e i s s t i l l v a l i d . However a 

number of phenomena such as p h o t o i n h i b i t i o n ( S t e e l e , 1 9 6 2 ) , l i g h t 

a d a p t a t i o n (Jorgansen,1969) and s h o r t - t e r m vs l o n g - t e r m responses 

(Marra,1978a,b) a re now b e t t e r u n d e r s t o o d . In view of these 

e f f e c t s , the p r e d i c t i o n s of the model must be viewed w i t h some 

c a u t i o n , e s p e c i a l l y i n the case of v e r y s m a l l m i x i n g r a t e s . 

The q u e s t i o n of p h y t o p l a n k t o n s i n k i n g r a t e s i s a l s o a 

complex one. The assumption of a c o n s t a n t , p o s i t i v e s i n k i n g r a t e 

has t o be susp e c t f o r m o t i l e p h y t o p l a n k t e r s such as f l a g e l l a t e s 

and some d i n o f l a g e l l a t e s . Even f o r n o n - m o t i l e p h y t o p l a n k t e r s 

such as p e l a g i c d i a t o m s , a non-zero s i n k i n g r a t e i n the presence 

of p l e n t i f u l n u t r i e n t i s not c l e a r l y e s t a b l i s h e d . P o s i t i v e 

s i n k i n g r a t e s have u s u a l l y been obse r v e d (Smayda,1970), and have 

been used i n p r e v i o u s models (Jamart e t a l ,1977; Parsons and 

Ta k a h a s h i , 1 9 7 3 ) , but under some c o n d i t i o n s z e r o or even p o s i t i v e 

buoyancy i n diatoms has been r e p o r t e d (Smayda,1970). 

Both the b i o l o g i c a l and p h y s i c a l parameters i n v o l v e d i n the 

model can range over a t l e a s t an o r d e r of magnitude and the non-

d i m e n s i o n a l parameters a p p e a r i n g i n the t h e o r y have a 

c o r r e s p o n d i n g l y l a r g e range. I f u s i s assumed t o be c l o s e t o the 

maximum growth r a t e of p h y t o p l a n k t o n , v a l u e s of about 0.5 t o 1 
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day" 1 a r e a p p r o p r i a t e (Chan,1978). S i n k i n g r a t e s f o r h e a l t h y 

c e l l s may range from 0 t o 5m/day (Smayda,1970) w i t h lower v a l u e s 

of l e s s than 1.0 m/day b e i n g a p p r o p r i a t e f o r s m a l l e r c e l l s a t 

h i g h n u t r i e n t c o n c e n t r a t i o n s . E x t i n c t i o n c o e f f i c i e n t s i n the 

ocean can v a r y from <0.04 m"1 i n c l e a r ocean water t o >0.5 m"1 i n 

t u r b i d c o a s t a l water ( J e r l o v , 1 9 6 8 ) . The c o r r e s p o n d i n g range of 

fi (=k.w/ ju s) i s 0 t o 5. T a k i n g w=0.5 m/day and r e a s o n a b l y c l e a r 

water (k < 0.25,say) g i v e s a range f o r J l . of 0.025 t o 0.25, the 

r e g i o n of i n t e r e s t i n F i g u r e 81. 

Mixed l a y e r depths i n the ocean can va r y from a few meters 

i n h i g h l y s t r a t i f i e d r e g i o n s t o over 100 metres i n the open ocean 

i n some seasons. A l t h o u g h l a r g e v a l u e s of k ten d t o occur i n 

c o a s t a l w a t e r s where z M i s s m a l l , ^ = k.zM can range from <1 t o 

>10. 

The c o r r e c t v a l u e f o r K i s as u n c e r t a i n i n most c a s e s as the 

d i f f u s i o n a p p r o x i m a t i o n i t s e l f . In a n u m e r i c a l model, Jamart et. 

a l (1977) use v a l u e s of 10 t o 40 c m 2 . s e c " 1 or about 100 t o 400 

m 2.day" 1 f o r the mixed l a y e r i n the open ocean o f f Oregon. Much 

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

and v a l u e s as low as 1 t o 5 m 2.day" 1 were r e c o r d e d i n 10m 

diam e t e r e x p e r i m e n t a l e n c l o s u r e s i n S a a n i c h I n l e t ( S t e e l e et. a_l 

,1977). W i t h the v a l u e s of k and ] u s g i v e n above, v a l u e s of (3 

r a n g i n g from <0.05 t o >20 a r e p o s s i b l e . 

The ranges of parameters i n n a t u r e appear t o be s u f f i c i e n t 

t o c o v e r the complete range of b e h a v i o u r s found i n the a n a l y s i s 

of the model. The c h a p t e r i s c o n c l u d e d by examining the 

i m p l i c a t i o n s of the t h e o r y w i t h r e g a r d t o two s p e c i f i c p o i n t s . 

The f i r s t c o n c e r n s R i l e y e t a l 's (1949) d e r i v a t i o n of a 
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pronounced sub-surface maximum. I t has been shown that t h i s 

phenomenon i s s t i l l p o s s i b l e with an e x p o n e n t i a l p r o d u c t i o n 

p r o f i l e f o r l a r g e (3, say j3 > 10. But i f the v a l u e s of K used 

by Jamart et a l are c h a r a c t e r i s t i c of most oceanic mixed l a y e r s , 

v a l u e s of fi > 4 w i l l not occur, even i n the c l e a r e s t ocean 

water, and i t f o l l o w s that pronounced deep c h l o r o p h y l l maxima due 

s o l e l y to a balance between d i f f u s i o n and s i n k i n g do not seem 

l i k e l y i n oceanic mixed l a y e r s . In f a c t , observed deep 

c h l o r o p h y l l maxima are found below a mixed l a y e r which i s u s u a l l y 

n u t r i e n t d e p l e t e d , and c u r r e n t e x p l a n a t i o n s r e l y on t h i s (Jamart 

et a l ,1977). However, the e x i s t e n c e of subsurface maxima due 

s o l e l y to a balance between s i n k i n g , d i f f u s i o n and growth, 

without n u t r i e n t d e p l e t i o n , i s s t i l l at l e a s t t h e o r e t i c a l l y 

p o s s i b l e i n s h e l t e r e d waters. 

The second p o i n t i s concerned with the u s e f u l n e s s of the 

e x t e n s i o n of Sverdrup's s p r i n g bloom c o n d i t i o n to i n c l u d e 

d i f f u s i o n and s i n k i n g . I t was noted that s i g n i f i c a n t changes to 

the uniform mixed l a y e r theory occur only when SM(=zM ,{ps/K) °- 5) 

i s l a r g e . If values f o r K of 100 to 400 n^.day" 1 are used, l a r g e 

v a l u e s of S M w i l l be o btained only f o r deep mixed l a y e r s , of 

order 100m. If. these d i f f u s i o n r a t e s can be used i n the deep 

mixed l a y e r s which are present in the open P a c i f i c and A t l a n t i c 

before the s p r i n g bloom , s i g n i f i c a n t c o r r e c t i o n s to Sverdrup's 

c r i t e r i o n may be r e q u i r e d . These s i t u a t i o n s correspond to the 

region of (3 of order 1 and l a r g e ^ i n F i g u r e 81. Again, l a r g e r 

v a l u e s of jS can occur i n s h e l t e r e d waters and the c o r r e c t i o n to 

Sverdrup's theory may a l s o be s i g n i f i c a n t t h e r e , d e s p i t e the 

shallower mixed l a y e r s . 
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CHAPTER 7 

MATHEMATICAL ANALYSIS OF DEEP CHLOROPHYLL MAXIMA. 

7.1 I n t r o d u c t i o n . 

Observations of deep c h l o r o p h y l l maxima have been rep o r t e d 

from the Indian Ocean (Saijo,1973), the A t l a n t i c Ocean and Gulf 

of Mexico (Hobson and Lorenzen,1972; Steele,1964), and the 

P a c i f i c Ocean (Anderson,1972). Thse maxima appear to be a 

widespread and p r e d i c t a b l e f e a t u r e of oceans at middle and low 

l a t i t u d e s . For an e x t e n s i v e review of t h i s phenomenon the reader 

i s r e f e r r e d to Jamart e_t a_l (1977). 

E x p l a n a t i o n s of the phenomenon have ranged i n s t r u c t u r e from 

simple hypotheses such as the c o l l e c t i o n of s i n k i n g c e l l s at 

p y c n o c l i n e s to s o p h i s t i c a t e d numerical models i n c o r p o r a t i n g 

m u l t i p l e hypotheses (Jamart e_t a l ,1977). Both the p h y s i c a l and 

chemical p r o p e r t i e s of the water column and the p h y s i o l o g i c a l 

a t t r i b u t e s of the phytoplankton have been appealed t o . The 

former i n c l u d e v e r t i c a l v a r i a t i o n s i n d e n s i t y , temperature, 

t u r b u l e n t mixing, l i g h t i n t e n s i t y and n u t r i e n t c o n c e n t r a t i o n 

while the l a t t e r i n c l u d e the dependence of phytoplankton growth, 

s i n k i n g r a t e and c h l o r o p h y l l content on l i g h t i n t e n s i t y , n u t r i e n t 

c o n c e n t r a t i o n and temperature. 

One of the e a r l i e s t mathematical treatments, due to R i l e y , 

Stommel and Bumpus (1949), has been d i s c u s s e d and expanded upon 

in the p r e v i o u s chapter. I t was shown there that pronounced 

subsurface maxima can be generated i n the absence of both 

n u t r i e n t l i m i t a t i o n and v e r t i c a l v a r i a t i o n i n s i n k i n g or mixing 

r a t e s , but that t h i s r e q u i r e d eddy d i f f u s i o n r a t e s lower than 
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those u s u a l l y a t t r i b u t e d to oceanic mixed l a y e r s . In f a c t , the 

subsurface maxima e x p l a i n e d by R i l e y et a_l were associated, with 

two c o n d i t i o n s shared by most other o b s e r v a t i o n s of t h i s 

phenomenon. They tend to be found below the mixed l a y e r ( o f t e n 

i n or below a seasonal t h e r m o c l i n e ) , (Anderson,1972; Steele,1964) 

and to occur when n u t r i e n t l e v e l s i n the mixed l a y e r are very 

low, the maximum i t s e l f o f t e n c o i n c i d i n g with a pronounced 

n u t r i c l i i i e (Venrick,McGowan and Mantyle, 1973). T h i s has r e s u l t e d 

in a view of the deep c h l o r o p h y l l maximum as a ' n u t r i e n t t r a p ' 

(Anderson , 1969; Anderson, Parsons and Stephens, 1969; Venrick e_t 

a l ,1973), a view which i s supported by the s i m u l a t i o n r e s u l t s of 

Jamart et a l (1977) . 

Some t h e o r e t i c a l d i s c u s s i o n has been prompted by the 

r e l a t i o n of the maximum to the compensation depth. S t e e l e and 

Yentsch (1960) p o i n t e d out that the nature of the c o n s e r v a t i o n 

equation f o r phytoplankton r e q u i r e s that the maximum 

c o n c e n t r a t i o n must occur above the compensation depth, provided 

that s i n k i n g r a t e and d i f f u s i o n r a t e are constant with depth. 

However, while maxima are o f t e n found below the 1% l i g h t l e v e l 

t r a d i t i o n a l l y used to estimate compensation depth (Parsons ejt a l 

,1977), recent d i s c u s s i o n s of a d a p t a t i o n to low l i g h t i n t e n s i t y 

(Winter et a l ,1975) have suggested that the 1% l i g h t l e v e l i s an 

underestimate of compensation depth and there now appears to be a 

consensus that deep c h l o r o p h y l l maxima c o n s i s t of a c t i v e l y -

growing, shade-adapted c e l l s (Eppley et a_l ,1973). 

In t h i s s e c t i o n , a t h e o r e t i c a l treatment of deep c h l o r o p h y l l 

maxima based on coupled equations f o r phytoplankton and n u t r i e n t s 

i s g i v e n . Although the e f f e c t s of v e r t i c a l v a r i a t i o n i n 
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d i f f u s i o n and s i n k i n g r a t e s a r e c o n s i d e r e d , t h e emphasis i s on 

th e p h y t o p l a n k t o n - n u t r i e n t i n t e r a c t i o n and t h e n u t r i e n t - t r a p 

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

i n t o t h e phenomenon of t h e deep c h l o r o p h y l l maximum and t h e 

dependence o f a t t r i b u t e s s u c h a s t h e d e p t h and c o n c e n t r a t i o n o f 

t h e maximum on p h y s i c a l and b i o l o g i c a l p a r a m e t e r s . In t h i s 

r e g a r d , i t can be r e g a r d e d as c o m p l e m e n t a r y t o t h e d e t a i l e d , 

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

( 1 9 7 7 ) , w h i c h aimed a t e x p l a i n i n g a p a r t i c u l a r s e t of 

o b s e r v a t i o n s . 

7.2 A P h y t o p l a n k t o n - N u t r i e n t M o d e l . 

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

a l l o w c o n c e n t r a t i o n on t h e p h y t o p l a n k t o n - n u t r i e n t i n t e r a c t i o n . A 

s e m i - i n f i n i t e w a ter column i s c o n s i d e r e d w i t h a c o n s t a n t eddy 

d i f f u s i o n r a t e K. The p h y t o p l a n k t o n c o n c e n t r a t i o n P ( z , t ) and 

n u t r i e n t c o n c e n t r a t i o n N ( z , t ) , b o t h f u n c t i o n s of d e p t h °z and t i m e 

t , a r e s u b j e c t t o d i f f u s i o n . P h y t o p l a n k t o n a l s o s i n k a t r a t e w 

and grow a t a r a t e ju(z,N) w h i c h i s d e p e n d e n t on d e p t h ( t h r o u g h 

l i g h t i n t e n s i t y ) and n u t r i e n t c o n c e n t r a t i o n . They a r e a l s o 

s u b j e c t t o a l o s s r a t e d ( d a y " 1 ) due t o b o t h r e s p i r a t i o n and 

g r a z i n g . The a p p r o p r i a t e e q u a t i o n , g i v e n K and w c o n s t a n t , i s : 

£P = K. ^ P - w. Aj> + ( u ( z , N ) - d ) . P 7.1a 

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

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

a u n i t of n u t r i e n t u p t a k e . Some f r a c t i o n U o f t h e p h y t o p l a n k t o n 
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l o s s r a t e d, c o r r e s p o n d i n g t o r e s p i r a t i o n and p a r t o f t h e g r a z i n g 

l o s s e s , w i l l be r a p i d l y r e c y c l e d as n u t r i e n t so t h a t t h e 

c o n s e r v a t i o n e q u a t i o n f o r n u t r i e n t s becomes: 

d_N = K. £fN - ( u ( z , N ) - d . U ) . P 7.1b 

B oundary c o n d i t i o n s a t t h e s u r f a c e , z=0, a r e g i v e n by t h e z e r o -

f l u x c o n d i t i o n : 

K. £j> - w.P = 0 , c3N = 0 a t z = 0. 
hz bz 

Boundary c o n d i t i o n s a t z = co t u r n o u t t o be more p r o b l e m a t i c a l 

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

T h e s e e q u a t i o n s r e p r e s e n t a p a i r of c o u p l e d n o n - l i n e a r 

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

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

P r o g r e s s i s made by a s e r i e s of s i m p l i c a t i o n s and a p p r o x i m a t i o n s 

b a s e d on t h e m a t h e m a t i c a l form o f 7.1 and on t h e o b s e r v e d 

p r o p e r t i e s o f c h l o r o p h y l l maxima i n n a t u r e . F i r s t , t h e 

o b s e r v a t i o n t h a t d eep c h l o r o p h y l l maxima a r e w i d e s p r e a d and 

p e r s i s t e n t phenomena ( V e n r i c k e_t a_l ,1973), w h i c h change on t i m e 

s c a l e s o f months, much l o n g e r t h a n t h o s e o f p h y t o p l a n k t o n g r o w t h , 

a l l o w s us t o l o o k f o r s t e a d y - s t a t e s o l u t i o n s o f 7.1 w h i c h 

s a t i s f y : 

K.P" - w.P' + (ju(z,N)-d) .P = 0 7.2a 

K.N" - ( p ( z , N ) - U . d ) . P = 0 7.2b 

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

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

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

z = oo must be a d d r e s s e d f i r s t . By c o m b i n i n g 7.2a and 7.2b and 

i n t e g r a t i n g t w i c e , t h e n u t r i e n t c o n c e n t r a t i o n a t d e p t h z can be 

w r i t t e n a s : 

As l o n g a s U < 1, t h e l a s t t e r m i s unbounded as z->oo , making i t 

i m p o s s i b l e f o r N ( z ) t o s a t i s f y any p h y s i c a l l y r e a s o n a b l e b o u n d a r y 

c o n d i t i o n t h e r e . The p h y s i c a l b a s i s of t h i s p r o b l e m i s s i m p l e : 

p r o v i d e d U < 1, t h e r e i s a n e t l o s s f r o m t h e combined 

p h y t o p l a n k t o n - n u t r i e n t p o o l w h i c h must be b a l a n c e d by d i f f u s i o n 

f r o m below. S i n c e t h e d i f f u s i v e f l u x o f n u t r i e n t upward t h r o u g h 

any d e p t h z i s t h i s t e r m must a p p r o a c h some p o s i t i v e , 

n o n - z e r o v a l u e as z -*• oo t o b a l a n c e t h e t o t a l l o s s of n u t r i e n t i n 

t h e water column a b o v e . 

Of c o u r s e , n u t r i e n t c o n c e n t r a t i o n s do not i n c r e a s e i n t h i s 

f a s h i o n i n t h e ocean and t h e r e a r e a number o f p r o c e s s e s o m i t t e d 

from t h i s s i m p l e model w h i c h a c c o u n t f o r i t . In r e a l i t y , t h e n e t 

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

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

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

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

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

l o s t t o s e d i m e n t a t i o n o r t e r r e s t r i a l p r e d a t o r s i s r e p l a c e d by 

N ( z ) = N(0) - P ( 0 ) + P ( z ) + 

+ 
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c o a s t a l runoff or sources such as n i t r o g e n f i x a t i o n . A l l these 

processes making up the l a r g e - s c a l e n u t r i e n t c y c l e of the oceans 

(Parsons and Harrison,1981) maintain a constant deep n u t r i e n t 

c o n c e n t r a t i o n d e s p i t e short-term f l u c t u a t i o n s i n the upper 

l a y e r s . There i s no p o i n t i n i n t r o d u c i n g these processes i n t o 

the simple model as they i n v o l v e a vast range of time s c a l e s , 

some of which, p a r t i c u l a r l y those of d e t r i t a l p o o l s , are s t i l l 

c o n t r o v e r s i a l (Menzel,1974; Ichikawa and Nishizawa,1975). 

A simple a l t e r n a t i v e , used by Jamart et a_l (1977), i s to f i x 

the n u t r i e n t c o n c e n t r a t i o n at some f i n i t e depth z L , w e l l below 

the c h l o r o p h y l l maximum, at a high 'deep-water' value , N L. On 

the time s c a l e of a few months over which deep c h l o r o p h y l l maxima 

p e r s i s t , t h i s i s a reasonable c o n d i t i o n , i n keeping with 

o b s e r v a t i o n s , although processes other than those represented i n 

7.2 are needed to e x p l a i n i t . 

We now seek an approximate s t e a d y - s t a t e s o l u t i o n to 7.2 

corresp o n d i n g to a deep c h l o r o p h y l l maximum. I t was noted i n the 

i n t r o d u c t i o n that these maxima are t y p i c a l l y found i n the 

v i c i n i t y of a n u t r i c l i n e , below a region of n u t r i e n t d e p l e t i o n . 

T h i s suggests that the water column may be d i v i d e d i n t o two 

r e g i o n s : an upper l a y e r i n which n u t r i e n t c o n c e n t r a t i o n s are low 

and growth i s n u t r i e n t - l i m i t e d , and a lower r e g i o n i n which 

n u t r i e n t s are p l e n t i f u l and growth i s l i g h t - l i m i t e d . T h i s 

approach i s f a c i l i t a t e d by using a l i m i t i n g f a c t o r or L i e b i g 

approach to the i n t e r a c t i o n of l i g h t and n u t r i e n t s (Droop,1977) : 

JU(Z,N) = min(jj 1 (z) , J J 2 (N) ) 
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where, f o r s i m p l i c i t y , g r o w t h i s assumed t o depend l i n e a r l y on 

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

p 1 ( z ) = ju s . e x p ( - k . z ) , p 2 ( N ) = J J S . N / H K . 

Then, c o r r e s p o n d i n g t o t h e two r e g i o n s d e s c r i b e d a bove, t h e r e 

e x i s t some d e p t h z T and n u t r i e n t c o n c e n t r a t i o n N T = N K e x p ( - k . z T ) 

s u c h t h a t , f o r z > z r , N > N T and ja(z,N)=p1 ( z ) , w h i l e f o r z < z T , 

N < N T and p ( z , N ) = u 2 ( N ) . I t i s c o n v e n i e n t a t t h i s p o i n t t o non-

d i m e n s i o n a l i z e by s c a l i n g t i m e and d e p t h as i n t h e p r e v i o u s 

s e c t i o n : 

S = z . ( p s / K ) ° - 5 , ST= z T . (ps/K) °-5 , SL= z L.(ju s/K)°- 5 , 

T = j u s . t , uj = w/(2. (ju s .K) °-5 ) , (3 = 2. (ps/K) °-5/k . . 

On s u b s t i t u t i n g i n 7.2, we o b t a i n f o r S < ST : 

P " - 2 . 6 U . . P ' + (N/N R - S ) . P = 0 

N" - (N/N R - U.S ) . P = 0 7.3a 

and f o r S > ST : 

P " - 2 . . P ' + (exp (-2. 5 /f3 ) - c?) . P = 0 

N" - ( e x p ( - 2 . 5 /(3 ) - U . S ).N = 0 7.3b 

w i t h b o u n d a r y c o n d i t i o n s : 

P ' ( 0 ) = 2.cu . P ( 0 ) , N' ( 0 ) = 0 , P 0 as , N ( S L ) = N L , 
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and P, N, P' and N' c o n t i n u o u s a t S = ST* 

The b o u n d a r y c o n d i t i o n s on N and P may now a p p e a r 

i n c o n s i s t e n t s i n c e N i s o n l y d e f i n e d on (0, 5 L ), but t h e e q u a t i o n 

g o v e r n i n g P i s i n d e p e n d e n t o f N f o r 5 > S T , so t h a t a s o l u t i o n 

f o r P can be d e f i n e d on (0 ,oo) and t h e b o u n d a r y c o n d i t i o n P -» 0 

as 5 ^ & a p p l i e d . ( J a m a r t e t a l u s e d t h e b o u n d a r y c o n d i t i o n 

P'( $L ) = 0 but t h i s a s s u m p t i o n o f z e r o d i f f u s i v e f l u x of 

p h y t o p l a n k t o n a c r o s s S = SL i s i n c o n s i s t e n t w i t h t h e i r b o u n d a r y 

c o n d i t i o n N( SL ) = N L w h i c h i m p l i e s a d i f f u s i v e f l u x of n u t r i e n t 

a c r o s s t h e same d e p t h . The r e s u l t s of t h e p r e v i o u s c h a p t e r do 

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

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

mine) . 

The s y s t e m 7.3b i s l i n e a r and t h e s o l u t i o n f o r P was 

o b t a i n e d i n t h e p r e v i o u s c h a p t e r : 

P = P T . e x p ( c u . ( 5 - Sr ) ) . J v ( / 0 . e x p ( - S / / ? ))/Jv(/3 . e x p ( - ST / (3 )) 

7.4 

where v = j3.( co2 + S ) °-5. I n t e g r a t i n g t h e e q u a t i o n f o r N t w i c e 

g i v e s : 

N = N T + N ' ( S T ) . ( 5 - S T ) + / ' f (exp (-2 .s / /0 )-U.S ) . P ( s ) .ds.du . 

The b o u n d a r y c o n d i t i o n N( 5 L )=N L r e p r e s e n t s a c o n d i t i o n l i n k i n g 

N T ,N' ( Sj ) , N L and P T . 

F o r S < Sr , t h e p r o b l e m i s s t i l l n o n - l i n e a r and an 

a p p r o x i m a t e s o l u t i o n must be f o u n d . The a p p r o a c h t a k e n h e r e i s 

s u g g e s t e d by r e c e n t e v i d e n c e t h a t p h y t o p l a n k t o n c an t a k e up 
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n u t r i e n t s and grow r a p i d l y at very low n u t r i e n t c o n c e n t r a t i o n s 

(eg Goldman and McCarthy,1978); that i s , that N R i s very small 

If in p a r t i c u l a r << P T, d e f i n e 

n = N/NR , n T = N T/N R ( = ex p ( - k . z T ) ) , p = P/PT , E*= N R/P T . 

S u b s t i t u t i o n i n the equations 7.3a g i v e s : 

p" - 2. u> .p' + (n- S ) .p = 0 

n" - (n-U.S ).p/S 2 = 0 . 7.5 

An exact outer s o l u t i o n of 7.5, s a t i s f y i n g the sur f a c e 

boundary c o n d i t i o n , i s 

p° = C 1.exp(cw.5 ).(cosh(a.S ) + cu.sinh(a.S )/a) 

n° = U.S 7.6 

where a = ( co + (1-U).S" ) 0 - 5. However, t h i s s o l u t i o n cannot 

s a t i s f y the boundary c o n d i t i o n n( $r ) = n T , so we must look f o r 

an inner or boundary l a y e r s o l u t i o n by w r i t i n g 

p = p°(S ) + p ; ( J ) , n = n° (S ) + n
; ( § ) 

where ^ = (S - ST )/£ . S u b s t i t u t i n g f o r p,n i n 7.5 gi v e s : 

p1' " - 2. £ . co.p*' ' + £\ (n 1 -(1-U) . S ) . (p° ( S T + € . J )+p' ) = 0 

n ; " - n' . (p°(5 T+ )+p'' ) = 0 7.7 

We now expand p' and n' i n powers of £ : 
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P i = Pi ( f ) + £ . p | ( J ) +... , n1' = n'Jtj ) •+ S.n'i(§ ) +... 

To o r d e r £°, 1.1 becomes : 

p i " = o , n;*• - n < ; . ( p o ( sT ) + P ; ) = o. 

U s i n g t h e c o n d i t i o n s p j , n^ -> 0 as § ~°° y i e l d s p^ =0, 

n'0 = C 2 . e x p ( ^ ). C o l l e c t i n g t e r m s o f o r d e r E1 i n 7.7 g i v e s : 

p| " - 2. . p i ' = 0 

n; " - n i .p°( ST ) - n; .p° ' ( S T ) = 0 

and t h e m a t c h i n g c o n d i t i o n s p 1 , n' —» 0 as ^ -*• -oo i m p l y t h a t 

p; =0, n i = C 2 . p ° ' ( 5 T ) . e x p ( J ) . ( § )/4. Thus, t o o r d e r , 

t h e s o l u t i o n f o r 5 < ST i s : 

P( S ) = P T . e x p ( a j . S ) .C± . ( c o s h ( a . S ) + co. s i n h ( a . 5 )/a) 

N( S ) = N R.U.S + C 2 . e x p ( £ ).(1+ S.p°' (ST) .(§* - f )/4) 

To c o m p l e t e t h e s o l u t i o n , t h e c o n t i n u i t y c o n d i t i o n s f o r P, N, 

dP/dS , dN/dS must be s a t i s f i e d a t S = 5 T . The c o n t i n u i t y 

c o n d i t i o n f o r P, N i s s i m p l y a m a t t e r o f d e f i n i n g t h e c o n s t a n t s 

C 3 , C2 so t h a t P( S T -) = P T > N < 5 T ~) = N T . F o r S < ST , 

dP/dS = P T . ( d p ° / d S + ( l / c ) . ( d p : / d j + f . d p i / d f +0(£: 2)) 

= P T . d p ° / d S + 0(€z) 7.8 

so t h a t , t o o r d e r £°, t h e c o n t i n u i t y c o n d i t i o n f o r dP/dS a t S = 
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Sj becomes : 

( a . s i n h ( a . S T ) + ct».cosh(a. ST) ) / ( c o s h ( a . ST ) + cu. s i n h ( a . Sr) /a) 

+ e x p ( - S T / / 3 ) ^ .exp(-o° r//J ) ) / J v (/? .ekp(-5r//c3 )) = 0 7.9 

F o r S < 5T , 

dN/dS = N R . (dnVdS + (l/£ ) . ( d n i / d j + £ \ d n ; / d j +0(£2) ) 

= P T . £ 2 . ( ( n T - U . S )/£ + d n ^ / d j ) , so 

N ' ( 5 T ) = £ .P T . ( e x p ( - 2 . ST//3 )-U . S ) + 0(€2 ) 

S u b s t i t u t i n g i n e q u a t i o n 7.4 f o r N ( 5 ) , 5 > 5 T , g i v e s : 

N = £ 2 . P T . e x p ( - 2 . 5 T //? ) + £ . P T . ( exp ( - 2..? T//ff )-U.ff ) . (S - S T > 

s o , f o r v?L l a r g e , t h e b o u n d a r y c o n d i t i o n a t S = SL becomes : 

N = f f (exp(-2.s//c? )-U.S ) . P ( s ) . d s . d u + 0{6 ) 7.10 

On c o l l e c t i n g t h e s e r e s u l t s t o g e t h e r t h e n , we have a s o l u t i o n t o 

o r d e r £° i n 0 < S < SL o f t h e form : 

P = P T . e x p ( c o AS - S7 ) . ( c o s h ( a . 5 ) + c o . s i n h ( a . S )/a) 

/ ( c o s h ( a . S T ) + c o . s i n h ( a . S T )/a) f o r S < ST 

P = P T.exp(o;.(S - Sj )) . J v ( ft . e x p ( - S /ft ) ) / J v ( /3 . e x p ( - Sr/^S )) 

f o r 5 > S T 
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N = N R . ( U . S + e x p ( - ( 2 . 5 >
T //8 ) - U . S ) .exp((S - ST )/£ ) 

f o r S < Sr 

N = N R . e x p ( - 2 . Sr /0 ) + £*.PT . ( e x p ( - 2 . 5 T //3 )-U. S ). (5 - 5 T ) 

+/* / (exp(-2 . s / /? ) - U. S ) . P ( s ) .ds.du f o r S > ST , 

7.11 

w i t h Sr d e t e r m i n e d by e q u a t i o n 7.9 and P r d e t e r m i n e d by e q u a t i o n 

7.10. 

T h i s a p p r o x i m a t e s o l u t i o n , a l t h o u g h a l g e b r a i c a l l y 

c o m p l i c a t e d , has a s i m p l e p h y s i c a l i n t e r p r e t a t i o n . P h y t o p l a n k t o n 

have been assumed t o be a b l e t o t a k e up n u t r i e n t and grow a t near 

maximum r a t e s a t v e r y low n u t r i e n t c o n c e n t r a t i o n s . As a r e s u l t , 

t h e l a y e r where p h y t o p l a n k t o n g r o w t h r a t e a c t u a l l y v a r i e s w i t h 

n u t r i e n t c o n c e n t r a t i o n (and t h e g o v e r n i n g e q u a t i o n s a r e 

n o n l i n e a r ) i s t h i n compared w i t h m i x i n g l e n g t h s c a l e s , t h e 

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

u p t a k e w i t h i n t h i s l a y e r t o t h e e q u i l i b r i u m l e v e l N^.U.6" a t 

w h i c h u p t a k e i s b a l a n c e d by n u t r i e n t r e c y c l i n g . When t h i s l a y e r 

i s t h i n enough, i t has a n e g l i g i b l e i n f l u e n c e on t h e d i s t r i b u t i o n 

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

t h e o u t e r s o l u t i o n (N = N R .U .S ) above t h e l a y e r w i t h t h e l i g h t -

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

t h e p h y t o p l a n k t o n maximum i s d e t e r m i n e d t o t h i s a p p r o x i m a t i o n by 

t h e l i g h t - l i m i t e d k i n e t i c s and g r a z i n g and r e s p i r a t i o n l o s s e s , a s 

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

D e c r e a s i n g t h e g r a z i n g r a t e w i l l t e n d t o deepen t h e p h y t o p l a n k t o n 

maximum a s a s m a l l e r g r o w t h r a t e i s t h e n n e e ded t o b a l a n c e 

g r a z i n g l o s s e s . The n u t r i e n t c o n c e n t r a t i o n i n deep w a t e r , N L , 

does n o t a f f e c t t h e d e p t h o r shape o f t h e maximum but does 
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d e t e r m i n e t h e amount of p h y t o p l a n k t o n p r e s e n t . The d e t a i l s of 

t h e d e p e n d e n c e of p h y t o p l a n k t o n g r o w t h r a t e on n u t r i e n t 

c o n c e n t r a t i o n have a n e g l i g i b l e i n f l u e n c e on t h e p h y t o p l a n k t o n 

d i s t r i b u t i o n and abundance, p r o v i d e d t h e b a s i c a p p r o x i m a t i o n 

r e m a i n s v a l i d . 

7.3 E f f e c t of a M i x e d L a y e r . 

As most deep maxima a r e f o u n d below a mixed l a y e r , t h e 

a s s u m p t i o n of a c o n s t a n t d i f f u s i o n r a t e i n t h e above d i s c u s s i o n 

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

l a y e r i s t o use a s t e p - f u n c t i o n f o r m f o r t h e dependence of 

d i f f u s i o n r a t e on d e p t h : 

z < z M 

z > z M 

where Q i s a l a r g e c o n s t a n t . We a r e i n t e r e s t e d i n t h e c a s e 

zM < z T , t h a t i s , i n p h y t o p l a n k t o n maxima below t h e m i x e d l a y e r . . 

P r o v i d e d ( 5 T - SM)/£ i s l a r g e enough, t h e p r e v i o u s a n a l y s i s can 

be a p p l i e d w i t h o n l y one c h a n g e ; namely t h a t t h e o u t e r s o l u t i o n 

i n t h e r e g i o n S < Sr must be s o l v e d i n t h e two l a y e r s 5 < 5 M 

and 5 > 5M w i t h c o n t i n u i t y of p ° , n ° a t 5 = 5 M and t h e f l u x 

c o n d i t i o n s : Q.p°'( SM ) = p° ' ( ) and Q.n°'( 5 ^ ) = n°'( ). 

The s o l u t i o n i s : 

N = NR.U.S f o r S < $T 

P = C 4 .exp( LU . S / Q ) . ( c o s h ' ( a M . S )+ cu.sinh(aM.S ) / ( a M . Q ) ) 

f o r S , 

K(z) = 
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P = exp ( tc . ( S - 5 M ) • ( C 5 . c o s h ( a . ( 5 - SM ))+C6.sinh(a.(5 - 5 M ) ) ) 

f o r SM < S < 5 T , 

where a M = ( co2 + ( 1 - U ) . S .Q)°- 5/Q, a = (to* + (1-U) . 8 ) 0 5 as b e f o r e , 

and t h e c o n t i n u i t y c o n d i t i o n s g i v e : 

Cs = C4 .exp(6c . SM/Q) . ( c o s h ( a M . 5 M ) + cu. s i n h ( a M . S M ) / ( a M . Q ) ) 

C6 = C 4 .exp( cu . 5 M/Q) . ( a M . Q / a ) . ( s i n h ( a M . S M ) + c y . c o s h ( a M . S M ) / ( a M . Q ) ) 

The c o n s t a n t C 4 i s d e t e r m i n e d by P ( ST ) = P T . 

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

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

enough. F o r Q s u f f i c i e n t l y l a r g e o r , more a c c u r a t e l y , J'M/Q 

s u f f i c i e n t l y s m a l l , t h e o u t e r s o l u t i o n c a n be a p p r o x i m a t e d by : 

P = P ( 5 M ) f o r S < 5 M 

P = P ( 5M ) .exp( cu . ( 5 - . ( c o s h ( a . (S - SM) 

+ (cu + ( l - u ) . S . 5M) . s i n h ( a . ( S -5 M ) )/a) f o r SM < S < ST 

7.12 

where, as b e f o r e , t h e c o n d i t i o n P ( ST ) = P T d e t e r m i n e s P ( 5 M ) . 

From 7.12, P' ( ) = 2. cu .P( 5 M ) + ( 1 - U ) . <9 . 5 M . P ( O ° M ) and 

t h i s has a s i m p l e p h y s i c a l i n t e r p r e t a t i o n . F o r Q s u f f i c i e n t l y 

l a r g e , t h e mixed l a y e r becomes u n i f o r m l y m i x e d w i t h p h y t o p l a n k t o n 

c o n c e n t r a t i o n P ( ^ M ) and n u t r i e n t c o n c e n t r a t i o n N R.U.S" . T h e r e 

i s a r e s u l t a n t l o c a l l o s s r a t e (1-U) . 6 f o r p h y t o p l a n k t o n i n t h i s 

l a y e r , o r t o t a l l o s s r a t e of ( l - U ) . S .«?,»,.P(5 M ) i n t h e mixed 

l a y e r . I f a s t e a d y s t a t e i s t o be m a i n t a i n e d , t h i s l o s s must be 

b a l a n c e d by a n e t f l u x upwards t h r o u g h S = SM w h i c h i s g i v e n by 
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P* (6°M )-2.co ,P(5M) . 

7.4 E f f e c t of N u t r i e n t Dependent S i n k i n g r a t e s . 

The dependence of phytoplankton s i n k i n g r a t e s on n u t r i e n t 

c o n c e n t r a t i o n was a s s o c i a t e d with deep c h l o r o p h y l l maxima by 

S t e e l e (1960). A recent d i s c u s s i o n i s given by Jamart et a_l 

(1977). The q u a n t i t a t i v e d e t a i l s of t h i s dependence have not yet 

been f u l l y uncovered by experiment. In f a c t , even the d i r e c t i o n 

of the r e l a t i o n s h i p has been c a l l e d i n t o q u e s t i o n by recent 

experiments ( P . J . H a r r i s o n and P. Bienfang,pers. comm.). The 

t r a d i t i o n a l i n c r e a s e i n s i n k i n g r a t e with n u t r i e n t d e p l e t i o n i s 

assumed here and i t i s si m p l e s t to a s s o c i a t e t h i s e f f e c t with 

n u t r i e n t l i m i t a t i o n of growth. In the context of a c h l o r o p h y l l 

maximum s o l u t i o n , with n u t r i e n t l i m i t e d growth f o r 5 < ST , N < 

N T, and l i g h t - l i m i t e d growth f o r S > ST , N > N T, i t seems 

reasonable to take 

as a f i r s t approximation. The form of the s o l u t i o n f o r S > ST 

i s unchanged. For 3 < ST , equation 7.5 becomes 

p" - 2.co . ( l + X ( l - n / n T ) ) .p' + 2.to .X.p.n'/n T + (n- S ) .p = 0 

for N > N T 

f o r N < N T 

n" - (n-U.S ).p/£2 = 0 7.13 

The outer s o l u t i o n to 7.13 i s given by 

n° = U.S 
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p° = C 7.exp( cu± . (S - $T ) ) . ( c o s h ( a 1 . 5 )+ a ^ i . s i n h ( a 1 . 5 )/at ) 

where a t = ( cuf +(1-U) . S ) °-5 and u>t= cu. (1+X. (1-U. S~ / n r ) ) . As 

before, an inner s o l u t i o n i s sought by w r i t i n g p = p° + p ' ( ^ ) 

where J = (S - S T )/£" . Expanding p' , n 1 i n powers of € and 

s u b s t i t u t i n g i n 7.12, we get as before, to order £"": 

Po = 0 i nl = ( " T ~ U.S ) . e x p ( J ) . However, to order S1, the 

equation f o r p' becomes : 

d 2 p j / d £ 2 + 2.cu .X. (1-U. S /n T) .exp( J ) = 0, 

with s o l u t i o n : 

p^ = 2.co.X.(1-U.S / n T ) . ( l - e x p ( J ) ) . 

For 5 < 5 T , n e g l e c t i n g terms of order € or s m a l l e r , we have : 

P = P T .exp( co^ . (S - 5 T ) «C 7. ( c o s h ( a 1 . S )+ . s i n h ( a 1 . 5 )/aj )) 

dP/dS = P T.(dp°/d5 + (l/<f ) . (dp:'/df + c o . d p ; / d f +...)) 

= P T . (dp°/dS - P T .2. cc .X. (1-U. 6" ,/n T) .exp( (S - ST )/£ ) 

At .$* = ST , P = P T i m p l i e s that 

C 7 = ( c o s h ( a 1 . ST ) + oJt. s i n h ( a 4 . ST ) /a1 )"1 

and 

P' ( S; ) = P r .dp°/dS ( ST ) - P T .2.6U .X. (1-U. b~ /n T) 7.14 

Comparing 7.14 with the e q u i v a l e n t formula i n the case of 
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c o n s t a n t s i n k i n g r a t e ( e q u a t i o n 7.8), and r e c a l l i n g t h a t the 

s o l u t i o n f o r S > ST has the same form i n both c a s e s , i t can be 

seen t h a t , t o z e r o t h o r d e r i n <f, the o n l y e f f e c t of v a r i a b l e 

s i n k i n g r a t e i s the a d d i t i o n a l term -P T.2.to .X.(1-U.S /n T) which 

appears i n the c o n t i n u i t y c o n d i t i o n f o r dP/dS a t $ = ST . But 

t h i s term i s j u s t e q u a l t o -P T . 2. ( cox - co) and a g a i n t h e r e i s a 

s i m p l e i n t e r p r e t a t i o n . J u s t as i n the case of growth r a t e , the 

l a y e r over which s i n k i n g r a t e v a r i e s w i t h n u t r i e n t c o n c e n t r a t i o n 

i s t h i n enough t h a t the z e r o t h o r d e r s o l u t i o n f o r P i s o b t a i n e d 

by matching the o u t e r s o l u t i o n f o r S < ST , where N = U.S .NR 

and w=wA, t o the s o l u t i o n f o r S > ST . The a d d i t i o n a l term 

which appears i n the c o n t i n u i t y c o n d i t i o n f o r dP/dS a t S = ST 

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

v e r t i c a l f l u x dP/dS -2.co.P be c o n t i n u o u s a t S= ST . 

The f u l l s o l u t i o n f o r the case of n u t r i e n t - d e p e n d e n t s i n k i n g 

r a t e can be o b t a i n e d from the s o l u t i o n f o r c o n s t a n t s i n k i n g r a t e , 

7.11, by s u b s t i t u t i n g tvt, a1 i n the f o r m u l a f o r P ( S ), S < Sj , 

and r e p l a c i n g e q u a t i o n 7.9 f o r ST by 

0 = co - cu1 + (a± . s i n h ( a j . S T) + 6 u 1 . c o s h ( a i . ST)) 

/ ( c o s h ( a 1 . ST)+ s i n h f a j , . ST)/ai ) 

+ e x p ( - 5 r / / J / 6 . e x p ( - ST//3 ) ) / J v ( (3 . exp( - ST//3 )) 

7.5 D i s c u s s i o n . 

The c o n t o u r p l o t of ST/f3 vs to,(3 f o r £=0.1 and 17=0.5 

( F i g 82) was o b t a i n e d by s o l v i n g e q u a t i o n 7.9 n u m e r i c a l l y and 

s e r v e s t o i l l u s t r a t e a number of f e a t u r e s of the approximate 

s o l u t i o n . As we might e x p e c t , i n c r e a s i n g to w i t h (3 f i x e d 

produces a d e c r e a s e i n ST//3 : growth must o c c u r a t h i g h e r l i g h t 
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i n t e n s i t i e s t o compensate f o r i n c r e a s e d s i n k i n g l o s s e s . 

I n c r e a s i n g (3 w i t h co f i x e d i n c r e a s e s not o n l y ST but a l s o ST//3 

; t h i s i s due t o the d e c r e a s e d importance of s i n k i n g l o s s e s from 

the e u p h o t i c zone. Note t h a t the ST//3 = 0 c o n t o u r i s i d e n t i c a l 

t o the ^ + 5" = 0 co n t o u r i n F i g 79. T h i s i s j u s t the s e t of 

v a l u e s of ( t o , (3 ) f o r which a p u r e l y l i g h t - l i m i t e d s t e a d y - s t a t e 

i s p o s s i b l e . 

Three examples of s t e a d y - s t a t e p h y t o p l a n k t o n p r o f i l e s 

p r e d i c t e d by 7.11 are g i v e n i n F i g u r e 83. The f i r s t i s t y p i c a l 

of p r o f i l e s f o r s m a l l to and f3 . As found i n c h a p t e r 6, 

p h y t o p l a n k t o n c o n c e n t r a t i o n v a r i e s s l o w l y w i t h depth and t h e r e i s 

no pronounced s u b s u r f a c e maximum f o r (3 s m a l l . For f3 and tu 

both l a r g e , F i g 83b, $T/{3 i s s m a l l and almost a l l the i n c r e a s e 

i n P o c c u r s below S = ST . T h i s s i t u a t i o n i s c l o s e t o the 

p u r e l y l i g h t - l i m i t e d c h l o r o p h y l l maxima found i n the p r e v i o u s 

s e c t i o n and i s of l i t t l e i n t e r e s t here as P r << P M A X (the peak 

p h y t o p l a n k t o n c o n c e n t r a t i o n ) and the c o n d i t i o n P T >> N R , r e q u i r e d 

f o r the approximate s o l u t i o n t o be v a l i d , i s u n l i k e l y t o be 

f u l f i l l e d . 

The p r o f i l e i n F i g u r e 83c, c o r r e s p o n d i n g t o l a r g e (3 and 

s m a l l co can be regarde d as a t y p i c a l example of the ' n u t r i e n t 

t r a p ' c h l o r o p h y l l maximum sought h e r e . Note t h a t almost a l l the 

i n c r e a s e i n P w i t h depth o c c u r s above ST . The r e g i o n i n the 

(co,/? ) p l a n e c o r r e s p o n d i n g t o s o l u t i o n s of t h i s type has been 

d e f i n e d r o u g h l y by the c o n d i t i o n s P T / P ( 0 ) > 20 and P M A X / P r < e 

(shaded a r e a i n F i g 8 2 ) . The r e g i o n i s r e l a t i v e l y s m a l l and even 

i n t h i s r e g i o n §7/(3 < 1 which means t h a t the zone of n u t r i e n t -

l i m i t e d growth cannot e x t e n d below the depth a t which the l i g h t 



Figure 83. C h a r a c t e r i s t i c p r o f i l e s ?(S ) vs 5/(3 f o r S=0.1 and (a) 

(b) ,3=2., u;=0.5 and (c) (3=20., u>=0.1. 

/2=2. , 6u=0.1, 
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i n t e n s i t y i s reduced to 10% of i t s s u r f a c e v a l u e . T h i s i s not 

s u r p r i s i n g as, f o r 8=0.1, the depth of 10% suface l i g h t 

i n t e n s i t y corresponds to zero net phytoplankton growth and, as 

S t e e l e and Yentsch (1960) have p o i n t e d out, when d i f f u s i o n and 

s i n k i n g r a t e s are constant, the c h l o r o p h y l l maximum must occur 

above t h i s depth. 

To e x p l a i n deeper c h l o r o p h y l l maxima, a sm a l l e r value of 5" 

i s needed and t h i s r e q u i r e s a more c a r e f u l examination of our 

assumed growth law f o r phytoplankton. The net growth r a t e of 

phytoplankton has been assumed to have the form : 

Pnei ~ u s . (min (exp(-k. z) , N/NR) - 8 ) 

where d = ju s . S i s the combined l o s s r a t e due to r e s p i r a t i o n and 

g r a z i n g . I f J J s i s l e s s than or equal to the true maximum growth 

r a t e of the phytoplankton (uMA)< ), S i s probably of order 0.1, 

even i n the absence of g r a z i n g (Ryther, 1956) . However., f o r a 

shade-adapted p o p u l a t i o n at low l i g h t i n t e n s i t y and high n u t r i e n t 

c o n c e n t r a t i o n , the gross growth r a t e w i l l be ju = cx.I/V where oc 

i s the p h o t o s y n t h e t i c e f f i c i e n c y (mg C.mg Chi a ^ . l y " 1 ) and V i s 

the C:Chl a r a t i o . If I = I0 . exp(-k . z) , then p.s = oc. I 0 /V and ps 

need not be an a t t a i n a b l e growth r a t e . For example, a value of 

a =1 (Hameedi,1977; Chan,1978) and V = 20 (Anderson et al,1969) 

together with a s u r f a c e l i g h t i n t e n s i t y of 200 ly/day produces a 

value f o r ju s of 10 day" 1. Since the maximum growth r a t e achieved 

i n a s o l u t i o n of the form 7.11 i s u T = u s . e x p ( - k . z r ) , the 

s o l u t i o n w i l l s t i l l be b i o l o g i c a l l y meaningful p r o v i d e d z T i s 

l a r g e enough to make J U T < p M M . 
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The non-dimensional parameters j3, cu and 5" a l l i n v o l v e the 

parameter ps which was used to s c a l e time. Since ps may be an 

order of magnitude g r e a t e r than pMAX , i t i s p r e f e r a b l e to 

intro d u c e a new set of non-dimensional parameters using pMAx to 

s c a l e time. I f 0 = j u M A X /ps > t n e r e s c a l e d parameters 

°-5, u>*= o u . e - ° s and S*= S/e 

are independent of ps . The e f f e c t of shade a d a p t a t i o n on deep 

c h l o r o p h y l l maxima can be seen by dec r e a s i n g 0 while keeping 

j3*, co* and S** f i x e d . On s e t t i n g <p = S/j3 (=k.z/2), 

(pT = SJ//3 , equation 7.11 f o r the phytoplankton p r o f i l e and 

equation 7.9, which determines ST , can be r e w r i t t e n i n terms of 

P , co* and 8 as: 

P((p)/Pr = exp(co*./?*. (<p -<pr)). (cosh(a*. <p )+ ytffa/. s i n h ( a * . c? )/a*) 

/ ( c o s h ( a * . f )+ f3*cv*. s i n h ( a * . <p )/a*) f o r f < pT , 

P(f )/Pj = exp(co *.,£*. {cp - c ? r ) . J v ( (3*. 6 -°- 5.exp(-^ )) 

/ J v ( (3\ 9 - °-5 .exp(-<pT)) f o r > 

7.15 

0 = ( c7*. s i n h ( a * . f )+ co? ̂  cosh(a* . (fr )) 

/ ( c o s h ( a * . fT )+ ^Ta/.sinMa*. £V)/a* ) 

+ /3*.Q- °-5 .exp(- c2JT) . jy ( fl* e - °-5 .exp(-p r) ) 

/Jv(/3* e -°- 5.exp(-c^)). 7.16 

where a* = ( u;* 2 + (1-U). 8*). 0 5 , V= /?*. ( co*  2 + £*) °-5 are 

independent of 8 . The cases of i n t e r e s t are those with 

P T » P(0) or a*.<pT» 1. Then f o r CD of order <pr, cosh(a*.f>) 

and s i n h ( a * . <p ) can be approximated by exp(a*.cp )/2 and equations 
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7.15 and 7.16 become a p p r o x i m a t e l y 

P ( ( p ) / P T = exp(o>. fi . (f - <pT)) . e x p ( a * . ((p - (fa)) f o r <p< <pr 

P ( < p ) / P T = exp(co*./3*.(<p - fT)) .Jy( ft*.exp(-(f - <pT)-((pT-<pc))) 

/ J y ( /3*.exp(-(fT-<pc))) f o r (p><pT 

7.17 

/3*.exp(-(f7-%) .J'v( /3*exp(-«pT-<pc)))/Jv( /g*exp(-( fT- <pc )) ) 

+a* = 0 7.18 

H e r e , <pc i s d e f i n e d by exp(-2.$P c) = B and c a n be i n t e r p r e t e d a s 

t h e n o n - d i m e n s i o n a l i n c r e a s e i n t h e c o m p e n s a t i o n d e p t h due t o 

s h a d e - a d a p t a t i o n . 

E q u a t i o n 7.18 d e t e r m i n e s a v a l u e of <pT~j^c w h i c h i s 

i n d e p e n d e n t of &, - w h i l e e q u a t i o n 7.17 d e t e r m i n e s P(<p )/P T as a 

f u n c t i o n o f (j> - <pT and % ~ % o n l y . Thus, i n t h e c a s e o f 

p r o n o u n c e d deep c h l o r o p h y l l maxima due t o n u t r i e n t l i m i t a t i o n , 

t h e e f f e c t of i n c r e a s i n g shade a d a p t a t i o n i s t o i n c r e a s e t h e 

d e p t h o f n u t r i e n t d e p l e t i o n by an amount e q u a l t o t h e i n c r e a s e i n 

c o m p e n s a t i o n d e p t h , and t o t r a n s l a t e t h e p h y t o p l a n k t o n p r o f i l e by 

t h e same amount w h i l e p r e s e r v i n g i t s s h a p e . An example i s ,given 

i n F i g 84 where t h e p r o f i l e from F i g 83c w i t h 9 = 1 i s r e p r o d u c e d 

a l o n g w i t h a c o r r e s p o n d i n g p r o f i l e w i t h © = 0 . 1 . In F i g 85, t h e 

c o n t o u r p l o t o f F i g 82 has been r e p l o t t e d a s %~ % v s 0* and 

t h e c o r r e s p o n d i n g p l o t f o r e =0.1 s u p e r i m p o s e d . F o r ft* l a r g e , 

t h e c o n d i t i o n a*.(pT » 1 i s f u l f i l l e d and t h e c o n t o u r s a r e 

a l m o s t c o i n c i d e n t , a s p r e d i c t e d by 7.18. 

The i n t r o d u c t i o n o f a m i x e d l a y e r o f d e p t h z M < Z T r e s u l t e d 

i n an a l g e b r a i c a l l y c o m p l i c a t e d f o r m f o r P(S ), $ < S7 , w h i c h 



41-

Figure 84. Phytoplankton profiles P(p) vs <p for 
it * ft 

(3 = : 20. , 6 U =0.1 and 8 =0.1. Dashed 

line corresponds to 6 = 1., solid line to 

6 = 0.1. 
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was s i m p l i f i e d i n the l i m i t of a uniform mixed l a y e r to that 

given i n equation 7.12. The corresponding equation f o r 6%, 

r e w r i t t e n i n terms of the new non-dimensional parameters d e f i n e d 

above, i s 

'a* . s i n h ( a * . ( f r - % ) )+F.cosh(a* . ( fT~ fM) ) 

/ (cosh(a*. ((pr-<pj )+F.sinh(a*. (<pT-

+ /?! e"°- 5.exp(- fV.j ; ( /?*ex.p(-(<pT~<pc))) 

/Jv( fi*.exp(-(pT-pc))) = 0 7.19 

where F = fi*.u>* + . (1-U) . S"*. >̂M . In the cases of i n t e r e s t 

here, namely pronounced subsurface maxima with P T >> P(0) and 

PT
 p M A X t i t must be true that a*.( <pT - <pM ) » 1, and the f i r s t 

term i n 7.19 can be approximated by a* as i n equation 7.18. In 

these cases, the presence of the mixed l a y e r has a n e g l i g i b l e 

e f f e c t on the depth of n u t r i e n t d e p l e t i o n z T , or on the 

phytoplankton p r o f i l e below z T . I t s p r i n c i p a l r o l e i s to allow 

the r e a l i s t i c use of a small d i f f u s i o n r a t e or l a r g e value of 

i n the r e g i o n below the mixed l a y e r and thereby to permit 

s o l u t i o n s with pronounced maxima. The high mixing rate w i t h i n 

the mixed l a y e r a l s o prevents a decrease i n P to u n r e a l i s t i c a l l y 

low l e v e l s at the s u r f a c e , which can occur i f a u n i f o r m l y low 

d i f f u s i o n c o e f f i e n t i s assumed. 

The e f f e c t of i n t r o d u c i n g a nutrient-dependent s i n k i n g r a t e 

on the depth of n u t r i e n t - d e p l e t i o n can be seen i n F i g 86 where 

contour p l o t s of fr vs OJ* and ft* f o r S* = 0.1, 0 =0.1 and 

W-L/W = 1 and 5 are g i v e n . I t can be seen t h a t the only marked 
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e f f e c t on cpT i s a s l i g h t deepening of the n u t r i e n t - d e p l e t e d zone 

at small values of to. T h i s i s due to a more r a p i d r e d u c t i o n i n 

P above z T , so that a lower net p r o d u c t i o n i s r e q u i r e d in the 

l i g h t - l i m i t e d region to balance the net l o s s i n the n u t r i e n t 

d e p l e t e d zone. As before, the re g i o n i n ( cu , j3 ) space 

corresponding to P T/P(0) > 20 and PM/,X /Py < e has been i n d i c a t e d . 

T h i s r e g i o n , which corresponds to pronounced subsurface maxima of 

the ' n u t r i e n t t r a p ' type, i s extended to smal l e r values of 

G O * /3* by the i n t r o d u c t i o n of a nutrient-dependent s i n k i n g r a t e . 

T h i s r e s u l t i s not s u r p r i s i n g as the grea t e r s i n k i n g r a t e above 

z=z T means a r a p i d i n c r e a s e i n P(z) with depth, thus i n c r e a s i n g 

the r a t i o P T / P ( 0 ) . 

To conclude, a comparison between the assumptions and 
a 

p r e d i c t i o n s of t h i s theory and the numerical model of Jamart et 

a l (1977) i s presented. As noted i n the i n t r o d u c t i o n , two q u i t e 

d i f f e r e n t approaches to mo d e l l i n g sub-surface maxima are 

i n v o l v e d . The i n t e n t i o n here has been to provide q u a l i t a t i v e 

i n s i g h t i n t o the r o l e s of d i f f u s i o n , s i n k i n g and growth i n a 

ge n e r a l c l a s s of deep c h l o r o p h y l l maxima, while Jamart et a_l 

attempted ( q u i t e s u c c e s s f u l l y ) to represent as a c c u r a t e l y as 

p o s s i b l e the processes i n v o l v e d i n the formation and maintenance 

of subsurface maxima i n a p a r t i c u l a r , w e l l - s t u d i e d system. If 

t h e i r model i s accepted as a f a i t h f u l copy of r e a l i t y , a 

comparison of the two treatments should r e v e a l some of the 

l i m i t a t i o n s and s t r e n g t h s of the simpler a n a l y t i c theory 

presented here. 

The d e t a i l e d numerical model i n c o r p o r a t e s many f e a t u r e s of 

the b i o l o g i c a l and p h y s i c a l systems which have been ne g l e c t e d i n 
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the simpler model. Two n u t r i e n t s t a t e v a r i a b l e s , r e p r e s e n t i n g 

n i t r a t e and ammonia, are d e f i n e d there and comparatively complex 

submodels are used for the uptake and r e c y c l i n g of n u t r i e n t s . 

The chemical composition (C:Chl a and C:N r a t i o s ) of the 

phytoplankton i s allowed to vary and to a f f e c t the dependence of 

growth r a t e on n u t r i e n t c o n c e n t r a t i o n and l i g h t i n t e n s i t y . The 

d i f f u s i o n c o e f f i c i e n t and r e s p i r a t i o n and g r a z i n g l o s s e s a l l vary 

with depth and a g r a z i n g t h r e s h o l d i s a l s o employed. F i n a l l y , 

the numerical model i s not a n alyzed f o r s t e a d y - s t a t e s o l u t i o n s . 

Instead, the development of the c h l o r o p h y l l maximum i s simulated 

over time and the importance of t h i s to t h e i r r e s u l t s i s s t r e s s e d 

by Jamart et a l (1977). 

By comparison, the assumptions of the simple a n a l y t i c model 

t r e a t e d here seem ra t h e r crude and.there may seem to be l i t t l e 

p o i n t i n comparing the p r e d i c t i o n s of the two models. 

Nonetheless, there are a number of reasons to hope f o r agreement 

i n such a comparison. Jamart e_t a_l s t a t e of t h e i r s i m u l a t i o n 

that : 'the net r a t e s of change o f t e n represent a d e l i c a t e 

balance between l a r g e c o n t r i b u t i o n s of opposite s i g n ' , which 

suggests that the numerical s o l u t i o n may be c l o s e to s t e a d y - s t a t e 

much of the time. Furthermore, at l e a s t i n the case of 

pronounced deep c h l o r o p h y l l maxima of the ' n u t r i e n t t r a p ' type, 

the r e s u l t s presented here i n d i c a t e that the depth of n u t r i e n t 

d e p l e t i o n and the phytoplankton p r o f i l e are l a r g e l y independent 

of the d e t a i l s of n u t r i e n t uptake k i n e t i c s , p r o v i d e d h a l f -

s a t u r a t i o n c o n s t a n t s f o r n u t r i e n t uptake are low enough. They 

depend p r i m a r i l y on the light-dependence of growth r a t e at low 

l i g h t i n t e n s i t i e s , the magnitude of g r a z i n g and r e s p i r a t i o n 
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l o s s e s i n the v i c i n i t y of the c h l o r o p h y l l maximum and d i f f u s i o n 

and s i n k i n g r a t e s i n the same r e g i o n , a l l of which may be 

represented f a i r l y a c c u r a t e l y i n the simple model. 

I n s p e c t i o n of Jamart et al 's F i g 10 shows that a pronounced 

deep c h l o r o p h y l l maximum of the type s t u d i e d here, with 
PMAX > : > P(0), i s p r e d i c t e d by the numerical s i m u l a t i o n only 

towards the end of the simulated p e r i o d ( t h e i r F i g u r e l O d ) . The 

parameters r e q u i r e d f o r the simple model have been d e r i v e d from 

t h e i r c o u n t e r p a r t s i n the numerical model at t h i s time. The 

d i f f u s i o n r a t e below the mixed l a y e r i s 0.5 cm 2.sec" 1, the 

s i n k i n g r a t e i n the presence of abundant n u t r i e n t i s 0.5 m.day" 1, 

the e x t i n c t i o n c o e f f i c i e n t f o r l i g h t i s 0.075 m"1 and the l o s s 

r a t e (dominated by g r a z i n g pressure) i s approximately 0.2-day" 1. 

The value corresponding to ps . i n the numerical model i n c r e a s e s 

slowly with depth, and an intermediate value of 10 day" 1 i s used 

here. The r e s u l t i n g phytoplankton p r o f i l e , as p r e d i c t e d by 

equations 7.9 and 7.11, i s compared with the s i m u l a t i o n r e s u l t i n 

F i g 87. The reasonable agreement supports the argument of the 

pr e v i o u s paragraph that the b i o l o g i c a l l y simple model s t u d i e d 

here captures the e s s e n t i a l processes which a f f e c t the depth and 

shape of deep c h l o r o p h y l l maxima of the ' n u t r i e n t t r a p ' type. 



P(z) (mg C h l a / m 3 ) 
0 10 

100 h 

Figure 87. Comparison of phytoplankton profiles predicted 

by complex simulation model (solid l i n e , from 

Fig lOd, Jassby et^ a l , 1977) and by asymptotic 

analysis (dashed l i n e ) . 
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CHAPTER 8 

CONCLUDING REMARKS. 

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

e c o l o g y has been a d d r e s s e d i n t h e p r e c e d i n g c h a p t e r s . T h i s s h o r t 

f i n a l c h a p t e r i s not s i m p l y a summary of t h e c o n t r i b u t i o n s made 

i n e a c h p r o b l e m a r e a , c h a p t e r by c h a p t e r . A g e n e r a l a p p r o a c h t o 

t h e p r o b l e m s of t h e o r e t i c a l e c o l o g y w h i c h has been u s e d 

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

made h e r e t o a s s e s s t h e s u c c e s s o r f a i l u r e o f t h i s a p p r o a c h i n 

e a c h p r o b l e m a r e a . 

The f i r s t a s p e c t of t h e a p p r o a c h w h i c h was e m p h a s i z e d i n t h e 

p r e f a c e was t h e use of q u a l i t a t i v e and a p p r o x i m a t e t e c h n i q u e s t o 

u n d e r s t a n d t h e b e h a v i o u r of complex s i m u l a t i o n m o d e l s . C h a p t e r 2 

c o n s t i t u t e s t h e most s t r a i g h t f o r w a r d example o f t h i s a p p r o a c h and 

i t may be w o r t h r e p e a t i n g t h e p r i n c i p a l c o n c l u s i o n s of t h a t 

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

s c a l e s , was a p p l i e d t o a complex s i m u l a t i o n model t a k e n from t h e 

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

d e t e r m i n i n g model b e h a v i o u r , and t h e c o n s e q u e n t l i m i t a t i o n s o f 

' s t a n d a r d s e n s i t i v i t y a n a l y s e s , were e m p h a s i z e d . S t a b l e c y c l i c 

s o l u t i o n s u nder c o n d i t i o n s of n u t r i e n t l i m i t a t i o n i n t h e a b s e n c e 

o f t h r e s h o l d s were d i s c o v e r e d by u s i n g t h e q u a l i t a t i v e a n a l y s i s . 

( T h e s e were n o t f o u n d i n p r e v i o u s n u m e r i c a l s t u d i e s . ) T h e i r 

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

m o d e l l i n g t h e s p r i n g bloom t r a n s i e n t and t h o s e a s s o c i a t e d w i t h 

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

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

q u e s t i o n o f g r a z i n g r e s p o n s e t o low f o o d c o n c e n t r a t i o n s . 
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The a s y m p t o t i c a n a l y s i s of C h a p t e r s 6 and 7 i n v o l v e d r a t h e r 

more s o p h i s t i c a t e d and c o m p l i c a t e d m a t h e m a t i c s , a l t h o u g h t h e 

u n d e r l y i n g m o d e ls were i n many ways c o n c e p t u a l l y s i m p l e r . The 

aim i n t h e s e c h a p t e r s was more g e n e r a l : t o u n d e r s t a n d t h e 

i n t e r p l a y o f p h y t o p l a n k t o n g r o w t h r a t e s , r e s p i r a t i o n r a t e s and 

s i n k i n g v e l o c i t i e s and t h e e n v i r o n m e n t a l f a c t o r s of l i g h t 

e x t i n c t i o n c o e f f i c i e n t s , mixed l a y e r d e p t h s , m i x i n g r a t e s above 

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

p h y t o p l a n k t o n v e r t i c a l d i s t r i b u t i o n and g r o w t h . The t e c h n i q u e o f 

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

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

as c o n t o u r p l o t s , may be u s e f u l f o r q u i c k a s s e s s m e n t of 

p a r t i c u l a r r e a l - w o r l d s i t u a t i o n s . The q u a l i t a t i v e u n d e r s t a n d i n g 

of i n t e r a c t i o n s , w h i c h was a c h i e v e d i s p e r h a p s more v a l u a b l e . 

E xamples i n c l u d e t h e d u a l r o l e of d i f f u s i o n when s i n k i n g i s 

p r e s e n t , t h e r o l e s of n u t r i e n t and l i g h t l i m i t a t i o n i n 

d e t e r m i n i n g t h e d e p t h and s t r u c t u r e of t h e ' n u t r i e n t - t r a p ' s u b 

s u r f a c e maximum and t h e e f f e c t s o f c h a n g e s i n t h e r a t i o ps/p^Ax , 
i n t h e m i x e d l a y e r d e p t h and i n t h e n u t r i e n t - d e p e n d e n c e of 

s i n k i n g on t h e d e p t h and shape of t h e s u b - s u r f a c e maximum. T h i s 

q u a l i t a t i v e u n d e r s t a n d i n g i n t u r n makes i t p o s s i b l e t o f i n d r e a l -

w o r l d s i t u a t i o n s where t h e s i m p l e r model p r o v i d e s a good 

a p p r o x i m a t i o n , a s i n t h e c o m p a r i s o n w i t h s i m u l a t i o n model r e s u l t s 

i n C h a p t e r 7. 

The r o l e o f q u a l i t a t i v e a n a l y s i s i n t h e s t u d y of t h e 

O.S.P. e c o s y s t e m i s n o t a s c l e a r b e c a u s e t h e r e a r e r e a l l y two 

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

q u e s t i o n s o f t h e t y p e a d d r e s s e d i n C h a p t e r s 2,6 and 7: t o u n c o v e r 
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t h e p o s s i b l e r a n g e o f b e h a v i o u r s o f any p a r t i c u l a r model of t h e 

O.S.P. e c o s y s t e m . T h e r e a r e a l s o b i o l o g i c a l q u e s t i o n s c o n c e r n i n g 

t h e c o r r e c t a s s u m p t i o n s f o r a model o f t h e O.S.P. e c o s y s t e m . 

G i v e n t h e p r e s e n t gaps i n our b i o l o g i c a l knowledge, as d i s c u s s e d 

i n C h a p t e r s 3 and 4, a l l t h e m o d els d i s c u s s e d must be r e g a r d e d as 

s p e c u l a t i v e . In t h e s e c i r c u m s t a n c e s , t h e use of a c o m b i n a t i o n o f 

s i m p l e models i n C h a p t e r 1, and t h e i n s i g h t s i n t o more complex 

m o d e l s g a i n e d i n C h a p t e r 2, has a l l o w e d a l a r g e r number o f 

p o s s i b l e models t o be e x p l o r e d more f u l l y t h a n would have been 

p o s s i b l e w i t h s i m u l a t i o n a l o n e . T h i s m o d e l l i n g s t u d y of O.S.P., 

prompted by t h e c o n s i d e r a t i o n o f t h e w e a t h e r s h i p t i m e s e r i e s , 

must be r e g a r d e d as an i n t e r m e d i a t e s t e p , v a l u a b l e o n l y t o t h e 

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

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

The s e c o n d a s p e c t of t h e a p p r o a c h e m p h a s i z e d i n t h e p r e f a c e 

was t h e use of n o n - l i n e a r o p t i m i s a t i o n t e c h n i q u e s t o e s t i m a t e 

b i o l o g i c a l l y m e a n i n g f u l p a r a m e t e r s i n dynamic models from t i m e 

s e r i e s of o b s e r v a t i o n s . T h e s e t e c h n i q u e s were u s e d p r i n c i p a l l y 

i n C h a p t e r s 4 and 5. The s t a t i s t i c a l t e c h n i q u e s u s e d i n C h a p t e r 

3 were more o r l e s s c o n v e n t i o n a l , a l t h o u g h t o my knowledge t h e 

p r o c e d u r e u s e d t o s e p a r a t e s e a s o n a l and annual, e f f e c t s i n 'gappy' 

d a t a i n S e c t i o n 3.2 i s o r i g i n a l . In b o t h C h a p t e r 4 and C h a p t e r 

5, use o f t h e s y s t e m s - i d e n t i f i c a t i o n t e c h n i q u e was h i n d e r e d by 

d e f i c i e n c i e s i n t h e d a t a . T h i s r a i s e s t h e q u e s t i o n o f whether 

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

r e a l - w o r l d d a t a . In n e i t h e r c a s e were t h e d a t a c o l l e c t e d w i t h 

p a r a m e t e r e s t i m a t i o n i n mind. S u g g e s t i o n s s u c h as i m p r o v i n g s i z e 

c l a s s r e s o l u t i o n and c o l l e c t i n g deep samples a r e made i n C h a p t e r 
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4. I f t h e s e a r e f o l l o w e d , t i m e s e r i e s w i l l be p r o d u c e d w h i c h 

s h o u l d a l l o w much more r e l i a b l e p a r a m e t e r e s t i m a t e s . The 

e s t i m a t i o n p r o b l e m c o n s i d e r e d i n C h a p t e r 5 i s more a m b i t i o u s and 

i t may be t h a t , a t t h i s l e v e l of c o m p l e x i t y , r i g o r o u s and 

r e l i a b l e p a r a m e t e r e s t i m a t e s w i l l be p o s s i b l e o n l y f o r d a t a 

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

l a b o r a t o r y e n c l o s u r e s . However, i t s u s e f u l n e s s i n C h a p t e r 5 i n 

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

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

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

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