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SUMMARY

S.l PRQBLEM DËSCBIPTION

Man's activities have for a long time affected the environmental
conditions on earth but never on sucb a global scale as witnessed
during the last one or two centuries. Since then the amounts of var-
ious substancesi which are released into the environment» have
increased dramatically. This is partly because the human popu-
latïon has grown more or less exponentially> but also because
industrial and agricultural production per capita grew to
unprecedented levels.

Many of these substances are seriously toxic. But other
Chemicals» which are on the contrary beneficial to certain orga-
nismS) are also released in enormous quantities. Among these are
several compounds of the elements nitrogen and phosphor which are
required by species of phytoplankton f among others. As a result the
concentrations of these plants have increased up to a level where
they are considered a nuisance. This process» which is called
eutrophïcation> is accompanied by sevaral objeetionable symptomes:
it gives the water a green» turbid appearanceJ it can cause bad
odoursf it may harm other organism because the minimum daily oxygen
level can become extremely low during the night due to phytoplank-
ton respiration» it can even cause the water to become completely
deprived of oxygen (anaerobic) when a bloom declines rapidly, since
the biological degradation processas consume large amounts of oxy-
gen; it may cause clogging of filters in water transportation
systems,

In the N e t h e r l a n d s the s i t u a t i o n is w o r s e than in many other
c o u n t r i e s b e c a u s e (1) it is d e n s e l y p o p u l a t e d » ( 2 ï it r e c e i v e s a
major part of its wate r from the p o l l u t e d and n u t r i ë n t loaded river
R h i n e and C3) most of its lakes are s h a l l o w . H e n c e it was d e c i d e d
t h a t e u t r o p h i c a t i o n would be the first m a j o r t o p i c of the MA t e r
B A S I n H a d e l s ( W A B A S I M ) joint r e s e a r c h p r o j e c t of the E n v i r o n m e n t a l
D i v i s i o n of the Delta D e p a r t m e n t and the E n v i r o n m e n t a l H y d r a u l i c s
B r a n c h of the D e l f t H y d r a u l i c s L a b o r a t o r y . T h i s r e p o r t d e s c r i b e s
one of the r e s u l t s of this s t u d y : the p h y t o p l a n k t o n m o d e l BLOOM I I .
Other m o d e l s c o n c e r n water c h e m t s t r y ( C H A R O N ) and b o t t o m b i o -
c h e m i s t r y t S E D M O D ) .

The m e a s u r e m e n t s , w h i c h are n e c e s s a r y to d e v e l o p t h e s e models»
have been c o l l e c t e d in four s e p a r a t e b o d i e s of wa t e r in the d r i n k -
ing water r e s e r v o i r 'Grote R u g ' by the N a t i o n a l I n s t i t u t e for
D r i n k i n g w a t e r s u p p l y C R I D ) and the E n v i r o n m e n t a l D i v i s i o n .

S.2 PUPPOSE AND APPROACH

B i o l o g i c a l l y s p e a k i n g , p h y t o p l a n k t e r s are r e l a t i v e l y p r i m i t i v e
p l a n t l i k e o r g a n i s m s . They r e q u i r e c o n s i d e r a b l e a m o u n t s of
nit r o g e n » p h o s p h o r » solar e n e r g y and s o m e t i m e s s i l i c o n to b e c o m e a
n u i s a n c e . In t h e o r y each of t h e s e f a c t o r s could b e c o m e limiting»
but the q u e s t i o n is w h e r e and w h e n . Also the p h y s i o logica 1 data
indicate t h a t s p e c i e s of p h y t o p l a n k t o n d i f f e r g r e a t l y in n u t r i ë n t
r a q u i r e m e n t s , e f f i c i e n c y of solar e n e r g y f i x a t i o n ( p h o t o s y n t h e s i s )
and ( p o t e n t i a l ) net g r o w t h r a t e s .
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T o u n d e r s t a n d t h i s c o m p l e x i t y a n d p r e d i c t t h e i m p a c t s o f c h a n g i n g
c i r c u m s t a n c e s * a m o d i f i e d a n d e x t e n d e d v e r s i o n ( B L O O M I I ) w a s
d e v e l o p e d f r o m R a n d ' s A l g a e B l o o m M o d e l , uihich w a s a p p l i e d t o t h e
O o s t e r s c h e l d e s e a e s t u a r y b y B i g e l o w et al 1 1 9 7 7 1 . l t s p u r p o s e is
t o c o m p u t e t h e m a x i m u m t o t a l b i o m a s s c o n c e n t r a t i o n o f s e v e r a l p h y -
t o p l a n k t o n s p e c i e s at e q u i l i b r i u m in a c e r t a i n t i m e - p e r i o d u n d e r a
g i v e n s e t of e n v i r o n m e n t a l c o n d i t i o n s , T h e m a x i m u m b i o m a s s e s p e -
c i e s c o m p o s i t i o n » a n d l i m i t i n g f a c t o r s a r e c o m p u t e d b y a n
o p t i m i 2 a t i o n t e c h n i q u e c a l l e d L i n e a r P r o g r a m m i n g ( L P ) , B L O O M II
c a l c u l a t e s m a x i m u m r a t h e r t h a n a c t u a l b i o m a s s e s f o r t h e f o l l o w i n g
r e a s o n s :

1. T h e l a r g e s t b l o o m s a r e a m a n a g e r ' s m a i n i n t e r e s t ,
2 . O t h e r w i s e m o r e p h y s i o l o g i c a 1 k n o w l e d g e w o u l d b e r e q u i r e d .
3. It is a s s u n e d t h a t t h o s e s p e c i e s * w h i c h c a n p r o d u c e m o s t

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

T o c o m p u t e v a l u e s f o r t h e e n v i r o n m e n t a l c o n s t r a i n t s i t h e m o d e l
n e e d s i n f o r m a t i o n o n t h e c o n c e n t r a t i o n s o f t o t a l a v a i l a b l e n u t r i -
e n t s » t e m p e r a t u r e » t h e i n f l u x o f s o l s r r a d f a t S o n a n d c e r t a i n
l a k e - s p e c i f i c c h a r a c t e r i s t i e s t d e p t h a n d t u r b i d i t y ) . T h e s e c o n d i -
t i o n s c a n a l l b e d e t e r m i n e d d i r e c t l y o r i n d i r e c t l y f r o m m e a s u r e -
m e n t s a n d a r e s u f f i c i e n t f o r t h e m o d e l " s c a l i b r a t i o n a n d
v a l i d a t i o n .

U n d e r m a n y c o n d i t i o n s » p h y t o p l a n k t o n s p e c i e s c a n a c h i e v e h i g h
n e t g r o w t h r a t e s e n a b l i n g t h e m to d o u b l é t h e i r b i o m a s s s e v e r a l
t i m e s a w e e k , s o m e t i m e s e v e n a d a y . T h u s t h e m o d e l a s s u m e s s t e a d y
s t a t e s f o r b o t h p h y t o p l a n k t o n b i o m a s s a n d n u t r i ë n t r e c y c l i n g w i t h a
n o m i n a l t i m e - s t e p o f o n e w e e k . In B L O O M I I , t h e r e f o r e , s u c c e e d i n g
t i m e - s t e p s a r e c o m p l e t e l y i n d e p e n d e n t » a l t h o u g h s l o w l y c h a n g i n g
e n v i r o n m e n t a l c o n d i t i o n s t e n d t o g i v e t h e m o d e i ' s o u t p u t a s m o o t h
a p p e a r a n c e . B e s i d e s t h e s e n o m i n a l o p t i o n s * B L O O M II h a s h a s a d d i -
ti o n a l o p t i o n s t o ;

1. I n c r e a s e i t s n o m i n a l t i m e - s t e p d u r i n g t h e e n t i r e y e a r o r
sotne p a r t s of i t.

2 . S o l v e t h e e q u a t i o n s f o r n u t r i ë n t r e c y c l i n g d y n a m i c a l l y »
m a i n t a i n i n g t h e s t e a d y s t a t e f o r p h y t o p l a n k t o n [ S e c ,
3.6 1.

3 . C o n s t r a i n s p e c i e s » w h i c h w e r e n o t p r e s e n t at t h e p r e v i o u s
t i m e - s t e p by a l a r g e r e x t i n c t i o n v a l u e t h a n s p e c i e s ,
w h i c h w e r e a l r e a d y in t h e b l o o m [ S e c . 6 . 2 . 3 ] .

4 . I n c l u d e c o n s t r a ï n t s f o r t h e m a x i m u m g r o w t h r a t e s o f i n d i -
v i d u a l s p e c i e s d u r i n g o n e t i m e - s t e p [ S e c . 6 . 2 . 4 1 .

In a d d i t i o n to t h e a b i o t i c c o n d i t i o n s » z o ö p l a n k t o n b i o m a s s e s m a y
b e p r o v i d e d to t h e m o d e l to c o m p u t e l o s s e s d u e t o g r a z i n g , No
a t t e m p t w a s m a d e , h o w e v e r , t o a c t u a l l y c o m p u t e z o ö p l a n k t o n c o n c e n -
t r a t i o n s w i t h t h e m o d e l b e c a u s e 8 0 p e r c e n t of t h e c o m p u t e d b l o o m s
in t h e G r o t e R u g c a s e s w e r e d o m i n a t e d by p r e s u m a b l y u n e d i b l e s p e -
c i e s s u c h a s b l u e - g r e e n a l g a e . In t e r m s of b i o m a s s t h e d o m i n a n c e of
t h e s e u n e d i b l e s p e c i e s is e v e n m o r e o v e r w h e l m i n g . M o d e l l i n g z o ö -
p l a n k t o n m i g h t b e r e c o n s i d e r e d if e d i b l e s p e c i e s i n c r a a s a d
s i g n i f i c a n t l y u n d e r n e w , s i m u l a t e d c o n d i t i o n s .



S . 3 S T R U C T Ü R E O F B L O O M I I

S . 3 . 1 R e g u ï p e m e n t f o r s o l a r e n e r g y

A l l p l a n t s r e q u i r e r a w m a t a r i a l s ( n u t r i e n t s ) a n d e n e r g y in o r d e r
t o g r o w . T h e s u n p r o v i d e s t h e e n e r g y , a t a r a t e p e r s q u a r e m e t e r o f
s u r f a c e a r e a t h a t d e p e n d s u p o n l a t i t u d e i c l o u d c o v e r » t i m e o f d a y »
a n d s e a s o n o f y e a r . T h e e n e r g y m u s t b e s h a r e d a m o n g a l l t h e p h y -
t o p l a n k t o n c e l l s f l o a t i n g in t h e w a t e r c o l u m n b e l o w t h a t s q u a r e
m e t e r o f s u r f a c e a r e a » w i t h a n a l l o w a n c e s e t a s i d e f o r r e f l e c t i o n
f r o m t h e w a t e r s u r f a c e a n d a b s o r p t i o n b y t h e b u l k w a t e r a n d i t s c o n -
t e n t s o t h e r t h a n p h y t o p l a n k t o n ( t h e b a c k g r o u n d e x t i n c t i o n ) . T h e
m o r e p h y t o p l a n k t o n t h e r e is» t h e l e s s s o l a r e n e r g y is a v a i l a b l e f o r
e a c h » u n t i l t h e e n e r g y p e r p h y t o p l a n k t o n c e l l is t o o s m a l l t o s u s -
t a i n g r o w t h . A t t h a t p o i n t » s o l a r e n e r g y b e c o m e s l i m i t i n g t o t h e
p h y t o p l a n k t o n b i o m a s s .

S . 3 . 2 N u t r i ë n t r e q u i r e m e n t s

P l a n t s a l s o r e q u i r e a b o u t a d o z e n C h e m i c a l e l e m e n t s f o r a n o r m a l
d e v e l o p m e n t , a m o n g w h i c h a r e n i t r o g e n , p h o s p h o r u s » s u l p h u r » c a l c i -
unii p o t a s s i u m , m a g n e s i u m , a n d i r o n . T h e r e q u i r e m e n t s f o r e a c h e l e -
m e n t v a r y w i d e l y a n d , p a r t i c u l a r l y in t e r r e s t r i a l e c o s y s t e m s ,
e l e m e n t s w h i c h a r e o n l y r e q u i r e d in s m a l l a m o u n t s ( t r a c é e l e m e n t s )
a r e f r e q u e n t l y l i m i t i n g . B e c a u s e a q u a t i c s y s t e m s a r e m u c h m o r e h o m -
ogeneous t a n d u s u a l l y r e c e i v e w a t e r f r o m s o u r c e s w h i c h ars h e a v i l y
l o a d e d w i t h m a n y c h e m i c a l e l e m e n t s , it is r a t h e r u n l i k e l y t h a t
t r a c é e l e m e n t s w i l l l i m i t p h y t o p l a n k t o n in e u t r o p h i c w a t e r s ,
a l t h o u g h t h e p o s s i b i l i t y c a n n o t b e r u l e d o u t c o m p l e t e l y . T h u s w e
h a v e n o t i n c l u d e d t r a c é e i e m e n t s a s p o t e n t i a l p h y t o p l a n k t o n b i o -
m a s s l i m i t i n g f a c t o r s .

F o u r m a c r o n u t r i e n t s a r e o f t e n r e p o r t e d a s l i m i t i n g f a c t o r s : c a r -
b o n , n i t r o g e n , p h o s p h o r u s » a n d s i l i c o n , o f w h i c h t h e l a t t e r is
e s s e n t i a l t o o n l y o n e p h y t o p l a n k t o n g r o u p , d i a t o m s . T h e s e s p e c i e s
u s e s i l i c o n t o b u i l d s t r o n g s k e l e t o n s s u r r o u n d i n g t h e c e l l w a l l s .
A s c a l c u l a t i o n w i t h t h e n u t r i ë n t m o d e l C H A R Q N h a s s h o w n t h a t
d e p l e t i o n o f c a r b o n is r a t h e r u n l i k e l y u n d e r t y p i c a l D u t c h c o n d i -
t i o n s , it is n o t i n c l u d e d a s a l i m i t i n g f a c t o r in B L O O M I I . T h i s
l e a v e s t h e t h r e e m a j o r n u t r i e n t s , n i t r o g e n , p h o s p h o r u s , a n d s i l i -
c o n , w h i c h a l o n g w i t h s o l a r e n e r g y a r e c o n s i d e r e d in t h e m o d e l t o b e
p o t e n t i a l b i o m a s s l i m i t i n g f a c t o r s f o r p h y t o p l a n k t o n .

N i t r o g e n a n d p h o s p h o r u s a r e v i t a l t o a l l p h y t o p l a n k t o n s p e c i e s .
N i t r o g e n is a n e s s e n t i a l c o m p o n e n t o f c e l l p r o t e i n s s u c h a s
e n z y m e s , f o r g e n e t i c m a t e r i a l , a n d o f 1 i g h t - s e n s i t i v e p i g m e n t s
l i k e c h l o r o p h y l l - a , w h i c h a r e u s e d f o r f i x a t i o n o f s o l a r e n e r g y .
B e c a u s e o f i t s i m p o r t a n c e t o m a n y v i t a l p h y s i o l o g i c a 1 p r o c e s s e s ,
n i t r o g e n d e f i c i e n c i e s c a n n o t b e t o l e r a t e d f o r l o n g .

P h o s p h o r u s is a n i m p o r t a n t c o m p o n e n t o f p r o t e i n s , n u c l e i c a c i d s ,
a n d l i p i d s ( e . g . , in t h e c e l l w a l l s ) . C o u p l i n g a n d u n c o u p l i n g o f
o r t h o - p h o s p h a t e g r o u p s t o c e r t a i n s u g a r s a r e t h e m a i n r e a c t i o n s b y
w h i c h e n e r g y is s t o r e d o r r e l e a s e d in t h e c e l l . P h y t o p l a n k t o n c e l l s
a r e u s u a l l y l e s s s e n s i t i v e t o p h o s p h o r u s t h a n t o n i t r o g e n d s f i c i e n -
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cies» hence survival at extremely low inter n a ! phosphorus
concentrations is often possible for some t i m e .

Nutrients appear in many forms in a phytoplankter ' s env1ronment>
of which usually only a fraction can be assimilated. An even s m a l l -
er number of forms may be used directly in metabolïc p r o c e s s e s . But
this does not imply that any nutriënt is limiting as soon as the
metabolica 11y preferred forms are depleted. Chemical and bacterial
processes in the water may convert one form of a nutriënt into
another» phytoplankton species may sometimes shift their uptake
preference between different forras» and phytoplankton cells can
often internally convert one form of a nutriënt into another by
enzyme-catalyzed r e a c t i o n s . For example NH4 + is often preferred as
nitrogen s o u r c e , but many species can internally convert N 0 3 - ,
N02-» or various organic nitrogen compounds to NH4+» and some s p e -
cies of blue-green algae can even use atmospheric N 2 . Those
fractions of a nutriënt which may be used directly or after some
rapid conversion process will be called a v a i l a b l e , in contrast to
the unavailable fractions» which either cannot be used or can only
be used after some slow conversion p r o c e s s .

S.3.3 Usi'rm the model for predictions

To estimate the impacts of various management measures on the
potential bloom maxima» we should be able to predict effects on the
available nutrients and solar energy, This is not so difficult for
solar energy as temperature» influx of solar radiation and depth
are all welZ known. Only the prediction of the future turbidïty
provides some d i f f i c u l t i e s .

Calculating future nutriënt concentrations requires in fact a
transportation model to relate the inflows of a lake to discharges
in rivers and ca n a l s . Chemical and biological processes strongly
interact in the lake» determining the fate of the inflowing n u t r i -
e n t s . How much becomes available to ph y t o p l a n k t o n ? What happens
with the rest? How much nutrients are transported to the bottom?
How much nutrients are reieased by the bottom? Answering all of
these questions in detail is too great a task for the phytoplankton
model BLÖOM II. For this we need the integrated version of the the
current models CHARON and BLGOM II, which is now available at the
Delft Hydraulics Laboratory.

S.4 RESULTS OF THE MODEL

BLOOM II has been calibrated for one of the Grote Rug basins (Ring
2» 1 9 7 7 ) . Data of other cases CRing 2, 1976; Ring 3, 1976) have»
however» been used to some extent to establish coëfficiënt values
e.g. by linear regression between two sets of measured v a r i a b l e s .
All other results in this report» both for Grote Rug and natural
lakesr can be considered as validations of the mo d e l .

Fourteen out of a total of about twenty validation cases in dif -
ferent projects are included in this report (nine for Grote Rug and
five for natural l a k e s ) . The occurrence and magnitude of observed
blooms is well reproduced by the model» although it has a clear t e n -
dency to compute higher than observed levels particularly in those
periods when the observed biomass levels are below the standard of



a n o b j e c t i o n a b l e b l o o m . T h i s , h o w e v e r , h a s l ï t t l e p r a c t i c a l s i g -
n i f i c a n c e front a m a n a g e r ' s p o i n t o f v i e w .

B e c a u s e f a c t o r s n o t i n c l u d e d in t h e m o d e l m a y s o m e t i m e s b e l i m i t -
i n g » o r b e c a u s e t h e g r o w t h h i s t o r y o f t h e p h y t o p l a n k t o n h a s
r e s u l t e d in a n o t h e r c o m b i n a t i o n o f s p e c i e s b e i n g p r e s e n t t h a n t h a t
c o m p u t e d b y t h e m o d e l » t h e c o m p u t a t i o n s w i l l t e n d t o o v e r s t a t e t h e
r i s k o f l a r g e b l o o m s . A l s o n o t i c e t h a t t h e a g r e e m e n t b e t w e e n
o b s e r v e d a n d c o m p u t e d h i omasses is c o n s i s t a n t l y b e t t a r in t h e
n a t u r a l l a k e s t h a n in G r o t e R u g . T h i s m a y b e d u e t o t h e i r r e g u l a r
M a t e r i n t a k e a n d d o s i n g w i t h i r o n a n d a l u m i n u m s a l t s t o r e m o v e
p h o s p h a t e s in t h e l a t t e r , B e s i d e s o v e r p r e d i e t i o n , u n d e r p r e d i e t i o n
is a l s o p o s s i b i s d u e t o u n c e r t a i n t i e s in s o m e m o d e l p a r a m e t e r s ,
n o t a b l y t h e m o r t a l i t y r a t e o f p h y t o p l a n k t o n .

L i m i t i n g f a c t o r s t o t h e b l o o m s a r e h i g h l y s i t e a n d t i m e s p e c i f i c .
F o r i n s t a n c e p h o s p h o r is t h e m a i n l i m i t i n g f a c t o r in m a n y G r o t e R u g
c a s e s d u e t o t h e a d d i t i o n o f i r o n a n d a l u m i n u m s a l t s . B u t n i t r o g e n
is m o s t i m p o r t a n t in L a k e V e l u w e a n d e n e r g y is t h e s o l e i m p o r t a n t
l i m i t i n g f a c t o r in L a k e I J s s e l . T h e s e r e s u l t s i n d i c a t e t h a t i n d e e d
s e v e r a l f a c t o r s a r e i n v o l v e d in e u t r o p h i c a t i o n a n d n o t j u s t p h o s -
p h o r a s s u g g e s t e d in s o m e p u b 1 i c a t i o n s . H e n c e s t u d i e s o n t h e
i m p a c t s o f m a n a g e m e n t t a c t i c s l o o k i n g at o n l y o n e f a c t o r a r e p r o n e
t o g i v e e r r o n e o u s r e s u l t s . M a n y c o m p u t e d b l o o m s a r e l i m i t e d b y
s e v e r a l f a c t o r s a t t h e s a m e t i m e . A s a c o n s e q u e n c e o f t h e m a t h e m a t -
i c a l s t r u c t u r e o f B L O O M I I , t h e s e b l o o m s c o n s i s t o f a s m a n y s p e c i e s
a s t h e r e a r e l i m i t i n g c o n s t r a i n t s .

T h e t i m e a n d s i t e s p e c i f i c d i f f e r e n c e s in l i m i t i n g f a c t o r s a l s o
r e s u i t in s u b s t a n t i a l ly d i f f e r e n t s p e c i e s c o m p o s i t i o n s o f c o m p u t e d
b l o o m s f o r v a r i o u s c a s e s , B o t h in G r o t e R u g , w h e r e d e t a i l e d o b s e r -
v a t i o n s sre a v a i l a b l e f r o m t h e R I D » a n d in t h e n a t u r a l l a k e s s p e -
c i e s d o m i n a n c e is o f t e n c o m p u t e d in r e m a r k a b l e a g r e e m e n t w i t h t h e
o b s e r v a t i o n s . U s u a l l y t h e d o m i n a n t g r o u p o f s p e c i e s is d e p i c t e d
c o r r e c t l y , o f t e n c o m p u t a t i o n s are c o r r e c t at t h e s p e c i e s l e v e l .
T h e s e r e s u l t s a r e t h e m o r e i m p r e s s i v e s i n c e t h e y w e r e o b t a i n e d w i t h
a f i x e d s e t o f c o e f f i c i e n t s w h i c h

1. R e p r e s e n t s o n l y a s u b s e t o f a l l i m p o r t a n t f a c t o r s .
2 . Is n o t c h a n g e d s e a s o n a l l y o r r e g i o n a l l y .

A s f o r t h e n o m i n a l r e s u l t s , t h o s e o b t a i n e d b y a s y s t e m a t i c s e n s i -
t i v i t y a n a l y s i s of l a k e - s p e c i f i c a n d s o m e u n i v e r s a l i n p u t s , v a r y
r e g i o n a l l y a n d s e a s o n a l l y . F o r e x a m p l e p e r t u r b a t i o n s o f t h e n i t r o -
g e n c o n c e n t r a t i o n s h a v e a l m o s t n o e f f e c t in a n y o f t h e G r o t e R u g
c a s e s , b u t in L a k e V e l u w e t h e y c h a n g e t h e c o m p u t e d b l o o m s , i n c l u d -
i n g t h e y e a r m a x i m u m , m o r e t h a n a n y o t h e r f a c t o r .

B L O O M II is r a t h e r u n i q u e in i t s a b i l i t y t o c o n s i d e r m o r e t h a n o n e
p o t e n t i a l l i m i t a t i o n a n d a r e l a t i v e l y l a r g e n u m b e r o f s p e c i e s . T h e
i m p a c t o f p e r t u r b i n g o n e f a c t o r is d e t e r m i n e d b y t h e e n t i r e s e t o f
p o t e n t i a l l i m i t a t i o n s a n d s p e c i e s , a n d is u s u a l l y n o n - l i n e a r . In
m a n y c a s e s t h e o b s e r v e d c h a n g e in t o t a l b i o m a s s f o l l o w i n g a p a r t u r -
b a t i o n is s m a l l e r t h a n p e r h a p s e x p e c t e d , b e c a u s e a s h i f t in
l i m i t i n g f a c t o r a n d / o r b l o o m c o m p o s i t i o n p a r t l y c o m p e n s a t e s t h e
i m p a c t o f t h e p e r t u r b a t i o n .

T h e m o d e l p r o v e s t o b e r e l a t i v e l y i n s e n s i t i v e t o m a n y o f i t s u n i -
v e r s a l i n p u t s . F o r i n s t a n c e , a 5 0 p e r c e n t c h a n g e in t h e n o m i n a l
v a l u e s o f t h e r e m i n e r a l i z a t i o n r a t e s o f t h e n u t r i e n t s a f f e c t s t h e
m o d e i ' s r e s u l t s in a s i m i l a r w a y a s a 2 0 p e r c e n t c h a n g e in n u t r i ë n t
c o n c e n t r a t i o n s , u h i c h is s m a l l r e l a t i v e t o p o s s i b l e m e a s u r e m e n t
errors.

B L O O M II is s e n s i t i v e , h o w e v e r , t o t h e n a t u r a l m o r t a l i t y r a t e
c o n s t a n t f o r w h i c h a m i n i m u m e s t i m a t e is n o r m a l l y u s e d . W i t h a 5 0
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percent increase» the computed total biomasses are signif 1cantly
lowered. This improves the model's results when nominally they were
too high. but at the same time many computed peak levels are reduced
below the observations . Unlike most other factors» perturbations
of the mortality rates produce esaentially sitnilar results in all
cases .

The species and group specific coefficients of the calibrated
model were not varied, because (1) the number of combinations is
too large Cthere are about one hundred c o e f f i c i e n t s ) , and (2) the
total b i o m a s 5 is little affected. The reason is that the existing
variations in the nominal set of coefficients already covers most
of the values found in the literature. Howeveri the bloom c o m p o s -
itions are strongly determined by the values of these c o e f f i c i e n t s .

S.5 BECOMMENDATIONS FOP FURTHER RESEARCH

The development of BLOOM II was favored by the availability of an
exceptionally 1 a r g e , high quality database from Grote Rug. Never-
theless the model could be further improved ïf we.had more» better
or new data on :

• Mortality rate c o n s t a n t s .
• Buoyancy control.
• Biomass to c h l o r o p h y l l 1 r a t i o s .
• The relations between several factors determining the net

growth r a t e s a (the maximum gross production» and respira-
tion rate c o n s t a n t s ; the production efficiency as a func-
tïon of the light intensity» temperature» day l e n g t h ) .

« The attenuation of light in the water by other than dead
or live phytoplankton particles (the background
ext i net i o n ) .

Int«gration of BLOOM II with the nutriënt model CHARON, which has
now been accomp1ished> improves the app1icabi1ity of both m o d e l s .
The present version of BLOOM II is restricted to homogeneous bodies
of water. However» one may want to apply the model to hydrau1ica 1 ly
complex systems with for example differences in depth or a re s i -
dence time of only a few w e e k s .

1 The only commonly measured phytoplankton indicator.
2 Currently investigated at the Microbiologica 1 Department of
the Amsterdam University.
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PREFACE

P.l EUTROPHICATION PROCESS

Eutrophication is generally recognized as one of the world's
major pollution p r o b l e m s , influencing e c o s y s t e m s in many p l a c e s .
lts importance is well illustrated by Lund 11972]» quoting Ridley»
who estimated the number of pu b l i c a t i o n s on the subject over 2 0 0 0 .
No doubt» this number has increased markedly since 1 9 7 2 . Recent
p u b l i c a t i o n s on eut r o p h i c a t i o n for example are by Reynolds [1979]
and Barica and Mur Ï 1 9 8 0 ] .

It may be surprising though» that few def i n i t i o n s on e u t r a p h i c -
ation cover all a s p e c t s . Oftan they are limited t o :

• Phyto p l a n k t o n only» not to weeds and other p l a n t s .
• One or two major nutrïentsi neglecting others and energy

requ i r e m e n t s .
• Al t e r a t i o n s of the ecosystems» directly related to human

act i vi ti e s ,

A more detailed description is given by Parma [1980]» who's broad
definition we will follow here:

'Eutrophication is the process in wa t e r , at whfch those factors
become optimal» that promote autotrophic g r o w t h . 1

Although the modeling a c t i v i t i e s reported here are limited to
p b y t o p l a n k t o n , they do consider c o n s t r a i n i n g influences of n u t r ï -
ents and energy, without d i s t i n g u i s h i n g between human and natural
causes of eutrophication'.

Because of its complexity» the symptoms of eut r o p h i c a t i o n vary
between places and in ti m e . A l s o , the severity of the problems
depends on the function of a particular body of wa t e r : drinking
water reservoirs» fish ponds» recreational lakes» or lakes in
nature reserves have such different f u n c t i o n s , that what is a c c e p t -
able or even desirable in one type of lake, is object 1onable in
ano t h e r .

Some rather common symptoms of eut r o p h i c a t i o n a r e ;

1. Bad appearance of the water (color: green 'soup', v i s i -
bility: reduced to a few d e c i m e t e r s ) .

2. Bad odours of for instance s u l p h i d e s , if a bloom dies off
suddenly Ca c o l l a p s e ï .

3. Large variations in the diurnal c o n c e n t r a t i o n of d i s -
solved oxygen because during a bloom, oxygen consumptïon
by respiration of phytoplankton continues during the
nfght» while oxygen production by primsry p r o d u c t i o n js
confined to the day ti m e .

4. A major risk of anaerobic c o n d i t i o n s following a
collapse» possibly for several d a y s , leading to massive
killings of organisms in the upper levels of the foodchain
such as f i shes .

5. A low diversity of the ecosystem Cregardlass which d e f i -
nition of diversity is a p p l i e d ) .

6. Clogging of filters at the intakes of water for industrial
or drinking water p u r p o s e s .



7. Toxïc effects on other organism. although literature
information on this subject is rather scarce.

These and other symptomes are considered objeetionable for many
reasons» although by itself eutrophïcation is no direct threat to
public health as pollution of waters with pesticides, PCB'si or
heavy metals. Nevertheless» major alterations of the world's e c o -
systems usually have serious consequences for any kind of life on
earth and in thïs sense concern about eutrophication is fully j u s -
tified.

P.2 DUTCH SITUATION

Eutrophïcation problems ïn the Netherlands are much more serious
than in many other countries tor several reasons:

• The country is (and in recent times has always been)
densely populated; uan's influence is extramely large.

• A relatively large part of the country is covered by water
(riversi canals» natura!- and man-made lakes, ditches,
p i t s ) .

• Most of these waters are very shallow Cin the order of 1 to
a few meters) and not stratified in summer. Thus no nutri-
ents are removed to the hypolimnïon, where they become
temporarïly unavailable for growth of primary producers.
Quite the opposite, Dutch bottoms may well serve as an
excellent source for nutrients.

• Concentrations of nutrients in many waters are to a large
extent determined by the loadings froiti riversi of which
the most important (the river Rhine) happens to be heavily
loaded with nutrients.

• Pollution of the Rhine is an international problem»
because it is a border crossing river. Hence there is a
limit to the attainable reductions of nutrients that may
be achieved by management tactics in the Netherlands.
Further reductions are only possible in cooperation with
other countries.

P.3 THE GROTE RUG PROJECT

O n e o f t h e m o s t i m p o r t a n t i n v e s t i g a t i o n s i n t o t h e c a u s e s o f
e u t r o p h i c a t i o n a n d p o s s i b l e m e a s u r e s to r e v e r s e t h e p r o c e s s » is t h e
s o - c a l l e d ' G r o t e R u g ' p r o j e c t , in w h i c h t h e D e l t a D e p a r t m e n t of t h e
R i j k s w a t e r s t a a t C m i n i s t e r y of P u b l i c W o r k s ) a n d t h e N a t i o n a l
I n s t i t u t e for D r i n k i n g w a t e r s u p p l y ( R I D ) c o o p e r a t e .

G r o t e R u g is a s t o r a g e d r i n k i n g w a t e r r e s e r v o i r n e a r t h e c i t y of
D o r d r e c h t fed b y w a t e r f r o m t h e W a n t i j ( i n f a c t t h e r i v e r R b ï n e ) .
T h e r e a r e t h r e e l a r g e e n c l o s u r e s in t h e b a s i n ( c a l l e d R i n g s ) of
b u t y l r u b b e r , w i t h a d i a m e t e r of 46 m a n d t h e s a m e w a t e r r e g i m e a s
th e m a i n b a s i n . S i n c e t h e i r i n s t a l l a t i o n in 1 9 7 5 , e x t e n s i v e m e a s -
u r e m e n t s a r e m a d e w e e k l y or e v e n d a i l y of b i o l o g i c a l a n d c h e m i c a l
v a r i a b l e s in b u l k w a t e r a nd b o t t o m i n c l u d i n g c o n c e n t r a t i o n s of
n u t r i e n t S i c h l o r o p h y l l , w e t w e i g h t s of p h y t o - a nd z o ö p l a n k t o n ,
s o l a r i n t e n s i t i e s , e x t i n c t ï o n c o e f f i c i e n t s , p r i m a r y p r o d u c t i o n b y
t h e 1 4 C m e t h o d .



T h e p r o j e c t w a s i n i t i a t e d t o c o m p a r e t h e r e s u l t s o f t w o i n - w a t e r
t Y e a t m e n t s a f o n e n u t r i ë n t » n a m e l y p h o s p h o r u s ; R i n g 1 ( a n d t h e m a i n
b a s i n ) a r e d o s a d w i t h F e 2 + > R i n g 2 w i t h A 1 3 + s a l t s a n d R i n g 3 is a
c o n t r o l » r a c e i v i n g R h i n e w a t e r w i t h o u t a n y t r e a t m e n t . It w a s
e x p e c t e d t h a t p h o s p h o r u s c o n c a n t r a t i o n s a n d h e n c e p h y t o p l a n k t o n
l e v e l s w o u l d b e l o w e s t in R i n g Z, b e c a u s e of t h e l o w e q u i l i b r i u m
c o n s t a n t of A 1 P 0 4 ; p h o s p h o r u s c o n c e n t r a t i o n s w o u l d b e l o w in R i n g 1
t o o » a n d R i n g 3 o f c o u r s e w a s l i k e l y t o s u f f e r h e a v i l y f r o m p h y -
t o p l a n k t o n b l o o m s .

T h e p a r t o f t h e p r e d i c t i o n c o n c e r n i n g t h e p h o s p h a t e c o n c e n -
t r a t i o n s w a s c o n f i r m e d : g e n e r a l l y » R i n g 2 h a s t h e l o w e s t c o n c e n -
t r a t i o n s of b o t h o r t h o - a n d t o t a l P» f o l l o w e d b y R i n g 1» w h i l e t h e
a v e r a g e c o n c e n t r a t i o n s in R i n g 3 a r e m u c h h i g h e r t h a n in t h e o t h e r
t w o R i n g s . U n f o r t u n a t e l y » t h e i m p l i e d o n e t o o n e r e l a t i o n s h i p
b e t w e e n p h o s p h o r u s a n d p h y t o p l a n k t o n b i o m a s s w a s i n c o r r e c t » a s
R i n g 2 h a s h a d b y f a r t h e l a r g e s t p h y t o p l a n k t o n b l o o m s o v e r t h e
p e r i o d 1 9 7 5 t r o u g h 1 9 7 8 , f o l l o w e d a t a l o n g d i s t a n c e b y R i n g 3 ( o n l y
a m a j o r b l o o m in 1 9 7 6 ) a n d R i n g 1> w i t h c o m p a r a t i v e l y l o w 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 o r a l l y e a r s o f o b s e r v a t i o n s .

In s p i t e o f t h e s e r e s u l t s » p e r h a p s e v e n t h a n k s t o t h e s e r e s u l t s ,
t h e t n e a s u r e m e n t p r o g r a m w a s i m p r o v e d a n d e x t e n d e d o v e r t h e y e a r s in
o r d e r t o o b t a i n e n o u g h f i e l d d a t a t o g e n e r a t e a n d t e s t h y p o t h e s e s
a b o u t h h e m a i n p r o c e s s e s in t h e r i n g s . A s a r e s u l t » t h e p r e s e n t
d a t a b a n k f o r G r o t e R u g is a m o n g t h e b e s t e x i s t i n g in t h e w o r l d IDi
T o r o i p e r s . c o m m . I ; h e n c e it is v e r y w e l l s u i t e d f o r d e v e l o p i n g
m a t h e m a t i c a l m o d e l s .

M o s t r e s u l t s o f t h e s t u d i e s h a v e o n l y b e e n p u b l i s h e d in a n n u a l
r e p o r t S f b u t s o m e a r e m o r e g e n e r a l l y a v a i l a b l e ; s e e f o r e x a m p l e
[ B a n n i n k e t a l . , 1 9 8 0 1 .

T H E M A B A S I M P R O J E C T

In F e b r u a r y 1 9 5 3 e x t e n s i v a t e r r i t o r i e s in t h e S o u t h - W e s t e r n p a r t
o f t h e N e t h e r l a n d s w e r e i n u n d a t e d , w h e n a n e x c e p t i o n a l l y h i g h t i d e
c o i n c i d e d w i t h a s e v e r e N o r t h - W e s t e r n s t o r m » l a s t i n g f o r s e v e r a l
d a y s . E s p e c i a l l y t h e p r o v i n c e o f Z e e l a n d s u f f e r e d h e a v i l y a n d t h e
n u m b e r o f c a s u a l t i e s r o s e t o o v e r 1 8 0 0 . T o i m p r o v e t h e s e c u r i t y o f
t h e c o u n t r y a n d p r e v e n t a r e p e t i t i o n o f t h e 1 9 5 3 e v e n t s i t h e D e l t a
a c t w a s p a s s e d t h r o u g h P a r l i a m e n t : d i k e s w o u l d b e r e b u i l d at 3
h i g h e r l e v e l t h a n b e f o r e t h e d i s a s t e r a n d m o s t o f t h e p r e s e n t e s t u -
a r i e s w o u l d b e c l o s e d o f f f r o m t h e s e a b y l a r g e d i k e s , c o n n e c t i n g
t h e f o r m e r t s l a n d s .

T h u s t h e e c o l o g i c a l c o n d i t i o n s in m a n y o f t h e D e l t a w a t e r s ' h a v e
c h a n g e d o r w i l l c h a n g e d r a m a t i c a l l y in t h e y e a r s t o c o m e . T o o p t i -
m i z e t h e f u n c t i o n s o f t h e i n d i v i d u a l b a s i n s , t h e E n v i r o n m e n t a l
D i v i s i o n of t h e D e l t a D e p a r t m e n t i n i t i a t e d t h e H A t e r B A S In ü o d e l s
( W A B A S I M ) p r o j e c t . T h e w o r d ' m o d e l ' a l r e a d y i n d i c a t e s » t h a t m a t h -
e m a t i c a l m o d e l s a r a r e g a r d e d a s an i m p o r t a n t t o o i t o a c c o m p l i s h
t h i s g e n e r a l o p t i m i .zat i o n p u r p o s e .

T h e p r o j e c t is i n t e n d e d t o c o v e r s e v e r a l y e a r s » b u t f i r s t b e c a u s e
m a n y i m p o r t a n t r e s u l t s a r e e x p e c t e d b e f o r e i t s c o m p l e t i o n a n d s e c -
o n d t o h a v e a p r o j e c t w i t h a w e l l d e f i n e d o b j e c t i v e a s a s o r t of
t r a i n i n g p r o j e c t , t h e p u r p o s e w a s d i v i d e d i n t o a l o n g - a n d a s h o r t
t e r m o b j e c t i v e ;

' T h e l o n g t e r m o b j e c t i v e o f t h e p r o j e c t is t o p r o d u c e t h e n e c e s s a r y
u n d a r s t a n d i n g o f a q u a t i c e c o s y s t e m s f o r t h e d e r i v a t i o n o f a d e q u a t e



g u i d e l i n e s f o r e n v i r o n m e n t a l m a n a g e m e n t » in o r d e r to r e a l t z e o p t i -
m a l l y t h e f u n c t i o n s a s s i g n e d to e a c h w a t e r b a s i n . '

' T h e short t e r m o b j e c t ï v e is to d e v e l o p a s a m i - s t a g n a n t f r e s h w a t e r
m o d e l o f t h e m o d e l r e s e r v o i r s in t h e ' G r o t e R u g ' a n d o f t h i s s t o r a g e
r e s e r v o i r i t s e l f . '

W A B A S I M is o r g a n i z e d as a m u i t i d ï c i p i i n a r y c o - p r o j e c t o f t h e
E n v i r o n m e n t a l D i v i s i o n o f t h e D e l t a D e p a r t m e n t a n d t h e E n v i r o n -
m e n t a l H y d r a u l i c s B r a n c h o f t h e D e l f t H y d r a u l i c s L a b o r a t o r y * w i t h
t e c h n i c a l a s s i s t a n c e o f t h e R a n d C o r p o r a t i o n in t h e U . S . A . » r e s p o n -
s i b l e f o r t h e ££LLicy A Ü a l y s i s o f t h e fiosterschelde ( P O L A N Q ) » of
w h i c h W A B A S I M is a p a r t i a l f o l l o w u p ,

B e c a u s e c h e m i c a l a n d b i o l o g i c a l p h e n o m e n a a r e i n v o l v e d in e u t r o -
p h i c a t i o n a n d b o t h a r e d i f f i c u l t to m o d e l , t w o d i f f e r e n t m o d e l s
h a v e b e e n d e v e l o p e d to a c c o m p l i s h t h e s h o r t t e r m o b j e c t i v e . C h e m i -
c a l d a t a » e i t h e r f r o m m e a s u r e m e n t s or t h e c h e m i c a l m o d e l C H A R O N
h a v e b e e n u s e d a s b o u n d a r y c o n d i t i o n s . d e s i g n i n g a n d c a l i b r a t i n g
t h e p h y t o p l a n k t o n m o d e l . F o r C H A R O N a s i m i l a r a p p r o a c h w a s a d o p t e d »
by w h i c h o b s e r v e d p h y t o p l a n k t o n l e v e l s h a v e b e e n u s e d in t h e m o d e l .
To m a k e o p t i m a l u s e of t h e p r e d i c t i v e c a p a b i l i t i e s o f b o t h m o d e l s ,
an i n t e g r a t e d v e r s i o n h a s b e e n d e v e l o p e d a n d a p p l i e d d u r i n g s e v e r a l
p r o j e c t s . T h i s r e p o r t » h o w e v e r » p r e s e n t s t h e r e s u l t s on o n l y o n e of
t h e t w o : t h e p h y t o p l a n k t o n m o d e l B I O O M II» a l t h o u g h s o m e r e m a r k s on
t h e i n t e g r a t e d m o d e l w i l l b e m a d e .



Ï.THE PHYTOPLANKTON MODEL BLOOM II

1.1 INTPOPUCTION

One of the models developed during POLANO is the Algae Bloom Mod-
el» reported in volume IV [Bigelow et a l , ( 1 9 7 7 ] , Thïs model was
applied to a salt water basin (the Oosterschelde) » not some e u t r o -
phic fresh water lake. Data from the basin were in short supply and
moreover the available time for literature studies was limited.

The WABASIM model BLOOM II has kept part of the structure of its
predecessor such as the objective and some of the basic
assumptions, but many modifications and extensions are discussed
in this report, To understand the BLOOM II model» it is not strictly
necessary to know the POLANO report, becausi the complete model
formulation will be presented here.

1.2 APPROACH: A MANAGEMENT MODEL

The general purpose of the WABASIM project» as pointed out in
Sec. P,4> is to help managing aquatic ecosystems. Various types of
models could be constructed for such a general purpose: scientific
or applied» deterministS c or stochastic (empirical) models etc. It
was» however» early decided during the project that the best way to
predict future situations would be by deterministic models. Thus
the WABASIM models such as BLOOM II can be described as applied»
deterministici management oriented models» that is they should
inform a manager» what kind of system responses he might expect
under specific c o n d i t i o n s .

Many processes involved in eutrophication proceed slowly; it
takes many years before a large body of water becomes eutrophic and
it will also take many years to stop and possibly reverse this p r o c -
ess. On the other hand, phytoplankton species are usually rapidly
growing; one or two divisions per day are no exception. Thus BLOOM
II has a relatively short computational time-step of one week [Sec,
5 . 2 ] , but since changes in the eutrophic state of waters occur over
much longer periods» the model will not be applied to predict the
impact of a change in conditions say next week, but rather what will
be the long term effect of these changes over several years.

The performance of a management model should not simply be judged
by looking at a prediction vs, observation course of some variables
for each time-period» because it depends on its purpose, when a
model should be correct anyhow and when this is less important,
Thus what may seem to be a large d i sagr eement» could be unimportant
to the overall policy conclusion, for instance if the computations
indicate that probably no eutrophications problems will occur in a
particular water body. However, if the model predicts severe prob-
lems during at least a certain pertod, then any major difference
between observations and predictions becomes critical.

Designing management models always involves an estimation of the
penalties for making incorrect decisions» for which there are three
poss ibi1i t i es :

1. Taking incorrect tneasures when measures are necessary
C fa lse react i o n ) .



2 . Tak ing m e a s u r e s , when they are not n e c a s s a r y (false
a l a r m ) .

3. T a k i n g no m e a s u r e s when they s h o u l d have been t a k e n C o v e r -
looking an a l a r m ) .

E s t i m a t i n g t h e p e n a l t i e s for thes e t h r e e a r r o r types is
dif f i c u l t » b e c a u s a e c o n o m i e » e c o l o g i c a l as well as s o c i a l a s p e c t s
are involved» which c a n n o t be e x p r e s s e d in cotnparable u n i t s (for
ins t a n c e m o n e y ) . The u l t i m a t e d e c i s i o n w h i c h e r r o r s s h o u l d be m i n i -
mized is t h e r e f o r e p o l i t i c a l .

M o d e l s may help the m a n a g e r to m i n i m i z e type 1 e r r o r s , b e c a u s e
the impacts of many c o m b i n a t i o n s of m a n a g e m e n t m e a s u r e s may be a n a -
lyse d . In an ideal case» both type 2 and type 3 e r r o r s should be
mi n i m a l at the s a m e time but g e n e r a l l y m i n i m i z i n g t y p e 2 e r r o r s ,
i n c r e a s e s the p r o b a b i l i t y of type 3 e r r o r s and visa v e r s a . In the
case of BLO O M II» it was de c i d e d to m i n i m i z e the n u m b e r of type 3
e r r o r s , i.e. it is be t t e r to have s o m e f a l s e alarms» than to o v e r -
look any tru e a l a r m s . The mo d e l t h e r e f o r e is c o n s e r v a t i v e r a t h e r
than ( o v e r ? i o p t i m i s t i c : if it p r e d i c t s no p r o b l e m s , a major b l o o m
is u n l i k e l y , but if it p r e d i c t s a large b l o o m , it may not occur in
rea1i t y.

1.3 PURPOSE OF BLOOM II

The phytoplankton model BLOOM II has been designed according to
the following objective:

BLOOM II maxi'mi zes the total biomass concentration of several phy-
toplankton species at equilibrium in a certain time-period given a
set of environmental conditions.

What are the i m p l i c a t i o n s of t h i s o b j e c t i v e for the m o d e l ?

1. The method of c a l c u l a t i o n is linear p r o g r a m m i n g » an o p t i -
m i z a t i o n t e c h n i q u e . U n t i l r e c e n t l y m a t h e m a t i c a l o p t i -
roization m e t h o d s w e r e i n f r e q u e n t l y used in b i o l o g i c a l
m o d e l s . A p r o p o s a l by Pa t t e n 1 1 9 6 8 ] was one of the first
in the e c o l o g i c a l and l i m n o l o g i c a l l i t e r a t u r e , R e c e n t l y
t h e r e is an i n c r e a s i n g i n t e r e s t in t h e s e m e t h o d s »
however» [ J a m e s o n , 1 9 7 9 ] , The p r i n c i p l e of linear p r o -
g r a m m i n g C L . P . ) is easy to u n d e r s t a n d and c o m p u t a t i o n a 1 ly
it is much m o r e i n e x p e n s i v e than a c o m p a r a b l e d i f f e r e n -
tial e q u a t i o n model with a s i m i l a r n u m b e r of e q u a t i o n s .

2. The m o d e l c o m p u t e s the m a x i m u m r a t h e r than the a c t u a l b ï o -
m a s s c o n c e n t r a t i o n s , b e c a u s e :

• The la r g e s t b l o o m s are a m a n a g e r ' s main i n t e r e s t .
• Q t h e r w i s e more p h y s i o logica 1 k n o w l e d g e would be

requ i red .
• It is as s u m e d that t h o s e s p e c i e s , w h i c h can p r o d u c e

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

R e m e m b e r i that like any other e q u i l i b r i u m m o d e l * BLOOM II
g i v e s no i n f o n m a t i o n on the kind of t r a n s i t i o n s b e t w e e n
d i f f e r e n t p e r i o d s i thus the way t o w a r d s e q u i l i b r i u m c o u l d
wel 1 be i n f e a s i b l e .



3. B l o o m s can be c o n s t r a i n e d by t w o k i n d s of e n v i r o n m e n t a l
c o n d i t i o n s :

• N u t r i e n t s ( n i t r o g e n , p h o s p h o r u s and s i l i c o n ) f o r c e l l
s t r u c t u r e a n d m e t a b o 1 i s m .

• E n e r g y ( c o m p l e x of i n t e r a c t i o n s b e t w e e n p r i m a r y p r o -
d u c t i o n » r e s p i r a t i o n a n d v a r i o u s c a u s e s of m o r t a l i t y )
for m a i n t e n a n c e and r e p r o d u c t i o n .

4 . A l l e n v i r o n m e n t a l c o n d i t i o n s a r e s p e c i f i e d e x t e r n a l l y to
t h e m o d e l for e a c h t i m e - p e r i o d . T h e s e i n c l u d e m e t e o r -
o l o g i c a l a n d p h y s i c a l v a r i a b l e s » s u c h as t h e t e m p e r a t u r e $
t h e i n f l u x of s o l a r r a d i a t i o n and t h e m i x i n g d e p t h . A s t h e
m o d e l is d e s c r i b e d h e r e » t h e c o n c e n t r a t i o n s of t h e t o t a l
a v a i l a b l e n u t r i e n t s a r e p r e s p e c i f i s d as w e l l » w h i c h is
t h e m a i n d i f f e r e n c e b e t w e e n B L O O M II and t h e n o w e x i s t i n g
i n t e g r a t e d v e r s i o n of B L O O M II a n d C H A R O N .

5 . E n v i r o n m e n t a l c o n d i t i o n s a r e s p e c i f i e d t o t h e m o d e l b a s e d
u p o n :

• O b s e r v a t i o n s ( f o r c a l i b r a t i o n ) .
• O t h e r m o d e l s C C H A R O N ) .
• T a c t i c s (to i n v e s t i g a t e i m p a c t s of m a n a g e m e n t s c e n a r -

i o s ) .

T h i s r e p o r t is m a i n l y r e s t r i c t e d to t h e f i r s t : o b s e r v a -
t i o n s .

6. U n d e r m a n y c o n d i t i o n s , p h y t o p l a n k t o n s p e c i e s can a c h i e v e
h i g h n e t g r o w t h r a t e s e n a b l ï n g t h e m to d o u b l é t h e i r b i o -
m a s s s e v e r a l t i m e s a w e e k » s o m e t i m e s e v e n a d a y . T h u s t h e
m o d e l a s s u m e s s t e a d y s t a t e s for b o t h p h y t o p l a n k t o n b i o -
m a s s and n u t r i ë n t r e c y c l i n g w i t h a n o m i n a l t i m e - s t e p of
o n e w e e k . N o r m a l l y s u c c e e d i n g t i m e - s t e p s a r e c o m p l e t e l y
i n d e p e n d e n t ) b u t s l a w l y c h a n g i n g e n v i r o n m e n t a l c o n d i -
t i o n s t e n d to g i v e t h e m o d e i ' s o u t p u t a s m o o t h a p p e a r a n c e .
B e s i d e s t h e s e n o m i n a l o p t i o n s » B L O O M II h a s a d d i t i o n a l
opt i o n s t o :

a. I n c r e a s e its n o m i n a l t i m e - s t e p d u r i n g t h e e n t i r e y e a r
or s o m e p a r t s of i t.

b . S o l v e t h e e q u a t i o n s for n u t r i ë n t r e c y c l i n g d y n a m -
i c a l l y , m a i n t a i n i n g t h e s t e a d y s t a t e f o r p h y t o p l a n k -
t o n [Sec . 3 . 6 1 .

c. C o n s t r a i n s p e c i e s , w h i c h w e r e n o t p r e s e n t at t h e p r e -
v i o u s t i m e - s t e p by a l a r g e r e x t i n c t i o n v a l u e t h a n
s p e c i e s » w h i c h w e r e a l r e a d y in t h e b l o o m [ S e c .
6 , 2 . 3 1 .

d. I n c l u d e c o n s t r a i n t s for t h e m a x i m u m g r o w t h r a t e s of
i n d i v i d u a l s p e c i e s d u r i n g o n e t i m e - s t e p [ S e c . 6 . 2 . 4 1 .

7. Z o ö p l a n k t o n c o n c e n t r a t i o n s c a n n o t be c a l c u l a t e d in t h e
p r e s e n t v e r s i a n of B L O O M II» but m a y a l t e r n a t i v e l y be s p e -
c i f i e d as an i n p u t to t h e m o d e l . T h i s a p p r o a c h has b e e n
a d o p t e d for t w o r e a s o n s :

a. It h a s n o t b e e n p r o v e d u n e q u i v o c a l l y t h a t m o r t a l i t y
d u e to g r a z i n g by z o ö p l a n k t o n is an i m p o r t a n t s o u r c e
of m o r t a l i t y f o r p h y t o p l a n k t o n s p e c i e s in e u t r o p h i c
l a k e s . A c c o r d i n g to m a n y a u t h o r s , t h e m o s t f r e q u e n t l y
d o m i n a t i n g s p e c i e s : t h e b l u e - g r e e n s » a r e n o t g r a z e d
at a l l [ C h a p . 7 ] .



M o d e l l i n g z o ö p l a n k t o n p r o v e s t o b e d i f f i c u l t » t h e r e -
f o r e it s e e m s m u c h m o r e a p p r o p r i a t e f i r s t t o c a l i -
b r a t e t h e p h y t o p l a n k t o n S e c , of t h e m o d e l w i t h k n o w n
( o b s e r v e d ) z o ö p l a n k t o n d e n s i t i e s a n d t h e n d e c i d e
w h e t h e r a s e p a r a t e z o ö p l a n k t o n m o d u l e h a s t o b e
i n c l u d e d o r n o t .

S P E C I E S I N T H E M O D E L

N a t u r a l b l o o m s o f t e n c o n s i s t o f a s s e m b l a g e s o f d i f f e r e n t p h y -
t o p l a n k t o n s p e c i e s , s o m e t i m e s of r a t h e r d i s t i n c t g r o u p s o f s p e c i e s
s u c h a s d i a t o m s , g r e e n or b l u e - g r e e n a l g a e . H o w e v e r » g r o u p s or e v e n
s p e c i e s w i t h i n a g r o u p r o f t e n h a v e r a t h e r d i s t ï n c t
c h a r a c t e r i s t i e s . T h e r e f o r e m a n y o f t h e a d v e r s e i m p a c t s o f e u t r o -
p h i c a t i o n d e p e n d o n t h e d o m i n a n t C g r o u p o f ) s p e c i e s . F o r e x a m p l e a
b l o o m o f b l u e - g r e e n a l g a e is u s u a l l y c o n s i d e r e d f a r w o r s e t h a n o n e
w h i c h ïs d o m i n a t e d b y f o r e x a m p l e d i a t o m s o r g r e e n a l g a e . T h u s it
m a k e s s e n s e t o d i s t i n g u i s h b e t w e e n g r o u p s .

B u t p a r t i c u l a r l y w i t h i n t h e g r o u p o f b l u e - g r e e n a l g a e s t i l l m o r e
d e t a i l s a r e r e q u i r e d , b e c a u s e t h e i m p a c t s o f a b l o o m o f , f o r e x a m -
p l e » O s c T 1 l a t o r i a a a a r d h i i a r e q u i t e d i s t i n c t f r o m a b l o o m o f
M i c r o c y s f r i s a a r u a i n o s a , If t h e r e is a b l o o m o f t h e l a t t e r » t h e
p r o b a b i l i t y o f a s u d d e n c o l l a p s e , h e n c e o f a n a e r o b i c c o n d i t i o n s »
s e e m s m u c h g r e a t e r . M i c r o c v s t i s is a l s o t h e ' m o s t i m p o r t a n t
b l u e - g r e e n a l g a l s p e c i e s f o r w h i c h t o x i c e f f e c t s h a v e b e e n r e p o r t e d
b y G o r h a m [ 1 9 6 4 ] a n d o t h e r s . T h u s it is a m a j o r a d v a n t a g e if a m a n -
a g e m e n t m o d e l i n c l u d e s a m o d e r a t e l y l a r g e n u m b e r o f s p e c i e s w i t h
d i s t i n c t e c o l o g i c a l c h a r a c t e r ï s t i e s .

M a n y p h y t o p l a n k t o n m o d e l s d o c o n s i d e r s o m e ' s p e c i e s ' » b u t it
s h o u l d b e n o t e d , t h a t t h e s e a r e n o t r e a l l y s p e c i e s a c c o r d i n g t o t h e
s t a n d a r d s of b i o l o g i c a l t a x o n o m y . U s u a l l y t h e s e m o d e l u n i t s a r e
g e n e r a ( g r o u p s of r e l a t e d s p e c i e s ) » o r w o r s e : m a j o r t a x o n o m i c a l
d i v i s i o n s . T h e s e m o d e l s t h e r e f o r e d o n o t c o n t a i n t h e d e t a i l s , w h i c h
a r e v i t a l l y i m p o r t a n t f o r a e u t r o p h i c a t i o n m o d e l ,

M a n y of t h e s p e c i e s c o n s i d e r e d in B L O O M II a r e t a x o n o m i c a l s p e -
c i e s . O t h e r s a r e m o r e c l o s e l y r e l a t e d t o g e n e r a , b e c a u s e C l ) s o m e
t a x o n o m i c a l s p e c i e s o f t h e s a m a g e n u s a r e r a t h e r h o m o g e n e o u s in
t h e i r e c o l o g i c a l c h a r a c t e r i s t i c s , ( 2 ) a v a i l a b l e d a t a o n s p e c i e s
i d e n t i f ï c a t i o n s s o m e t i m e s d o n o t c o n s i d e r s m a l l e r u n i t s t h a n g e n -
e r a .

l t s s t r u c t u r e - a s t e a d y s t a t e m o d e l - a n d i t s m e t h a d o f c a l c u -
l a t i o n - l i n e a r p r o g r a m m i n g - e n a b l e B L O O M II t o h a n d l e a r e l a t i v e l y
l a r g e n u m b e r of e c o l o g i c a l l y r e a l i s t i c s p e c i e s . T h u s t h e p r e s e n t
v e r s i o n o f t h e m o d e l r u n s w i t h t e n s p e c i e s » w h i c h w e r e s e l e c t e d
f r o m a n o r i g i n a l l i s t o f f i f t e e n . T h e s e f i f t e e n s p e c i e s s e e m e d m o s t
i m p o r t a n t a c c o r d i n g t o t h e D u t c h l i t e r a t u r e a n d t h e s p e c i e s f d e n -
t i f i c a t i o n s in G r o t e R u g b y t h e R I D F i v e s p e c i e s a r e n o t i n c l u d e d in
t h e m o d e l » b e c a u s e ( 1 ) e i t h e r a v a i l a b l e d a t a d e m o n s t r a t e d t h a t s o m e
s p e c i e s w a s i n f e r i o r t o a t l e a s t o n e o t h e r in a l l a s p e c t s c o n s i d -
e r e d b y t h e m o d e l , or ( 2 ) t h e r e w e r e s i m p l y n o t e n o u g h r e l ï a b l e
i n p u t d a t a . A s m i g h t h a v e b e e n e x p e c t e d r h o w e v e r , l a c k o f d a t a w a s
w o r s e f o r s p e c i e s o f r e l a t i v e l y m i n o r i m p o r t a n c e , w h i c h t h e y d i d
n o t b l o o m f r e q u e n t l y .



All a s s u m p t i o n s of S e c t i o n s 1,3 and 1.4 w i l l be r e e x a m i n e d in
later c h a p t e r s to p r e s e n t d e t a i l s why t h e y w e r e a d o p t e d and to
e v a l u a t e the c o n s e q u e n c e s for the m o d e l if t h e y are v i o l a t e d .

1.5 B E H A V I O R A N D P E R F O R M A N C E

In a c c o r d a n c e to its p u r p o s e B L O O M II has b e e n set up in a way>
t h a t m a k e s o v e r p r e d i e t i o n s m o r e l i k e l y t h a n u n d e r p r e d i e t i o n s : jt
c o m p u t e s m a x i m u m e q u i l i b r i a r a t h e r t h a n a c t u a l b i o m a s s e s . T h u s it
is i m p o r t a n t Cl) how o f t e n the m o d e l o v e r p r e d i c t s and (2) by w h a t
m a g n i t u d e . A s i m p l e a p p r o a c h w o u l d be to c o m p a r e the o u t p u t s of the
m o d e l to the o b s e r v e d b i o m a s s and r e c o r d how o f t e n the f o r m e r
e x c e e d s the l a t t e r . H o w e v e r , a 10 p e r c e n t o v e r p r e d i e t i o n has a d i f -
f e r e n t s i g n i f i c a n c e t h a n a 500 p e r c e n t o v e r p r e d i e t i o n > b o t h of
w h i c h can o c c u r . T h u s r e c o r d i n g t h e f r e q u e n c y of o v e r p r e d i e t i o n s »
w i t h o u t the m a g n i t u d e is o b v i o u s l y too s i m p l e . In a d d i t i o n ,
h o w e v e r » an o v e r p r e d i e t i o n by no m a t t e r how m a n y p e r c e n t is of no
s i g n i f i c a n c e to a m a n a g e r » if the p r e d i c t e d b i o m a s s is n o n e t h e l e s s
v e r y s m a 1 1 .

T h e r e f o r e the d e g r e e af o v e r p r e d i e t t o r s h o u l d aluays be c o n s i d -
ered in r e l a t i o n to a b i o m a s s s t a n d a r d . If c a r e f u l l y s e l e c t e d »
b l o o m l e v e l s are a c c e p t a b l e as long as t h e y r e m a i n b s l o w the s t a n d -
a r d . If on the o t h e r hand the s t a n d a r d is e x c e e d e d , p h y t o p l a n k t o n
b e c o m e s a s e r i o u s n u i s a n c e .

U n f o r t u n a t e l y b i o m a s s s t a n d a r d s are u s u a l l y e x p r e s s e d in u n i t s
c h l o r o p h y l l per v o l u m e r a t h e r t h a n in dry w e i g h t per v o l u m e » w h i c h
is a m o r e r e l i a b l e i n d i c a t o r for the p h y t o p l a n k t o n b i o m a s s . The
p r o v i s i o n a l ( m a r g i n a l l y a c c e p t a b l e ) D u t c h s t a n d a r d » a c c o r d i n g to
the ' I n d i k a t i e f M e e r j a r e n P l a n ' (IMP 8 0 - 8 4 ) , is 100 mg c h l o r o p h y l l
per m3. C o n s i d e r i n g the u s u a l r a n g e of c o n v e r s i o n f a c t o r s b e t w e e n
c h l o r o p h y l l and dry w e i g h t in D u t c h l a k e s I S e c . 8 . 1 . 3 1 , t h i s r o u g h -
ly c o r r e s p o n d s to a c o n c e n t r a t ï o n of 7,5 to 16.5 mg dry w e i g h t per
1. T h i s is s o m e w h a t h i g h e r t h a n the v a l u e p r o p o s e d by M o r t o n and Lee
[ 1 9 7 4 ] ; 6-12 mg dry w e i g h t per 1. We w i l l , h o w e v e r , a c c e p t the IMP
c h l o r o p h y l l s t a n d a r d » but not as a s u m m e r a v e r a g e but as a m a r -
g i n a l l y perntïssïble peak v a l u e .
T h e r e f o r e we will use the f o l l o w i n g d e f i n i t i o n . A n y p r e d i c t e d

b l o o m , w h i c h (1) e x c e e d s the p r o v i s i o n a l c h l o r o p h y l l s t a n d a r d and
(2) e x c e e d s the o b s e r v e d c o n c e n t r a t i o n by m o r e t h a n 5 0 % w i l l be
c o n s i d e r e d an o v e r p r e d i e t i o n . A 5 0 % d i f f e r e n c e is s t i l l r e g a r d e d
a c c e p t a b l e , b e c a u s e the u n c e r t a i n t y of the dry w e i g h t to c h l o r o -
p h y l l r a t i o is at least a f a c t o r t w o . H e n c e e v e n at a 50% d e v i a t i o n
b e t w e e n p r e d i c t e d and o b s e r v e d c h l o r o p h y l l , the dry w e i g h t p r e d i c -
t i o n of the m o d e l c o u l d s t i l l be c o r r e c t .

As up till n o w the c a l i b r a t e d B L O O M II m o d e l has been v e r i f i e d for
o v e r 20 c a s e s , we may r e a s o n a b l y j u d g e how o f t e n and by how m u c h it
o v e r p r e d i ets :

1. Of all the b l o o m s p r e d i c t e d for a one year c a l c u l a t i o n » at
least one w a s indeed o b s e r v e d in a b o u t two of e v e r y t h r e e
c a s e s .

2. U s u a l l y the o b s e r v e d b l o o m si ze is m o r e t h a n 5 0 % of the
v a l u e p r e d i c t e d by the m o d e l , h e n c e B L O O M II d o e s not
o v e r p r e d i c t the si ze of t h e s e b l o o m s .

3. But 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 a n t r a t i o n s are o f t e n less
than 5 0 % of the c o m p u t e d b i o m a s s , if in r e a l i t y no b l o o m
was o b s e r v e d .



B e c a u s e in a d d i t i o n t h e s p e c i e s c o m p o s i t i o n c a l c u l a t e d by t h e
m o d e l is w e r y r e a s o n a b l e s a l o n g a s it d o e s n o t o v e r p r e d i c t » w e c o n -
c l u d e d t h a t B L O O M II is an i m p o r t a n t t o o i to s i m u l a t e t h e i m p a c t s o f
m a n a g e m e n t m e a s u r e s on e u t r o p h i c e c o s y s t e m s .
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2.STRUCTURE OF THE MODEL

2.1 LIMITING FACTORS SELECTED FOR THE MODEL

Many f a c t o r s i n f l u e n c e the growth of p l a n t s , but a c c o r d i n g to the
cla s s i c a l t h e o r y of von Liebig: 'Growth of a plant is d e p e n d e n t on
the m i n i m u m of f o o d s t u f f p r e s e n t e d ' . At the b e g i n n i n g of the c e n t u -
rvi B l a c k m a n g e n e r a l i z e d L i e b i g ' s idea to include the light inten-
sity and t e m p e r a t u r e in ad d i t i o n to n u t r i e n t s . Thus a c c o r d i n g to
these c l a s s i c a l t h e o r i e s , the yield of each s p e c i e s will be limited
by only one factor at a t i m e .

A c c o r d i n g to what has becom e known as the Gau s i a n p r i n c i p l e of
c o m p e t i t i v e exclusion» of all s p e c i e s c o m p e t i n g for the same l i m i t -
ing f a c t o r , the most e f f i c i ë n t should o u t c o m p e t e all the o t h e r s in
well mixed s y s t e m s such as e u t r o p h i c l a k e s . Thus the numb e r of
(d o m i n a n t ) s p e c i e s in the bloo m should be equal to the numb e r of
limiting f a c t o r s , It was pointed out by Bi g e l o w et a l . 119773» that
this one to one c o r r e s p o n d e n c e b e t w e e n limiting f a c t o r s and the
number of s p e c i e s also e x i s t s in BLQOM II as a c o n s e q u e n c e of the
linear p r o g r a m m i n g t e c h n i q u e .

Of c o u r s e , it is itnpossible to include all ( p o t e n t i a l ) limiting
f a c t o r s in the model» but th o s e which are i n f r e q u e n t l y l i m i t i n g ,
can be ignored. \Ae must t h e r e f o r e s e l e c t which f a c t o r s are most
likely to b e c o m e limiting to p h y t o p l a n k t o n b l o o m s , F u r t h e r m o r e we
must d e c i d e how to inc o r p o r a t e each s e l a c t e d factor into the m o d e l .

Text books on aquatic ecology u s u a H y c o n s i d e r many f a c t o r s Ï P a r -
sons and Takahashi» 1 9 7 3 ; B o u g i s , 1 9 7 4 ; Wetzel» 1 9 7 5 ] , some of
which Ni 11 be br i e f l y d i s c u s s e d in the next s e c t i o n s . Me wïll c o n -
sider three general c a t e g o r i e s : p h y s i c a l (including
m e t e o r o l o g T c a l ï , ch e m i c a l and b i o l o g i c a l f a c t o r s .

2.1.1 Phvs-i cal f a c t o r s

G e o g r a p h y ; our main c o n c e r n are lakes and r e s e r v o i r s in the t e m -
p e r a t e zones with d i s t i n c t s e a s o n s ! p r o b a b l y the same m e t h o d o l o g y
could be used to de v e l o p a model v e r s i o n for other g e o g r a p h ï c
r e g i o n s , but the limiting f a c t o r s and s p e c i e s included in the model
could be quite d i f f e r e n t .

S a l i n i t y : e u t r o p h i c a t i o n is most s e v e r e in the fresh water e n v i -
r o n m e n t , but there is no f u n d a m e n t a l d i f f e r e n c e to salt w a t e r s . In
fact as pointed out in S e c . 1.1, the POLANO algae bloom model was
dev e l o p e d for a sea e s t u a r y and still many of the ïnputs to BLOOM II
are from a mix of fresh and salt water o b s e r v a t i o n s . The two types
of e n v i r o n m e n t s are c l e a r l y d i s t i n c t in d o m i n a t ï n g s p e c i e s , h o w e v -
e r , which is most o b v i o u s in the case of b l u e - g r e e n a l g a e , being of
little importance in salt w a t e r s , but fr e q u e n t l y p r e d o m i n a t i n g in
fresh wa t e r s up to the level of m o n o - c u l t u r es .

C l i m a t e : during the se a s o n s many p h y s i c a l factors change but
some of them are p a r t i c u l a r i y important to p h y t o p l a n k t o n :

• T e m p e r a t u r e g e n e r a l l y v a r i e s b e t w e e n 0° and 20° to 25°
ce n t i g r a d e and as the rates of many b i o c h e m i c a l p r o c e s s e s
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approximately doublé every 10°» these temperature d i f f e r -
ences are s i g n i f i c a n t .

• The influx of solar radïation varies by more than a factor
15 between sumtner and winter and as phytoplankton depends
almost completely on sun light for energy supply» these
large differences are quite s i g n i f i c a n t .

• The length of the light period Cin this report called 'day
length') varies by approximately a factor 2 between w i n -
ter and summer from about 8 hours in winter to over 16
hours in summer. Hence in winter respiration exceeds p r o -
duction for two third of the day.

Mixing depth: an exponential decrease of light intensity with
depth is usually assumed [Sec. 5.1] and thus any increase ar
decrease in mixing depth has a profound effect on the available
solar energy.

Background extinction: each body of water has it own optical
properties and the attenuation of light over a certain water column
may therefore differ considerably between lakes.

Buoyancy: some species» particularly blue-green algae and d i n o -
flagellates have floating devices that may prevent thtsir h o m o -
geneous mïxing through the water column. Thus they attempt to use
the available soiar energy more efficiently.

Thermal stratification: very important in many of the world's
lakesi but practically absent in the eutrophic Dutch lakes to which
BLOOM II was applied» because they are too shallow (generally 5
meters or less) . As the mixing depth is an input to the mo d e l , it
can be applied quite easily to different layers of water , given
that the usual inputs are provided and assuming no exchange between
the layersj however» BLOOM II has not been tested for stratified
lakes.

Residence t i m e : flushing rates have a profound impact on the
biology of reservoirs in terms of available nutrients» turbidity
etc. As formulated in the short term objective of WABASIM» BLOOM II
has been designed for semi-stagnant reservoirs (residence times in
the order of months or m o r e ) .

2.1.2 Chemical factors

Nutr i e n t s : plants need about a dozen Chemical elements for a
normal development» among which; nitrogen» phosphorus» sulphur»
calciumi potassium» magnesium and iron. Some nutrients which are
required in small quantities only» frequently limit plant growth at
least in terrestrial e c o s y s t e m s . There is a vast amount of litera-
ture on the subject of these tracé elements especially regarding
agricultural systems.

A comparison of requirements by phytoplankton and concentrations
of tracé elements in eutrophic waters» makes it very unlikely for
them to be limiting. Typical requirements reported by Gerloff and
Fishbeck [19691 are; < 0.06% for calcium» 0.15-0,30% for magnesium
and 0,8-2.4% for potassium» all as percentage of dry w e i g h t . T y p i -
cal concentrat i ons in Dutch waters are'. 60, 10 and 4.5 mg/l for
respectively calcium* magnesium and potassium. As the requirement
for potassium is the highest and its typical concentration the low-
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est» t h i s is the b e s t c a n d i d a t e to be l i m i t i n g » b u t th e a m o u n t of
p o t a s s i u m r e q u i r e d by a vsry l a r g e b l o o m of 40 mg d r y w e i g h t per
U t r e is s t i l l o n l y a b o u t 1 mg p o t a s s i u m per litre» t a k i n g the h i g h -
e s t r e p o r t e d r e q u i r e m G n t . C o m p a r e d to an a v a i l a b l e a m o u n t of 4.5
mg/1» tfiere is s t i l l an e x c e s s of p o t a s s i u m .

T h e r e a re less data on santé of th e o t h e r t r a c é e l e m e n t s » b u t as
mo s t l a k e s h a v e r e s i d e n c e t i m e s s h o r t e r t h a n a ye a r and are c o n -
n e c t e d by r i v e r s and c a n a l s » o v e r l o a d e d w i t h all k i n d s of e l e m e n t s
as a r e s u l t of h u m a n a c t i v i t i e s » even a l o c a l e x h a u s t i o n of s o m e
e l e m e n t w o u l d p r o b a b l y be r e p l e n i s h e d r a t h e r q u i c k l y .

Four m a c r o n u t r i e n t s are o f t e n r e p o r t e d as l i m i t i n g f a c t o r s : c a r -
bon» n i t r o g e n » p h o s p h o r u s and s i l i c o n , of w h i c h t h e l a t t e r is a
s p e c i a l case» as it is o n l y r e q u i r e d by d i a t o m s in a s u b s t a n t i a l
a m o u n t . R e c e n t l y t h e r e has b e e n s o m e d e b a t e on C as a p o t e n t i a l
l i m i t a t i o n , b u t we have n n t i n c o r p o r a t e d a C l i m i t a t i o n in B L O O M
II> b e c a u s e c a l c u l a t i o n s N i t h C H A R O N s e e m to rule o u t t h e p o s s i b i l -
ity of a C l i m i t a t i o n in the l a k e s w e h a v e s t u d i e d . The m a i n r e a s o n
is t h a t c a r b o n s u p p l y from t h e air to th e w a t e r is r e l a t i v e l y high
in D u t c h lakes» b e c a u s e as a c o n s e q u e n c e of th e i r s h a l l o w n e s s » t h e y
h a v e a r e l a t i v e l y high s u r f a c e to v o l u m e r a t i o . H o w e v e r » d e N o -
y e l l e s et a l . 1 1 9 7 8 ! p o i n t out t h a t c h a n g e s in C a v a i l a b i l i t y m i g h t
a f f e c t t h e s p e c i e s c o m p o s i t i o n ,

T h u s the two n u t r i e n t s w i t h t h e g r e a t e s t o v e r a l l i m p o r t a n c e for
e u t r o p h i c s y s t e m s a re N and P and t h e s e two w i t h Si w e r e s e l e c t e d
for m o d e l i n g in B L O O M I I .

C h e m i c a l e n v i r o n m e n t : u p t a k e of n u t r i e n t s and b i o c h e m i c a l p r o c -
e s s e s w i t h i n the c e l l s are c e r t a i n l y i n f l u e n c e d by c h e m i c a l f a c t o r s
s u c h as pH» b u t it is d i f f i c u l t to s e p a r a t e d i r e c t e f f e c t s on p h y -
t o p l a n k t o n f r o m i n d i r e c t e f f e c t s » a l t h o u g h a l l p h y t o p l a n k t e r s d i e
at e x t r e m e pH v a l u e s [Moss» 1 9 7 3 ] ,

The i n f l u e n c e of pH on the P - c y c l e may s e r v e as an e x a m p l e . W h i l e
p r o d u c i n g » a p h y t o p l a n k t e r w i t h d r a w s C 0 2 from the water » and pH
go e s u p . But a rise in pH u s u a l l y c o r r e l a t e s w i t h an i n c r e a s e of
a v a i l a b l e p h o s p h a t e and if t h i s n u t r i ë n t is l i m i t i n g » g r o w t h m a y
c o n t i n u e up to a h i g h e r b i o m a s s level than w i t h o u t pH i n c r e a s e .
W i t h o u t d e t a i l e d o b s a r v a t i o n s , it is v i r t u a l l y i m p o s s i b l e to find
out» w h e t h e r the g r o w t h r a t e r e m a i n s high b e c a u s e the pH r i s e s to a
m o r e f a v o r a b l e level ( d i r e c t e f f e c t ) » or b e c a u s e m o r e p h o s p h a t e
b e c o m e s a v a i l a b l e ( i n d i r e c t e f f e c t ) .

L i t t l e is k n o w n a b o u t p o s s i b l e t o x i c e f f e c t s of c e r t a i n c h e m i c a l
s u b s t a n c e s s u c h as h e a v y m e t a l s » h e r b i c i d e s or p e s t i c i d e s on algae »
b u t as the h i g h e s t c o n c e n t r a t i o n s of t h e s e s u b s t a n c e s a r e o b s e r v e d
in t h o s e lakes» w h i c h a l s o h a v e t he h i g h e s t p h y t o p l a n k t o n b l o o m s »
we may p r o b a b l y i g n o r e t h e s e e f f e c t s for the t i m e b e i n g .

E f f e c t s of pH and o t h e r c h e m i c a l f a c t o r s are n o t i n c o r p o r a t e d in
BLO O M II» but t h e y are m o d e l e d in C H A R O N in as far as t h e y h a v e an
( i n ) d i r e c t e f f e c t on th e n u t r i ë n t c y c l e s .

2.1.3 Bioloqical factors

Other» primary p r o d u c e r s : rooted waterplants have some advan-
tages over floating p h y t o p l a n k t e r s ! they have access to nutrients
stored in the bottom, they have a more advanced level of internal
structure and organization> hence better facilities for b i o -
chemical reactions and transport both within the plant as between
plants and surrounding e n v i r o n m e n t . Thus these plants seem to be
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strong potential compatitors for nutrients and particularly sun
light.

It is intriguing though that so many waters which were formerly
dominated by rooted macrophytes* are presently dominated by phy-
toplankton (for instance Lake V e l u w e ) . Ne shall not try to givs an
explanation in this report, since there are hardly any rooted
macrophytes in any of the eutrophic lakes we have studiedi thus
they have nat been incorporated into BLOOM II. Notice» however>
that it is by no means impossible that these higher plants once
again ui 11 gain importance if these lakes become less eutrophic in
the future.

Predators seem a direct threat to phytoplankton cells because
they increase mortality. Predators include zoöplankton. Daphn i a in
particular, fish and shell-fish e.g. mussels» but to study the
influence on phytoplankton is complicated for several reasons:

1. Experimental data are in short supply because it is
extremely difficult to obtain a reliable estimate of

• The predator concentrations (patchy distributioni
variations in the volume of individuals).

• The rate at which phytoplankton is actually consumed
by the predator.

2. It is not quite obvious which particles are consumed and
digested by the predators (Is detritus used? Are
blue-green algae consumed or rejected because their seize
is too big, their taste not well enough» perhaps even tox-
ic [Latnpert, 1981]? Do many ingested ceils lfke Jona
return alive from the intestines of the grazers [Porter,
19751?

3. Predators have a highly efficiënt digestive system and
may speed up the overall rate of remineralization because
they ingest large dead phytoplankton particles and large
organic macro molecules and excrete nutrients in a
directly available form. In other words» their net effect
may even be beneficial to phytoplankton IHargrave et a l , ,
1968; Larow et al . , 1 9 7 8 ] .

The number of references could have been extended easily. All these
problems make it difficult to include grazing in a model. The role
of one kind of predator, namely zoöplankton will be discussed later
[Chap. 7 ] .

2.2 THE LINEA» PRQGRAMMING MODEL

In the following two sections we shall first consider the math-
ematical formulation of the linear progr amitii ng model, i llustrated
by some examples. This section is based upon the pioneering work by
Danzig (1963 1.

In Sec. 2.2.2 Me shall outline how the phytoplankton bloom prob-
lem is converted into a standard linear program.



2.2.1 General formulation

C o m p a r e d t o m o s t o t h e r m a t h e m a t i c a l t e c h n i q u e s » l i n e a r p r o g r a m -
m i n g is a r e l a t i v e l y n e w i n v G n t i o n . M o s t w o r k w a s d o n e s h o r t l y
b e f o r e a n d d u r i n g W o r l d W a r I I , T h e re3l b r e a k t h r o u g h / h o w e v e r * w a s
t h e d e v e l o p m e n t o f t h e s i m p l e x s o l u t i o n a l g o r i t h m in t h e l a t e
1 9 4 0 s . S t i l l s o l v i n g l i n e a r p r o g r a m s w a s r a t h e r e x p e n s i v e » b e c a u s e
t h e n u m e r o u s m a t r i x i n v e r s i o n s e i t h e r h a d t o b e c o m p u t e d b y h a n d »
o r o n t h e f i r s t e x i s t i n g c o m p u t e r s , W i t h t h e t r e m e n d o u s d r o p in t h e
c o s t o f c o m p u t e r t i m e in t h e 1 9 7 0 s . t h e c o s t o f s o l v i n g a l i n e a r
p r o g r a m h a s b e c o m e m a r g i n a l in c o m p a r i s o n t o t h e c o s t o f t h e
e x p e r t i w h o f o r m u l a t e s t h e m o d e l ,

L i n e a r p r o g r a m n i n g is a p p l i e d w h e n an o p t \ m i z a t i o n p r o b l e m c a n b e
r e p r e s e n t e d b y a s e t o f l i n e a r e q u a t i o n s . P o r e x a m p l e c a n s i d e r a
m o t h e r o f f o u r k i d s , w h o w a n t s t o f e e d h e r c h i l d r e n w e l l » b u t u n f o r -
t u n a t e l y h a s a v e r y l i m i t e d b u d g e t , T o k e e p h e r c h i l d r e n h e a l t h y
e a c h s h o u l d e a t a m i n i m u m d a i l y a m o u n t o f e s s e n t i a l f o o d s t u f f s s u c h
a s c a l o r i e s » m i n e r a l s » v i t a m i n s .

S h e c o u l d , h o w e v e r , s a t i s f y t h e d a i l y n e e d s in a n i n f i n i t e n u m b e r
of w a y s b e c a u s e s o m a n y f o o d i t e m s ( b r e a d * v e g e t a b l e s » m e a t e t c . )
a r e on t h e m a r k e t . B u t s h e h a s n o C c o m p l e t e l y ) f r e e c h o i c e t o c o m -
b i n e a l l o f t h e s e f o o d i t e m s » b e c a u s e f o r e x a m p l e e a t i n g m o r e t h a n
1 0 0 g r a m s o f f a t p e r d a y c a n b e c o n s i d e r e d u n h e a l t h y » e a t i n g s u g a r
is b a d f o r t e e t h » e t c . T o m a k e l i f e e v e n m o r e c o m p l i c a t e d » s h e h a s
t o m i n i m i z e t h e t o t a l c o s t o f f o o d » b e c a u s e o t h e r w i s e n o m o n e y is
l e f t f o r t h e c o s t o f l i v i n g » h e a t i n g e t c .

L i n e a r p r o g r a m m i n g p r o v i d e s a s i m p l e s o l u t i o n t o t h i s p r o b l e m
b e c a u s e it c o u l d t e i l h e r e x a c t l y w h a t t h e c h e a p e s t c o m b i n a t i o n o f
f o o d i t e m s is t h a t s t i l l s a t i s f i e s a l l f o r m u l a t e d c o n s t r a i n t s : t h e
m e n u w i l l c o n t a i n at l e a s t a c e r t a i n a m o u n t o f c a l o r i e s » n o t m o r e
t h a n a c e r t a i n a m o u n t o f f a t a n d s u g a r , b u t a m i n i m u m a m o u n t o f p r o -
t e i n » v i t a m i n s » e t c . ) .

It is e a s y t o f i n d n u m e r o u s o t h e r e x a m p l e s o f s i m ï l a r p r o b l e m s : a
f a r m e r » w h o f e e d s c a t t l e o n v a r i o u s w h e a t s a n d w a n t s t o m i n i m i z e
t h e c o s t o f b u y i n g f o o d » a m a n u f a c t u r e r > w h o p r o d u c e s c o m p o n e n t s
f o r h o u s e c o n s t r u c t i o n w i t h k n o w n c h a r a c t e r i s t i e s o f f o r e x a m p l e
s t r e n g t h , a n d t e r m a l a n d n o i s e i s o l a t i o n » a t a m i n i m u m c o s t . T h e s e
k i n d s o f p r o b l e m s a r e k n o w n a s ' b l e n d i n g p r o b l e m s ' ,

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

W e s h a l l n o w c o n s i d e r t h e m a t h e m a t i c a l f o r m u l a t i o n o f a l i n e a r
p r o g r a m , D e f ï n e t h e f o l l o w i n g s y m b o l s :

— Xj is a c t i v i t y ( v a r i a b l e ) j»
— C j is t h e c o s t o f a c t i v i t y j»
— a s ,j is t h e p r o p o r t i o n a l i t y c o n s t a n t »
— e s is t h e s l a c k v a r i a b l e i»
— b t is t h e v a l u e o f c o n s t r a i n t i.

In t h e s t a n d a r d l i n e a r p r o g r a m w e m u s t
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Fi nd : x 4 > O and e, 2 0,

Minimizing: Z j Cj . Xj »

Subject to: Zj a ^ j . Xj + et = b, (2.1)

The 'slack v a r i a b l e s ' are introduced» b e c a u s e as we have p r e v i a u s l y
seen most c o n s t r a t n t s are fo r m u l a t e d as m i n i m u m or m a x i m u m c o n d i -
tïons which results in i n e q u a l i t i e s rather than e q u a t i o n s . By a d d -
ing the n o n - z e r o s l a c k s the '<' and '>• signs can be replaced by
T — T

L i n e a r p r o g r a m m i n g c a n b e u s e d n o t o n l y to m i n i m i z e s o m e o b j e c -
t i v e f u n c t i o n » b u t a l s o to m a x i mi ze on e » f o r i n s t a n c e t o m a x i m i z e
t h e y i e l d of a p l o t o f l a n d . It h a s b e e n s h o w n , t h a t e a c h m a x i m i z a -
t i o n p r o b l e m c a n b e c o n v e r t e d i n t o a m i n i m i z a t i o n p r o b l e m o r v i s a
v e r s a .

2.2.2 Mathematica! formulation of the blooin problem

Many p h y s i c a l , c h e m i c a l and b i o l o g i c a l f a c t o r s are c o n s i d e r e d as
important p o t e n t i a l l i m i t a t i o n s to p h y t o p l a n k t o n b l o o m s . A l t h o u g h
the influence on p h y t o p l a n k t o n is not a l w a y s s t r a i g h t f o r u a r d » each
factor u l t i m a t e l y i n f l u e n c a s one of the m o d e i ' s linear
c o n s t r a i n t s . These state that the mi n i m u m r e q u i r e m e n t of factor i
per unit of p h y t o p l a n k t o n s p e c i e s j is less or equal to the total
a v a i l a b l e atnount of i. N u t r i e n t s easil fit into this schemeJ thus
the three n u t r i e n t s in the model are each r e p r e s e n t e d by a sing l e
c o n s t r a i n t Csee b e l o w ) .

All other f a c t o r s such as t e m p e r a t u r e , solar intensity» mixing
depth and gr a z i n g influence the energy b u d g e t of the p h y t o p l a n k t o n
s p e c i e s one way or a n o t h e r . U n l i k e n u t r i ë n t l i m i t a t i o n s , h o w e v e r ,
energy l i m i t a t i o n s cannot be des c r i b e d by a single linear equations
(1) the r e s p o n s e of p h y t o p l a n k t e r s to a chan g e in the a v a i l a b ï l i t y
of e n e r g y , i.e. p h o t o n s , is n o n - l i n e a r , and (2) p h o t o n s are not
h o m o g e n e o u s l y a v a i l a b l e in a col u m n of w a t e r . In this case the
n o n - 1 i n e a r i t y can be d e s c r i b e d by two lïnear c o n s t r a i n t s { S e c .
6 . 1 ] : the energy c o n s t r a i n t s .

T h u s , o r i g i n a l l y five m a t h e m a t i c a l c o n s t r a i n t s were included in
BLOQM II of which the two energy c o n s t r a i n t s r e p r e s e n t many d i f f e r -
ent f a c t o r s . In the pres e n t BLOOM II model o p t i o n a l l y we include
one a d d i t i o n a l g r o w t h - c o n s t r a i n t for each s p e c i e s which limits i ts
rate of increase in a t i m e - s t e p iSec. 6 . 2 , 4 ] ,

Each of the c o n s t r a i n t s has the same formulation» for each
r e s o u r c e at each t i m e - s t e p we c o n s i d e r :

— Xj is the am o u n t of p h y t o p l a n k t o n s p e c i e s j ,
— a,,j is the amount of r e s o u r c e i per unit of s p e c i e s j ,
— v, is the amount of res o u r c e i which is t e m p o r a r i l y u n a -

va i l a b l e for g r o w t h ,
— sK is the s u r p l u s a m o u n t of res o u r c e i; it is d i r e c t l y

ava ilab Ie,
— b, is the total amount of res o u r c e i in the w a t e r .

If a re s o u r c e is limiting to the bloom» the s u r p l u s e q u a l s z e r o ,
thus a higher b i o m a s s yield is i m p o s s i b l e , unless the a v a i l a b l e
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a m o u n t o f t h e l i m i t i n g f a c t o r is i n c r e a s e d . T h i s c o n c e p t is r e p r e s -
e n t e d in t h e m o d e l b y t h e f a l l o w i n g s e t o f e q u a t i o n s :

b , ( 2 . 2 )

E q s . ( 2 . 2 ) c o n s e r v e m a s s w i t h i n a t i m e - s t e p o f t h e m o d e l a n d a r e
i d e n t i c a l t o a s t a n d a r d l i n e a r p r o g r a m » e x c e p t f o r t h e a m o u n t in
d e t r i t u s C v , ) . W h e n v, c a n b e r e m o v a d i E q . ( 2 . 2 ) b e c o m e s i d e n t i c a l
t o ( 2 . 1 ) . In t h e m o d e l N e u s e t w o d i f f e r e n t m e t h o d s t o e l i m i n a t e v ( .
It is c o n s i d e r e d c o n s t a n t o n o n e o c c a s i o n » in w h i c h c a s e w e s u b s t i -
t u t e

- v

f o r b ( . In a n o t h e r c a s e v, is e x p r a s s e d a s a f u n c t i o n o f t h e fortn:

*
t h u s w e m a y s u b s t i t u t e a, ti f o r a ( , 4 .

M a i n t a i n i n g t h e o r i g i n a l s y m b o l s f o r s i m p l i c i t y i w e s u b t r a c t v,
f r o m t h e t o t a l a v a i l a b l e a m o u n t in t h e f i r s t c a s e » b u t in t h e s e c o n d
t h e n e c e s s a r y a m o u n t p e r u n i t o f p h y t o p l a n k t o n is i n c r e a s e d . T h u s
t h e n e w c o e f f i c i e n t s a , , j a r e c o r r e c t e d f o r t h e a r a o u n t s o f i t h a t
w i l l b e c o m e u n a v a i l a b l e t o p h y t o p l a n k t o n a s a b l o o m i s d e v e l o p i n g .

T h e f i r s t m e t h o d i s a p p l i e d in B L D O M II t o c o r r e c t t h e t o t a l
a v a i l a b l e c o n c e n t r a t i o n o f n u t r i e n t s f o r t h e a m o u n t s i n c o r p o r a t e d
in z o ö p l a n k t o n . T h e a m o u n t s o f n u t r i e n t s in d e t r i t u s a r e e l i m i n a t e d
b y t h e s e c o n d m e t h o d . A s s u m i n g t h a t t h e r a t e o f c h a n g e o f t h e d e t r i -
t u s p o o l s is a f i r s t o r d e r d i f f e r e n t i a l e q u a t i o n a c h i e v i n g e q u i l i b -
r i u m w i t h i n t h e t i m e - s t e p o f B L O O M I I » v, m a y b e e l i m i n a t e d f r o m
( 2 . 2 ) . T h e s e a s s u m p t i o n s w i l l b e e x p l a i n e d in t h e s e c t i o n s o n
n u t r i ë n t a n d e n e r g y c o n s t r a i n t s in m o r e d e t a i l a n d d i s c u s s e d in
S e c t i o n s [ 3 . 6 . 2 a n d S . 8 I .

T h e L P s o l u t i o n o f B L O O M II is i l l u s t r a t e d b y F i g . 2 . 1 . C o n s i d e r
t w o s p e c i e s w i t h c o n c e n t r a t i o n s d e n o t e d b y xl a n d x 2 , w h i c h c a n b e
l i m i t e d b y t w o n u t r i e n t s ( N I a n d N 2 ) a n d e n e r g y . E a c h c o n s t r a i n t is
r e p r e s e n t e d b y a s t r a i g h t l i n e in t h e ( x 1 . x 2 ) p l a n e r e s u l t i n g in
e i g h t i n t e r s e c t i o n p o i n t s (A t h r o u g h H ) . E a c h p o i n t in t h i s p l a n e
ïn w h i c h n o c o n s t r a i n t is v j o l a t e d » is c a l l e d a v a l i d s o l u t i o n .
C o n s i d e r t h e t h r e e p o i n t s o n t h e x 2 a x i s . P o i n t s D a n d E h a v e a l a r -
g e r d i s t a n c e f r o m t h e o r i g i n t h e n p o i n t A , b u t in t h e s e p o i n t s
o b v i o u s l y t h e c o n s t r a i n t o f n u t r i ë n t N 2 is v ï o l a t e d » h e n c e A is t h e
o n l y v a l i d s o l u t i o n p o i n t o n t h e x 2 a x i s . S i m i l a r l y C is t h e o n l y
v a l i d s o l u t i o n p o i n t o n t h e x l a x i s . O f t h e r e m a i n i n g t w o p o i n t s » B
is a v a l i d s o l u t i o n b e c a u s e t w o c o n s t r a i n t s i n t e r s e c t b u t t h e y a r e
n o t v i o l a t e d » b u t in p o i n t F c o n s t r a i n t N I is v i o l a t e d .

S o t h e r e a r e t h r e e v a l i d s o l u t i o n s C A , B a n d C ) # b u t it c a n b e
s h o w n t h a t o n l y o n e o f t h e s e t h r e e p o i n t s i s t h e o p t i m a l s o l u t i o n »
b e c a u s e h e r e t h e o b j e c t i v e f u n c t i o n ( t h e t o t a l ' b i o m a s s ) is m a x i m a l .
F r o m F i g . 2 . 1 it is i m m e d i a t e l y c l e a r t h a t in t h i s c a s e p o i n t B is
t h e o p t i m a l s o l u t i o n b e c a u s e it h a s a l a r g e r d i s t a n c e f r o m t h e o r i -
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F i gure 2.1 Graphical illustration of the linear
programmtng solution of BLOOM II.
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3.NUTRIËNT REQUIREMENTS OF PHYTOFLANKTON SPECIES

3.1 INTRODUCTION

Of t h e t h r e e n u t r i e n t s i n c l u d e d in B L O O M II» n i t r o g a n and p h o s -
p h o r u s a r e e s s e n t i a l t o t h e p h y s i o l o g y of all p h y t o p l a n k t o n
s p e c i e s . D ï a t o m s in a d d i t i o n r e q u i r e a t h i r d n u t r i ë n t , s i l i c o n » in
f a i r l y l a r g e q u a n t i t i e s . In the f o l l o w i n g we s h a l l b r i e f l y d i s c u s s
t h e r o l e of e a c h n u t r i ë n t in t h e p h y s i o l o g y of p h y t o p l a n k t o n s p e -
c i e s [ S e c . 3.1 and 3 . 2 ] . N e x t we s h a l l d ï s c u s s t h e n u t r i ë n t c y c l e of
art a q u a t i c e c o s y s t e m a n d how it is m o d e l l e d in B L O O M II [ S e c . 3,3
t h r o u g h 3 . 8 1 . F i n a l l y in S e c . 3.9 we s h a l l g i v e an o v e r v i e w of t h i s
c h a p t e r .

N i t r o g e n is p a r t i c u l a r l y i m p o r t a n t as a c o m p o n e n t of the p r o t e i n s
in t he cell» i n c l u d i n g t h e e n z y m e s » b e c a u s e w i t h o x y g e n it fortns
the s o - c a l l e d a m i n o - b r i d g e w h i c h c o n n e c t s a m i n o a c i d s in p c l y p e p -
t i d e s . It is an i m p o r t a n t c o n s t i t u e n t of t h e g e n e t i c m a t e r i a l of
th e c e l l s and a l s o of li g h t s e n s i t i v e p i g m e n t s s u c h as c h l o r o p h y l l
a.

B e c a u s e it is i n v o l v e d in m a n y v i t a l p h y s i o l o g i c a l p r o c e s s e s »
n i t r o g e n d e f i c i e n c i e s c a n n o t be t o l e r a t e d for a long t i m e s if t h e
i n t e r n a ! c o n c e n t r a t i o n d r o p s b e l o w a c e r t a i n l e v e l , p h y t o p l a n k t o n
c e l l s d i e r a t h e r q u i c k l y .

P h o s p h o r is sn i m p o r t a n t c o m p o n e n t of p r o t e i n s , n u c l e i c a c i d s and
l i p i d s for i n s t a n c e in t h e c e l l w a l l s . P a r t i c u l a r l y its r o l e in t h e
r e a c t i o n s of e n e r g y - r i c h s u g a r s s h o u l d b e n o t a d :

AMP <—> ADP <—> ATP

By t h e s e r e a c t i o n s c h e m i c a l e n e r g y is e i t h e r s t o r e d or r e l e a s e d
in t he c e H ; AMP> A D P and A T P a r e a b b r e v ï a t i o n s of r e s p e c t i v e l y :
a d e n o s i n e m o n o - t d i - and tr i - p h o s p h a t e . Front the l e f t to t h e r i g h t »
two o r t h o - p h o s p h a t e groups a r e b o u n d » t h u s i n c r e a s i n g t he G i b b s
f r e e e n e r g y . T h i s w i l l be t h e m a i n d ï r e c t i o n w h e n e n e r g y p r o d u c t i o n
s t a r t s to e x c e e d t h e use of e n e r g y by t h e cell> b u t a f t e r sotne t i m e
an e q u i l i b r i u m w i l l be a c h i e v e d » s i n c e ATP is an i n t e r m e d i a t e r a t h -
er t h a n a s t o r a g e p r o d u c t of c h e m i c a l e n e r g y . T h u s t h e r e is less
v a r i a t i o n in t h e A T P c o n t e n t s of a c e l l t h a n m i g h t h a v e b e e n
e x p e c t e d by just l o o k i n g at the v a r i a t i o n in p r i m a r y p r o d u c t i o n
duri ng a d a y .

M o s t p h y t o p l a n k t e r s s e e m to t o l e r a t e m u c h l a r g e r v a r i a t i o n s in
t h e i r i n t e r n a l p h o s p h o r u s c o n c e n t r a t i o n s t h a n in t h e i r n i t r o g e n
c o n t e n t s . E x t r e m e l y low i n t e r n a l p h o s p h o r l e v e l s o c c u r o c c a -
s i o n a l l y w i t h o u t f a t a l c o n s e q u e n c e s . T h j s is p a r t l y b e c a u s e p h o s -
p h o r u s is less d i r e c t l y i n v o l v e d in ( r e ) p r o d u c t i o n p r o c e s s e s t h a n
n i t r o g e n » b u t also b e c a u s e p h o s p h o r u s r e s e r v e s can be s t o r e d w h e n
e x t e r n a l c o n c e n t r a t i o n s a r e r e l a t i v e l y h i g h .

D i a t o m s r e q u i r e s i l i c o n as a b u i l d i n g c o m p o n e n t to s t r e n g t h e n t h e
c e l l w a l l s . In c o n t r a s t to n i t r o g e n and p h o s p h o r u s it is r e c y c l e d at
an e x t r e m e l y low rate w h i c h i m p l ï e s t h a t the t o t a l s i l i c o n c o n c e n -
t r a t i o n is m a i n l y d e t e r m i n e d by two p r o c e s s e s : e x t e r n a l l o a d i n g and
m o r t a l i t y and s u b s e q u e n t l y s i n k i n g of d i a t o m s . In m a n y w a t e r s d i a -
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t o m s t a k e up aii a v a i l a b l e s f l i c o n d u r i n g the s p r i n g blooro a n d w h e n
m o s t of t h e m h a v e d i e d » t h e few s u r v i v o r s h a v e to a w a i t a r i s e in
c o n c e n t r a t i o n due to e x t e r n a l l o a d ï n g . C o n s i d e r i n g t h a t in s u m m e r
( 1 ) m o s t D u t c h l a k e s h a v e l o n g r e s i d e n c e t i m e s and ( 2 ) l a r g e quart-
t i t i e s of s i l i c o n h a v e b e e n u s e d u p s t r e a m in r i v e r s s u c h a s t h e
R h i n e * a s i g n i f i c a n t r i s e in s i l i c o n c o n c e n t r a t i o n in t h e l a k e s is
u s u a l l y n o t o b s e r v e d u n t i l t h e l a t e f a l l or e v e n w i n t e r . As d i a t o m s
g r o w r e l a t i v e l y f a s t w h e n t h e r e is a m p l e s i l i c o n » t h e c h a r a c t e r -
i s t i c s i l i c o n c y c l e has i m p o r t a n t c o n s e q u e n c e s for t h e s p e c i e s
d o m i n a n c e in m a n y l a k e s .

3 . 2 N U T R I Ë N T A V A I L A B I L I T Y

N u t r i e n t s a p p e a r in m a n y f o r m s in a p h y t o p l a n k t e r ' s e n v i r o n m e n t »
b u t n o t all of t h e s e c a n be a s s i m i l a t e d . T h o s e f r a c t i o n s of a n u t r i -
ënt w h i c h m a y be used d i r e c t l y or a f t e r s o m e r a p i d 1 c o n v e r s i o n p r o -
c e s s w i l l be c a l l e d a v a i l a b l e » in c o n t r a s t to t h e u n a v a i l a b l e
f r a c t i o n s » w h i c h e i t h e r c a n n o t ba u a e d or o n l y a f t e r s o m e s l o w c o n -
v e r s i on p r o c e s s .

T h e f i r s t f r a c t i o n of n u t r i e n t s we c o n s i d e r to be a v a i l a b l e a r e
t h o s e i n c o r p o r a t e d in l i v i n g p h y t o p l a n k t o n c e l l s . O b v i o u s l y » s i n c e
p h y t o p l a n k t o n reproetuces b y m e a n s of c e l l d i v i s i o n s » e a c h n e w c e l l
a u t o m a t i c a l l y r e c e i v e s o n e h a l f of t h e n u t r i e n t s of t h e old c e l l ,
T h u s t h e p o o l of n u t r i e n t s in l i v i n g p h y t o p l a n k t o n is p e r p e t u a l l y
r e d i s t r i b u t e d a m o n g a l l l i v i n g i n d i v i d u a l s .

T h e s e c o n d a v a i l a b l e f r a c t i o n are a n u m b e r of i n o r g a n i c » d i s -
s o l v e d c h e m i c a l s p e c i e s . M a n y p h y t o p l a n k t o n s p e c i e s c a n use d i f -
f e r e n t s o u r c e s of i n o r g a n i c n i t r o g e n s u c h as N 0 3 - , N 0 2 - and N H 4 + »
a l t h o u g h o n l y the l a t t e r may be u s e d d i r e c t l y - O t h e r n i t r o g e n c o m -
p o n e n t s f i r s t h a v e to be r e d u c e d to N H 4 + » a r e a c t i o n c a t e l y s e d by
the e n z y m e n i t r a t e r e d u c t a s e w h i c h is e i t h e r a v a i l a b l e or r e a d i l y
s y n t h e s i z e d by t h e c e l l . S e v e r a l s p e c i e s of p h y t o p l a n k t o n c a n a l s o
u t i l i z e o r g a n i c saurc^s of n i t r o g e n ÏEppley et a l . ^ ! 9 7 l J M c C a r t h y »
1 9 7 2 ] . M o r e o v a r i b a c t e r i a can v e r y r a p i d l y c o n v e r t o r g a n i c into
i n o r g a n i c n i t r o g e n ; S a t o h et a l . 1 1 9 7 6 ] r e p o r t a c o n v e r s i o n r a t e
c o n s t a n t of 0.73 per d a y .

In a d d i t i o n several s p e c i e s of b l u e - g r e e n a l g a e c a n c o n v e r t
m o l e c u l a r n i t r o g e n ( N 2 ) into N H 4 + u s i n g t h e m u i t i - e n z y m e c o m p l e x
n i t r o g e n a s e [ P a i n t e r » 1 9 7 0 ; S t e w a r d » 1 9 7 ^ ; H o r n e , 1 9 7 8 ; C a r p e n t e r
et al.» 1 9 7 8 ; P e a r l and K e l l a r » 1 9 7 9 ] . N i t r o g e n f i x a t i o n , h o w e v e r ,
s e e m s r a r e in h i g h l y e u t r o p h i c l a k e s w h i c h a c c o r d i n g to H o r n e et
a l . [ 1 9 7 9 ] and Z e v e n b o o m et a l . ( 1 9 8 0 ] m u s t be d u e to the l a r g e
e n e r g y r e q u i r e m e n t of t h i s p r o c e s s . F o r the P A W N p r o j e c t we m a d e
s e v e r a l c o m p u t a t i o n s w i t h B L O O M II in w h i c h a n i t r o g e n - f i x i n g
s t r a i n w a s s d d e d to the n o m i n a l s e t of s p e c i e s in t h e m o d e l . We c o n -
c l u d e d » t h a t i n d e e d n i t r o g e n - f i x a t i o n w a s r e l a t i v e l y un i m p o r t a n t
in the t w e l v e l a k e s s t u d i e d t Los et al.» 1 9 8 2 1 .

P h o s p h o r u s is g e n e r a l l y t a k e n up in j u s t one i n o r g a n i c f o r m s
o r t h o - P b u t as w i t h n i t r o g e n , m a n y p h y t o p l a n k t o n s p e c i e s c a n use
o r g a n i c p h o s p h a t e s [ e . g . F o g g , 1 9 7 3 ] . S i l i c o n is a l w a y s t a k e n up as
S i ( 0 H ) 4 .

: ' R a p i d ' c o n v e r s i o n m e a n s t h a t a s u b s t a n t i a l p a r t of an u n a v a i l -
a b l e f o r m can b e c o m e a v a i l a b l e d u r i n g o n e t i m e - s t e p .
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T h e m o s t i m p o r t a n t u n a v a i l a b l e n u t r i ë n t f r a c t i o n s a r e z o o p l a n k -
t o n a n d d e t r i t u s . P h y t o p l a n k t o n d o e s n o t e a t z o ö p l a n k t o n a n d d e t r i -
t u s f r a g m e n t s m a i n l y c o n s i s t o f l a r g e » o r g a n i c m a c r o m o l e c u l e s ,
w h i c h c a n n o t b e t a k e n u p b y l i v i n g p h y t o p l a n k t o n c e l l s .

3 . 3 N U T P I E N T C Y C L E S I N T H E M O D E L

T h e r e is a c o n t i n u i n g t u r n o v e r o f n u t r i e n t s in t h e a q u a t i c
s y s t e m : t h e y u s u a l l y e n t e r t h e s y s t e m in d i s s o l v e d f o r m » a n d c a n
b a c o m e i n c o r p o r a t e d i n t o l i v i n g p h y t o p l a n k t e r s . W h e n t h e y d i e »
p a r t o f t h e n u t r i e n t s in t h e i r b o d i e s d i s s o l v e s , b u t a n o t h e r f r a c -
t i o n c o n s i s t s o f mor'e r e s i s t a n t m a t e r i a l ; d e t r i t u s . E v e n t u a l l y
m o s t o f t h e d e t r i t u s is r e m i n e r a l i z e d , b u t a n o t h e r p a r t s i n k s t o
t h e b o t t o m . H o w e v e r , n o t a l l o f t h i s m a t e r i a l i s p e r m a n e n t l y l o s t
t o t h e w a t e r s y s t e m , s i n c e d e g r a d a t i o n p r o c e s s e s i n t h e b o t t o m a l s o
r e l e a s e c i t s s o l v a d n u t r i e n t s w h i c h c a n r e t u r n t o t h a o v e r l y i n g
w a t e r .

A p a r t ' r e m t h e s e b i o c h e m i c a l p r o c e s s e s » s a v e r a l i n o r g a n i c p r o c -
e s s e s a r a i m p o r t a n t a t l e a s t t o t h e p h o s p h o r u s c y c l e . C o m p u t a t i'ons
w i t h C H A R O N f o r b o t h G r o t e R u g a n d n a t u r a l w a t e r s s u c h a s L a k e I J s s -
e l i n d i c a t s » t h a t a s u b s t a n t i a l a m o u n t o f p h o s p h o r u s i s r e m o v e d
f r o m t h e w a t e r b y i n o r g a n i c p r o c e s s e s .

In t h i s c o m p l i c a t e d s y s t e m b o t h t h e c o n c e n t r a t i o n s o f t h e v a r i o u s
f o r m s a n d t h e i r t u r n o v a r r a t e s m a y v a r y c o n s i d e r a b l y w i t h t h e k i n d
o f l a k e i t e m p e r a t u r e , d o m i n a n t p h y t o p l a n k t o n s p e c i e s a n d m a n y o t h -
e r v a r i a b l e s . A s c h e m a t i c r e p r e s e n t a t i o n o f t h e s e p r o c e s s e s is g i v -
e n in F i g , 3 . 1 .

L0A0IN6S FROM OUTSIDE

RESPIRATION

A
NUTRIËNT IN
LIVE ALGAE

EXCRETION

POTENTIAL FLUSHING LOSSES \

DtSSOLVED

NUTRIËNT

PROOUCTION

CHEMICAL REACWNS
ir

k ' X MINERAUZATION

0.5 " \

05

M0RTAL1TY

• 1
SUSPENOEO

PARTICULATE
(PRECIPITATED
AND ABS0R8ED)

NUTRIËNT

NUTRIËNT IN
SUSPENOED

FRAGMENTSOF
DEAD ALGAE

\GRAZING GRAZ!NG/ \SETTL1NG

NUTRIËNT IN

ZOÖPLANKTON

w

SEDIMENTATION

NUTRIËNT
IN BOTTOM

(SEDIMENT AND

INTERSTITIAL WATER)

M08IL1ZATI0N OF BOTTOM NUTRIENTS
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N o t i c e t h a t z o ö p l a n k t o n is the h i g h e s t t r o p h i c l a v e l i n c l u d e d in
t h e n u t r i ë n t c y c l e s . O c c a s i o n a l l y o t h e r o r g a n i s m s m i g h t be i m p o r -
tant» n o t b e c a u s e t h e y e v e r c o n t a i n a s i g n i f i c a n t a m o u n t of n u t r i -
e n t s b u t b e c a u s e t h e y m a y i n c r e a s e s o m e of t h e t u r n o v e r r a t e s .
G e n e r a l l y » h o w e v e r » the i n f l u e n c e of t h e s e o r g a n i s m s on the n u t r i -
ë n t c y c l e s of e u t r o p h i c l a k e s s e e m s n e g l i g i b l e .

M a n y m o d e l l e r s a t t e m p t to d e s c r i b e n u t r i ë n t c y c l a s by f i r s t o r d e r
d i f f e r e n t i a l e q u a t i o n s » w h i c h are s o l v e d a n a l y t i c a l l y or m o r e
o f t e n n u m e r i c a l l y » d e p e n d i n g on t h e f o r m of t h e e q u a t i o n s . T h i s
a p p r o a c h b a s i n d e e d b e s n used so o f t e n , t h a t it c o u l d be c a l l e d
c l a s s ï c a l . S o m e of n u m e r o u s e x a m p l e s m a y be f o u n d in: Di T o r o et
a l . , £ 1 9 7 7 ] ; N y h o l m [ 1 9 7 B 1 ; J o r g e n s e n [ 1 9 7 8 ] } and B i e r m a n E 1 9 8 1 1 .

M a n y of t h e s e m o d e l s w e r e , h o w e v e r , d e v e l o p e d for l a k e s w i t h a
d e p t h of m a r e t h a n 10 m> w h i c h b e c o m e s t r a t ï f i e d in s u m m e r and s h o w
l i t t l e or no s i g n i f i c a n t e x c h a n g e b e t w e e n t h e h y p o l i m n i o n a n d o v e r -
l y i n g w a t e r d u r i n g the g r o w i n g s e a s o n . In s u c h s y s t e m s t h e m o s t
i m p o r t a n t t r a n s p o r t is s e d i m e n t a t i o n of o r g a n i c m a t e r i a l to t h e
h y p o l i m n i o n , The r a t e of c h a n g e of t h e t o t a l a m o u n t o f n u t r i e n t s in
t h e p r o d u c t i v e p a r t of the w a t e r » is s m a l l r e l a t i v a to t h e c h a n g e s
in p h y t o p l a n k t o n k i n e t i c s . A s i m p l e a p p r o a c h » u s i n g f i r s t o r d e r
e q u a t i o n s has o f t e n b e e n a p p l i e d s u c c e s s f u i l y > for i n s t a n c e in m o d -
e 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 of t h e G r e a t L a k e s in t h e U n i t e d
S t a t e s .

By c o n t r a s t » m a n y D u t c h l a k e s are s h a l l o w . T h e a v e r a g e d e p t h in
s o m e of t h e m o s t e u t r o p h i c l a k e s is l e s s t h a n 2 m. T h e i r n u t r i ë n t
c o n c e n t r a t i o n s are o f t e n ten t i m e s h ï g h e r t h a n t h o s e in l a k e s to
w h i c h t h e c l a s s i c a l m o d e l s w e r e a p p l i e d and v a r y s o m e t i m e s g r e a t l y
e v e n w i t h i n s h o r t t i m e i n t e r v a l s s u c h as o n e w e e k . S e v e r a l S c a n d i -
n a v i a n a u t h o r s [ N y h o l m , 1 9 7 8 ; J o r g e n s e n , 1 9 7 8 ] h a v e u s e d the
c l a s s i c a l a p p r o a c h to m o d e l s i m i l a r l a k e s by e m p i r i c a l i y d e t e r -
m i n e d r a t e c o n s t a n t s for t h e e x c h a n g e t r a n s p o r t s b e t w e e n w a t e r and
b o t t o m , b u t t h e p r e d i c t i v e v a l u e of t h i s a p p r o a c h is q u e s t i o n a b l e i
s i n c e t h e p a r a m e t e r s of t h e m o d e l s s e e m s p e c i f i c to a p a r t i c u l a r
l a k e and to a s p e c i f i c i n t e r v a l of t i m e .

D u r i n g the W A B A S I M p r o j e c t » it s o o n b e c a m e o b v i o u s t h a t a s m a l l
n u m b e r of e q u a t i o n s w i t h a s i n g l e s e t of r a t e c o e f f i c i e n t s w a s
i n s u f f i c i e n t to r e p r o d u c e t h e o b s e r v e d n u t r i ë n t c o n c e n t r a t i o n s in
s e v e r a l D u t c h l a k e s in v a r i o u s y e a r s . T h u s C H A R O N w a s d e v e l o p e d »
w h i c h c o n s i d e r s m a n y iriorganic r e a c t i o n s , and b i o c h e m i c a l p r o c -
e s s e s in the w a t e r . P r o c e s s e s in t h e b o t t o m a r e n o t y e t m o d e l l e d
e l a b o r a t e l y , b u t t h e y c a n be e s t a b l i s h e d by c a l i b r a t i o n , A
s o - c a l l e d ' e x p l o s i v e ' b o t t o m f l u x [de R o o i j » 1980]» h o w e v e r » c a n -
n o t be m o d e l l e d . 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 k i n e t i c s c a n be
o b t a i n e d from o b s e r v a t i o n s > or c o m p u t a t i o n s by B L Q Q M II in t h e c o u -
p l e d v e r s i o n of the t w o m o d e l s .

In the s t a n d - a l o n e v e r s i o n of B L O O M II we h a v e n o t a t t e m p t e d to
a p p r o a c h the c o m p l e x i t y of t h e n u t r i ë n t c y c l e s as t h e y a r e m o d e l l e d
in C H A R O N by s o m e s i m p l e e q u a t i o n s as w a s t h e c a s e in the c l a s s i c a l
m o d e l s d e s c r i b e d p r e v i o u s l y . We h a v e d e c i d e d to use m,e, a,su,r qd n u t r i -
ë n t c o n c e n t r a t i o n s d i r e c t l y or a f t e r s o m e s i m p l e c o n v e r s i o n as the
r i g h t - h a n d s i d e s of the n u t r i ë n t c o n s t r a i n t s . T h i s m e a n s t h a t (1)
t h e m o d e l d o e s not c o n s i d e r i n o r g a n i c p r o c e s s e s and (2) the w a t e r
in the lake is c o n s i d a r e d a c l o s e d s y s t e m : t h e r e are no t r a n s p o r t s
by w a t e r - w a y s » or to and f r o m the b o t t o m .

O c c a s i o n a l l y t h e s e s i m p 1 i f i c a t i o n s may be t o o r o u g h » for
i n s t a n c e w h e n a b l o o m s u d d e n l y d i e s off and a s u b s t a n t i a l a m o u n t of
n u t r i e n t s is r e m o v e d to the s e d i m e n t w i t h i n a s h o r t t i m e p e r i o d . In
t h o s e c a s e s t h e m o d e l w i l l n o t be u s i n g c o r r e c t v a l u e s for t h e
a v a i l a b l e n u t r i ë n t c o n c e n t r a t i o n s » but as it r e c e i v e s a n e w c o n c e n -
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t r a t i o n v a l u e a f t e r a o n e - w e e k t i m e - s t e p » t h i s e r r o r w i l l n o t b e
c a r r i e d o v e r to t h e n e x t t i m e - s t e p in t h e s t e a d y s t a t e v e r s i o n o f
B L O O M I I .

In B L O O M II t h e n u t r i ë n t c y c l e is s o l v e d u n d e r c a r t a i n s i m p l i f y -
ing a s s u m p t i o n s s u c h a s a s t e a d y s t a t e f o r t h e d e t r i t u s p o o l »
a l t h o u g h a q u a s i d y n a m i c s o l u t i o n is o p t i o n a l l y a v a i l a b l e [ S e c .
3 . 6 . 2 ] . T h e n u t r i e n t s a r e p a r t t t i o n e d o v e r t h e v a r i o u s c o m p a r t -
m e n t s in a c c o r d a n c e to t h e o b j e c t i v e o f t h e m o d e l : t h e c a l c u l a t i o n
of t h e m a x i m u m f e a s i b l e p h y t o p l a n k t o n b i o m a s s . T h u s t h e m o d e l d o e s
n o t c l a i m t o c a l c u l a t e t h e a c t u a l c o n c e n t r a t i o n s o f t h e n u t r i ë n t
p o o l s n o r t h e f l o w s faetween t h a m » b u t r a t h e r o n e s p e c i a l w a y t o p a r -
t i t i o n t h e a v a i l a b l e n u t r i e n t s : if c i r c u m s t a n c e s w e r e f a v o r a b l e to
p h y t o p l a n k t o n a n d t h e m a x i m u m e q u i l i b r i u m w e r e a c h i e v e d » h o w w o u l d
t h e c o n c e n t r a t i o n b e f o r e a c h p o o l o f e a c h n u t r i ë n t ?

3.4 NUTRIËNT MASS BALANCES

To c a l c u l a t e how muc h p h y t o p l a n k t o n b i o m a s s ran be s u s t a i n e d , it
is n e c e s s a r y to d e t e r m i n e (1) t he t o t a l a m o u n t of eac h n u t r i ë n t in
the w a t e r and (2) the a v a i l a b l e and u n a v a i l a b l e f r a c t i o n s as
d e f i n e d in S e c . 3 . 2 . As i n d i c a t e d in F i g . 3.1» the to t a l n u t r i ë n t
a m o u n t s in the w a t e r c h a n g e by means of two p r o c e s s e s : w a t e r t r a n s -
p o r t Cinflow and o u t f l o w ) and e x c h a n g e with t he b o t t o m . B o t h are
m o d e l l a d in C H A R O N , but not in BL O O M I I , as s t a t e d p r e v i o u s l y .

D e f i n e the f o l l o w i n g s y m b o l s :

For Z O O P 1 a n k t o n ;

— z is the t o t a l a m o u n t of z o ö p l a n k t o n ,
-" h, is the a m o u n t of n u t r i ë n t i per z o ö p l a n k t o n b i o m a s s

u n i t .

F ore.a c_b__p_h_vto p l a n k ton s p e c_ i e_s i :

— Xj is the a m o u n t of p h y t o p l a n k t o n s p e c i e s j»
— ai,j is the a m o u n t of n u t r i ë n t i per unit of s p e c i e s j : t he

m i n i m u m s t o c h i o m e t r i c c o n s t a n t »
— Mj is the n a t u r a l m o r t a l i t y rate c o n s t a n t per day of s p e -

c i e s j» w h i c h i n c l u d e s all d e a t h p r o c e s s e s e x c e p t g r a z i n g .

For each n u t r i ë n t i:

— y[ is the a m o u n t w h i c h is t e m p o r a r i l y u n a v a i l a b l e b e c a u s e
it is i n c o r p o r a t e d in dead p h y t o p l a n k t o n ( d e t r i t u s ) »

— e, is the s u r p l u s a m o u n t w h i c h is d i r e c t l y a v a i l a b l e »
— bj is the t o t a l r e a d i l y a v a i l a b l e a m o u n t »
— u< is the mi ner al i zat i on rate c o n s t a n t of d e t r i t u s per day»
— s t is the sed i m e n t a t i on rate c o n s t a n t of d e t r i t u s per day»
— q( is the n u t r i ë n t f r a c t i o n w h i c h b e c o m e s d e t r i t u s w h e n a

p h y t o p l a n k t e r dies» s i n c e it is not i m m e d i a t e l y r e l e a s e d
to the d i s s o l v e d n u t r i ë n t pool a f t e r c e l l l y s i s .

For the total a m o u n t of n u t r i ë n t i in the wa t e r » t he f o l l o w i n g
m a a s b a l a n c e e q u a t i o n s h o u l d h o l d :
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b ( = ï4 a, , J , X J + yt + h, .z + e, (3.1)

Thusi the total amount of nutriënt i in the water-phase equals
the amounts containad in phytoplankton» zoöplankton, detritus and
the amounts which are dissolved, Eq, C3.1) is the same as Eq. ( 2 . 1 ) ,
except that there is sxtra term for nutrients in zoöplankton.

Taking the derivative'to t, the rate of change of b,, the total
amount of nutriënt i. per unit of time of coursa aquals:

+ d yL + d hi.z + d et

(3.2)
dt

As we have explained previously, the water in the lake is assumed
to be a closed system, hence

The total amounts of tha available nutrients (b8) -is constant for a
time-step of the model (usually one week).

This assumption generally holds better for nitrogen and silicon
(in case there is no diatom bloom) than for phosphorus. Also there
tend to ba more violations in sumrner than winter, when the total
amounts of the nutrients vary less, but given the complicated chem-
ical processes involved» there is no way to predict changes in
b-values in the framework of BLOOM II.

As we have already mentioned in Sec. 3.3 some of the nutriënt
fractions shown in F i g, 3.1 are directly available to
phytopiankton t but not all. Dissolved nutrients and those in pby-
toplankton are available, nutrients in detritus and zoöplankton
are unavailable. However» we use the total measured amount of each
nutriënt in BLOOM II, which includes detritus and zoöplankton.
Therefore the model must allocate a certain fraction of the total
amounts of nutrients to the unavailable fractions and prevent phy-
toplankton from taking it all up. The way this is determined by the
model will be the subject of the next Sections.

3.5 NUTRIËNT EXCHANGE HITH THE BOTTQM

In many lakes the annual concentration pattern of the nutrients
is more or less the same in each year. However, the annual nutriënt
amounts entering the water by external loading strongly exceed the
nutriënt amounts that are flushed out. Hence on a yearly basis
there must be a net transport to the bottom: averaged over a year
the bottom is a sink. Still it is possible that a net flow of nutri-
ents, particularly of phosphorus, occurs from;'the bottom to the
water during part of the yearf as was shown by de Rooij [1980] for
Grote Rug and other lakes in the Netherlands such as Lake IJssel.

First the 'normal' flux from the bottom tnay exceed p r ec i P i tat i on
and sedimentation for instance during a bloom, when most of the
nutrients are incorporated in live phytoplankton. Second an 'ex-
plosive' bottom flux may occur, a process by which large amounts of
nutrients are released from the bottom at an unusual rate. Moreover
thts process is favored by conditions resulting from phytoplankton
growth, i.e. there is a positive feedback mechanism that tends to
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increase the total n u t r i ë n t a m o u n t s when the.re is a p h y t o p l a n k t o n
b l o o m . However» when the bloom d e c l i n e s the reverse h a p p e n s and
nut r i ë n t c o n c e n t r a t i o n s in the water d e c r e a s e u n u s u a l l y f a s t .

These p r o c e s s a s are too cotnplicated to fae co n s t d e r e d by BLOOM II
only» which is the ma i n reason why the coupled model was d e v e l o p e d .
Without CHARON we can only assume that the values of b, are c o n s t a n t
[Sec. 3 . 4 ] : there is no net t r a n s p o r t between the bottom and water
during a t i m e - s t e p . But this assutnption still makes it p o s s i b l e
that the pa r t i t i o n i n g of n u t r i e n t s among the various c o m p a r t m e n t s
in the water is modified b e c a u s e for e x a m p l e u n a v a i l a b l e n u t r i e n t s
of the d e t r i t u s pool might sediment at the sa me rate at which a v a i l -
able n u t r i e n t s are released by the b o t t o m .

T h e r e f o r e in BLOOM II we make the following a d d i t i a n a l
assumpti on:

The sedimentation rate of (unavailable) nutrients in detritus and
the release rate of dissolved Cavailable) nutrients from the bottom
are equal.

H e n c e if we a s s u m e a n o n - z e r o s e d i m e n t a t i o n r a t e S;» t h e e f f e c t
in t h e m o d e l is e x a c t l y t h e s a m e as if we had i n c r e a s e d t h e m i n e r a -
l i z a t i o n r a t e by s , . In o t h e r w o r d s » to k e e p b ( c o n s t a n t d u r i n g a
t i m e - s t e p w e a s s u m e t h a t 1 g r a m of d i s s o l v e d n u t r i ë n t i e n t e r s t h e
w a t e r for e a c h g r a m of n u t r i ë n t i in d e t r i t u s t h a t g o e s to t h e s e d i -
m e n t .

W i t h few e x c e p t i o n s , h o w e v e r » we h a v e a s s u m e d s, = 0 in t h e c o m p u -
t a t i o n s w i t h t h e m o d e l . T h u s t h e r e is no e x c h a n g e of n u t r i e n t s at
all b e t w e e n t h e w a t e r and t h e b o t t o m . T h e s e a s s u m p t i o n s w i l l be
r e v i e w e d at t h e end of t h i s c h a p t e r .

3.6 NUTRIENTS IN DETRITUS

3.6.1 Introduction

F r e q u e n t l y a s u b s t a n t i a l a m o u n t of n u t r i e n t s is ti e d up in de a d
p h y t o p l a n k t o n c e l l s ( d e t r i t u s ) and is t h u s t e m p o r a r i l y u n a v a i l -
a b l e to l i v i n g c e l l s . In B L O O M II t h i s a m o u n t is d e n o t e d by y, . M o d -
e l l i n g d e t r i t u s is d i f f i c u l t for two r e a s o n s : C l ) t h e r e is no w a y to
s e p a r a t e d e t r i t u s f r o m o t h e r f r a c t i o n s in a s a m p l e » a n d h e n c e t h e
c o m p u t e d n u m b e r c a n n o t be c o m p a r e d to an o b s e r v a t i o n and C2 ) t h e r e
is c o n s i d e r a b l e u n c e r t a i n t y a b o u t t h e r a t e s at w h i c h d e t r i t u s is
g e n e r a t e d and r e m o v e d .

To s i m p l i f y t h e d i s c u s s i o n » we s h a l l u s u a l l y r e f e r to a s i n g l e
d e t r i t u s p o o l » b u t a c t u a l l y t h e m o d e l d i s t i n g u i s h e s f o u r d a t r i t u s
p o o l s : o n e for e a c h of the n u t r i e n t s a n d o n e for c h l o r o p h y l l [ S e c .
5 . 7 ] .

A c e r t a i n f r a c t i o n of e a c h s p e c i e s j d i e s d u r i n g e a c h t i m e - s t e p »
w i t h d r a w i n g its n u t r i ë n t c o n t e n t f r o m t h e l i v e p h y t o p l a n k t o n p o o l .
O n l y a f r a c t i o n of t h i s m a t e r i a l b e c o m e s a p a r t of t h e d e t r i t u s
p o o l » h o w e v a r . The r e s t b e c o m e s d i r e c t l y a v a i l a b l e to g r o w t h of n e w
i n d i v i d u a l s f b e c a u s e t h e d e a d c e l l s b r e a k a p a r t Ca p r o c e s s c a l l e d
a u t o 1vs i s ) . s p i l l i n g a s u b s t a n t i a l p a r t of t h e i r c o n t e n t s into t h e
w a t e r in d i s s o l v e d f o r m . D e t r i t u s ittay be r e m o v e d to the b o t t o m or to
the d i s s o l v e d n u t r i ë n t p o o l at r a t e s in p r o p o r t i o n to its c o n c e n -
t r a t i o n . We c a n e x p r e s s t h i s m a t h e m a t i c a 1 ly by t h e f o l l o w i n g
e q u a t i on :
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j C q , . a t , j . M j . x j ) - U ! . y t - s , .y k ( 3 . 3 )

T h e r e is e v i d e n c e in t h e l i t e r a t u r e t h a t a l a r g e f r a c t i o n of t h e
n u t r i e n t s o f a d y i n g p h y t o p l a n k t o n c e l l b e c o m e s • i m m e d i a t e l y '
a v a i l a b l e , w h i c h in p r a c t i c a m e a n s r a p i d r e l a t i v e t o t h e m o d e i ' s
t i m e - s t e p of o n e ( o p t ï o n a l l y s e v e r a l ) w e e k ( s ) , H a r r i s i o n 1 1 9 7 8 ]
reports that more than 50 percent of the nitrogen contents csn
b e c o m e a v a i l a b l e within a da y . B o u g i s [ 1 9 7 4 ] q u o t e s s e v e r a l a u t h o r s
who have found s i m i l a r n u m b e r s for p h o s p h o r u s . W e t z e l [ 1 9 7 5 ] q u o t e s
r e s u l t s of K r a u s e , who showed that 15 p e r c e n t of a the n u t r i e n t s of
a dead d i a t o m b e c a m e a v a i l a b l e w i t h i n 24 hours a f t e r d e a t h . For a
green alga this f r a c t i o n was l a r g e r : 33 p e r c e n t and even 45 p e r c e n t
after 5 d a y s .

In B L Q Q M II we a s s u m e t h a t q( = 0.5. T h u s for each n u t r i ë n t 50
p e r c e n t of the amo u n t in living c e l l s b e c o m e s i m m e d i a t e l y a v a i l a b l e
upon dying and the rema in ing 50 p e r c e n t b e c o m e s d e t r i t u s . The
va l ï d i t y of this a s s u m p t i o n can of c o u r s e be q u e s t i o n e d . For e x a m -
ple the c o n d i t i o n s b e f o r e a cell dies are p r o b a b l y i m p o r t a n t . A
p h y t o p l a n k t e r with an ample s u p p l y of p h o s p h o r u s may have stored a
great reserve/ which is r e l e a s e d soon a f t e r its d e a t h , w h e r e a s the
p h o s p h o r u s c o n t e n t s of a cell grown under p h o s p h o r u s limiting c o n -
d i t i o n s may be much more r e s i s t a n t . It is also p o s s i b l e that dead
diatom c e l l s r e l e a s e a sm a l l e r part of their n u t r i ë n t c o n t e n t s into
the env i r o n m e n t .

We have adopted a value of q { in a g r e e m e n t to the lo w e s t n u m b e r s
reported in the l i t e r a t u r e for s e v e r a l r e a s o n s :

1. It is c o n s i s t e n t to the o b j e c t i v e of the m o d e l . A higher
value of q, wauld make a larger f r a c t i o n of n u t r i e n t s u n a -
va ilab Ie .

2. Most e x p e r i m e n t s c o n s i d e r the rate at which d i s s o l v e d
n u t r i e n t s are g e n e r a t e d . However» as we have a l r e a d y
stated in S e c . 3 . 2 , many p h y t o p l a n k t o n s p e c i e s can also
use Csome) o r g a n i c s u b s t r a t e s for n i t r o g e n and
p h o s p h o r u s . This implies that more n u t r i e n t s are a c t u a l l y
a v a i l a b l e than indicated by the r e p o r t e d n u m b e r s .

3. Most e x p e r ï m e n t s have been p e r f o r m e d with ( h e a l t h y ) l a b o -
ratory cultures» which are d e l i b e r a t e l y k i l l e d . It is not
unlike l y that a dying cell in a n a t u r a l s y s t e m is in bad
sha p e and will r e l e a s e a g r e a t e r part of its c o n t e n t s
immedi a t e l y .

C o m p u t a t i o n s with BLOOM II and the co u p l e d v e r s i o n of this model
and C H A R O N indicate that a c o m p l e t e l y d i f f e r e n t value of qs leads
to d e v i a t i o n s b e t w e e n c o m p u t e d and ob s e r v e d v a r i a b l e s , u n l e s s the
m i n e r a 1 i z a t ï o n rates are chan g e d to c o m p e n s a t e the chan g e of q, ,
So m e t h i n g s i m i l a r was o b s e r v e d by other m o d e l l e r s such as Di Toro
( p e r s . c o m m . ) and N y h o l m [ 1 9 7 8 ] who have used a value of 0.5 or even
0 .<+ for q t .

The r e m i n e r a 1 i z a t i o n rate c o n s t a n t s of p h o s p h o r , n i t r o g e n and
sil i c o n are c o m p u t e d in BLOOM II a s :

u, = 0.006 * T (P and N)

u, = 0.025 (Si )
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w h e r e T is t e m p a r a t u r e in d e g r e e s c e n t i g r a d e . T h e s e n u m b e r are
bas e d upon e x p e r i m e n t a l r e s u l t s by ma n y a u t h o r s Csee for exartiple
the l i t e r a t u r e r e s e a r c h by S m i t s 1 1 9 8 1 ] .

3.6.2 THO solutions fop the detritus equation

A s t e a d y s t a t e s o l u t i o n for E q. ( 3 . 3 ) is e a s i l y o b t a i n e d » s i n c e
p u t t i n g the d e r i v a t i v e to zero» g i v e s :

+ s,

W i t h o u t an a d d i t i o n a l a s s u m p t i o n , E q . C 3 . 3 ) c a n n o t be s o l v e d a n a -
l y t i c a l l y s i n c e Xg is among o t h e r s a f u n c t i o n of y, . B e c a u s e u s u a l ™
ly both the o b s e r v e d and the p r e d i c t e d c h a n g e s in the n e t t o t a l
b i o m a s s are r e l a t t v e l y s m a l l d u r i n g a week» t h e r e is a r e a s o n a b l y
c o n s t a n t input of n u t r i e n t s into the d e t r i t u s p o o l . T h u s we co u l d
c o n s i d e r Xj to be a p p r o x i m a t e l y c o n s t a n t d u r i n g a t i m e - s t e p and
s o l v e Eq. ( 3 . 3 ) a n a l y t i c a l l y as an o r d i n a r y f i r s t order» i n h o m o -
g e n e o u s d i f f e r e n t i a l e q u a t i o n . U s i n g the t i m e - s c a l e of the m o d e l
(one or more w e e k s ) » Eq . ( 3 . 3 ) is s o l v e d w i t h c o n s t a n t
c o e f f i c i e n t s » a m o n g w h i c h X j . T h u s t h e r e is a d i s c o n t i n u i t y of y,
at the end of each t i m e s t e p . w h i c h is o f t e n s m a l l , h o w a v e r , b e c a u s e
the c h a n g e s in the c o e f f i c i e n t s a re s m a l l . L e a v f n g o ut the s u b -
s c r i p t i> the f o l l o w i n g s o l u t ï o n for y( is o b t a i n e d :

y = (yp - y e ) E X P [ ( - u - s ) A t ] + ye ( 3 , 5 )

w h e r e i

— y is the v a l u e of y( at t i m e t»
— yp is the inïtial v a l u e of y ( at the b e g i n n i n g of a

t ï m e - s t e p »
— ye is the e q u i l i b r i u m v a l u e of y, f c a l c u l a t e d a c c o r d i n g to

Eq. C 3 . 4 ) ,
— A t is the t i m e - s t e p of the m o d e l .

3.6.3 Steadv state or dvnamie solution?

If the a m o u n t of d e t r i t u s w e r e a l w a y s s m a l l c o m p a r e d to n u t r i e n t s
in l i v i n g p h y t o p l a n k t o n , we co u l d s i m p l y use the s t e a d y s t a t e s o l -
ution under all c o n d i t i o n s , but t h i s is not the c a s e . U s u a l l y t he
siz e of both n u t r i ë n t p o o l s are of the sam e o r d e r of m a g n i t u d e .
T h e r e f o r e it is n e c e s s a r y to d i s c u s s how c l o s e l y yt a p p r o a c h e s
e q u ï l ? b r ï u m . A c c o r d i n g to Eq. ( 3 . 5 ) / t h i s d e p e n d s on (1) the r a t e
of a p p r o a c h (u, + s , ) f m u l t t p l i e d by the t i m e - s t e p A t , and (2) the
d i f f e r e n c e b e t w e e n e q u i l i b r i u m and ini t i a l v a l u e of the d e t r i t u s
c o n c e n t r a t i o n (yp - y e ) .
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The characteristic time-scale of Eq, (3.3) equa Is the rsciprocal
value of s ( + u, . The sedimentation rate depends on many factors
such as the weather conditions (wind) and is highly uncertain.
Typical numbers found in the literature cover a wide range of about
0.01 per day up to 0.10 or even 0.20 par day le.g. reviews by
Stnayda» 1970» Lingeman- Kosmerchock, 1 9 7 8 ] , But as we have stated
in Sec. 3.5» we have usually assumed a value of 0.0.

According to Sec. 3.6.1 the mineralization rates of N and P can
become as low as 0.03 per day when temperatures are less than 5°
centigrade and as high as 0.12 per day when temperatures exceed
20° .

T h u s t h e c h a r a c t e r i s t i c t i m e of E q . ( 3 . 3 ) is in t h e o r d e r of a
w e e k in s u m m e r and in the o r d e r of a m o n t h in w i n t e r . T h i s m e a n s
t h a t the n o m i n a l o n e - w e e k t i m e - s t e p of t h e m o d e l is r a t h e r s h o r t ,
at l e a s t in w i n t e r . F o r t u n a t e l y the d i f f e r e n c e b e t w e e n t h e i n i t i a l
and t h e e q u i l i b r i u m v a l u e s of the d e t r i t u s p o o l s (ys - y e ) t e n d s to
be r a t h e r stnall b e c a u s e a l l t h e i m p o r t a n t p r o c e s s e s s u c h as p h y -
t o p l a n k t o n m o r t a l i t y , m i n e r a l i z a t i o n and c h a n g a s in the t o t a l
a m o u n t s of n u t r i e n t s a r e r a t h e r s m o o t h f u n c t i o n s of t i m e C a c t u a l l y
of t e m p e r a t u r e in m o s t c a s e s ) . T h u s e r r o r s f r o m t h e s e s t e a d y s t a t e
a s s u m p t i o n s s s e m to be t o l e r a b l e u n d e r o r d i n a r y c o n d i t i o n s .

C o n s i d e r ï n g our c o n c l u s i o n t h a t the c h a r a c t e r i s t i c t i m e - s c a l e of
t h e d e t r i t u s e q u a t i o n is o n e w e e k or e v e n l o n g e r , we m a y w o n d e r w h y
n o r m a l l y we s t i l l a s s u m e a s t a t e s t a t e for d e t r i t u s . T h e m a i n r a a -
son is a p r a c t i c a l o n e : t h e c o m p u t e d b i o m a s s e s b a s e d u p o n E q . ( 3 . 4 )
a g r e e e q u a l l y well» s o m e t i m e s b e t t e r to t h e o b s e r v a t i o n s t h a n t h o s e
b a s e d u p o n E q. ( 3 . 5 ) . T h i s is p a r t i c u l a r l y t r u e f or G r o t e Rug [ S e c .
8.6.1 ] .

How c a n we e x p l a i n t h i s c o u n t e r - i n t u i t i v e r e s u l t ? In t h e p r e s e n t
B L O Q M II m o d e l » t h e t o t a l a m o u n t of n u t r i e n t s is a forci ng
f u n c t i on > w h t c h m e a n s t h a t t h e r e is no s t r u c t u r a l l i n k a g e b e t w e e n
the v a l u e s at d i f f e r e n t t i m e - s t e p s . T h e s a m e h o l d s for o n e of the
m o s t i m p o r t a n t n u t r i ë n t p o o l s : n u t r i e n t s in l i v e p h y t o p l a n k t o n . If
we m a k e a d y n a m i c c o m p u t a t i o n for d e t r i t u s » its r a t e of c h a n g e is»
h o w e v e r » s o l e l y d e t e r m i n e d by the r a t e s of v a r i o u s p r o c e s s e s in the
m o d e l . H e n c e t h e d e r i v a t i v e s of b; and y, are n o t n e c e s s a r i l y of t h e
s s m e o r d e r of m a g n i t u d e * t h e y c a n e v e n d i s a g r e e q u i t e s t r o n g l y .

For e x a m p l e a f t e r the s p r i n g - b l o o m a r a t h e r s t r o n g i n c r e a s e in
t h e s e d i m e n t a t i o n r a t e of d e t r i t u s has o f t e n b e e n o b s e r v e d » w h i c h
r e s u l t s in a s t r o n g d e c r e a s e in t h e t o t a l a m o u n t s of n u t r i e n t s in
t h e w a t e r . The n e t e f f e c t is t a k e n into a c c o u n t by t h e m o d e l at t h e
n e x t t i m e - s t e p » w h e n it r e c e i v e s n e w v a l u e s for b ; ,

If we m a k e a d y n a m i c c o m p u t a t i o n w i t h t h e u s u a l a s s u m p t i o n t h a t
t h e r e is no s e d i m e n t a t i o n t S e c . 3 . 5 ] , the m o d e l w i l l a l l o c a t e too
m u c h n u t r i e n t s to the d e t r i t u s p o o l . H e n c e the s a m e f r a c t i o n of
n u t r i e n t s is m a d e u n a v a i l a b l e t w i c e : (1) it has d i s a p p e a r e d f r o m
t h e w a t e r » h e n c e b, w i l l be l o w e r t h a n at t h e p r e v i o u s t i m e - s t e p »
b u t ( 2 ) p a r t of it is a l l o c a t e d to d e t r i t u s by the m o d e l n e v e r t h e -
l e s s . T h u s we h a v e o b s e r v e d t h a t t h e d e t r i t u s p o o l s i z e of s i l i c o n
c o m p u t e d a c c o r d i n g to ( 3 . 5 ) s o m e t i m e s b e c o m e s l a r g e r t h a n t h e t o t a l
a v a i l a b l e a m o u n t » w h i c h o b v i o u s l y is i n c o r r e c t .

T h e s e e f f e c t s a r e p r o b a b l y m o r e o b v i o u s in G r o t e Rug t h a n in
n a t u r a l lakes» b e c a u s e of t h e i r r e g u l a r i n t a k e r e g i m e and t h e u n n a -
t u r a l perturfaation o f the n u t r i ë n t cycles ( d o s i n g of
P-preci p i t a t e s ) .

T h u s t h e s t e a d y s t a t e a s s u m p t i o n for d e t r i t u s s e e m s m o s t s a t i s f y -
ing w i t h the p r e s e n t n u t r i ë n t c y c l e s . In t h e c o u p l e d v e r s i o n of
B L O O M II and C H A R O N , h o w e v e r , w h e r e a m u c h l a r g e r p a r t of the n u t r i -
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e n t c y c l e is m o d e l l e d » t h i s s t e a d y s t a t e a s s u m p t i o n ïs no l o n g e r
n e c e s s a r y .

N o t i c e » h o w e v e r , t h a t b o t h t h e a t e a d y s t a t e s o l u t i o n or any kind
of d y n a m i c s o l u t i o n s dapertds on t h e r a t i o q ^ j / C U j + s, ) , At low
t e m p e r a t u r e s b o t h the n u m e r a t o r and the d e n o m i n a t o r b e c o m e r a t h e r
stnall» h e n c e the d e t M t u s p o o l size is very s e n s i t i v e to t h e v a l u e s
of t h e s e c o e f f i c i e n t s ; e r r o r s in any of t h e s e m i g h t w e l l h a v e a l a r -
ger i m p a c t on the f i n a l r e s u l t than the t y p e of s o l u t i o n in the
m o d e l .

3.7 N U T R I E N T S IN Z O Ö P L A N K T O N

P r e s e n t l y the a m o u n t of z o ö p l a n k t o n is an i n p u t to the m o d e l with
a c o n s t a n t v a l u e for e a c h t i m e - s t e p . A z o o p l a n k t e r has a very high
e n e r g y r e q u i r e m e n t and e a t s a b o u t its own b o d y w e i g h t a d a y . B u t it
d o e s n o t r e q u i r e all t h e n u t r i e n t s its food s o u r c e s c o n t a i n . T h e r e -
fore it w i l l r a t h e r e a s i l y m a i n t a i n a c o n s t a n t i n t e r n a l l e v e l and
e x c r e t e the n u t r i ë n t s u r p l u s . In t h e m o d e l both the a m o u n t of
n u t r i ë n t per u n i t of z o ö p l a n k t o n ( h , ) and the a m o u n t of z o ö p l a n k t o n
Cz) a r e c o n s t a n t and h e n c e h , . z . As the d e r i v a t i v e of a c o n s t a n t is
zero» the z o ö p l a n k t o n t e r m v a n i s h e s f r o m Eq. ( 3 . 2 ) : z o ö p l a n k t o n has
no i n f l u e n c e on the rate of c h a n g e of b ; .

B e c a u s e the z o ö p l a n k t o n c o n c e n t r a t i o n ïs u s u a l l y s m a l l r e l a t i v e
to t h e 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 (in t h e o r d e r of 10 p e r c e n t or
l e s s ) it s e e m s t h a t z o ö p l a n k t o n is u n i m p o r t a n t to t h e n u t r i ë n t
c y c l e s . H o w e v e r i b e c a u s e of its high e n e r g y r e q u i r e m e n t t h e a m o u n t
of n u t r i e n t s p a s s i n g t h e d i g e s t ï v e s y s t e m of a z o o p l a n k t e r can be
c o n s i d e r a b l e in a w e e k . T h u s it m i g h t i n f l u e n c e t h e p a r t i t i o n i n g of
n u t r i e n t s a m o n g the a v a i l a b l e and u n a v a i l a b l e f r a c t i o n .

D e p e n d i n g on w h a t is e a t e n and how n u t r i e n t s a r e r e l e a s e d * the
net e f f e c t on the a v a i l a b l e f r a c t i o n c o u l d be p o s i t i v e > zero or
n e g a t i v e . E x a m p l e of a p o s i t ï v e e f f e c t : e a t i n g d e t r i t u s and
r e l e a s i n g d i s s o l v e d n u t r i e n t s . No e f f e c t o c c u r s w h e n n u t r i e n t s a r e
i n g e s t e d f r o m l i v i n g p h y t o p l a n k t o n c e l l s and r e l e a s e d as d i s s o l v e d
n u t r i e n t s . A n e g a t i v e e f f e c t w o u l d o c c u r w h e n n u t r i e n t s of l i v i n g
p h y t o p l a n k t o n c e l l s are t a k e n up> but r e l e a s e d as f e c a l p e l l e t s »
w h i c h sink to the b o t t o m .

The i m p o r t a n c e of t h e s e p r o c e s s e s is r a t h e r w i d e l y d i s c u s s e d . For
i n s t a n c e H a r g r a v e et a l . I1968J and S m i t h [ 1 9 7 3 ] c l a i m , t h a t u p t a k e
of d e t r i t u s and r e l e a s e of d i s s o l v e d n u t r i e n t s is o c c a s i o n a l l y of
g r e a t i ntportance > p a r t i c u l a r l y in m a r i n e systettts. N o t all d a t a are»
h o w e v e r » c o n s i s t e n t . T h u s we f e e l t h a t we c a n n o t p r e d i c t the impact
of z o ö p l a n k t o n on the n u t r i ë n t p a r t i t i o n i n g a c c u r a t e l y e n o u g h to be
used in t h e m o d e l and we h a v e t h e r e f o r e a s s u m e d t h a t z o ö p l a n k t o n
d o e s not a l t e r the p a r t i t i o n i n g of n u t r i e n t s at a l l .

U n d e r t h i s a s s u m p t i o n » t h e a m o u n t s of n u t r i e n t s in z o ö p l a n k t o n
are c o n s t a n t > u n a v a i l a b l e f r a c t i o n s ( h t , z ) w h i c h can s i m p l y be s u b -
t r a c t e d from b( in the m a s s b a l a n c e Eq. C 3 . 13 .

One f i n a l r e m a r k : b e c a u s e (1) t h e r e is u s u a l l y l i t t l e n u t r i ë n t in
z o ö p l a n k t o n and (2) we h a v e i g n o r e d any p o s s i b l e e f f e c t on the p a r -
t i t i o n i n g of n u t r i e n t s » the i m p o r t a n c e of t h e z o ö p l a n k t o n t e r m is
s m a l l in c o m p a r i s o n to t h o s e for live and dead p h y t o p l a n k t o n : h t . z
was n e v e r l a r g e r t h a n 10 p e r c e n t of b, in all y e a r s we c o n s i d e r e d in
G r o t e R u g .
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3.S FORMULATION OF NUTPIENT CONSTRAINTS

The final e q u a t i o n s used by the model are ea s i l y d e r i v e d a f t e r
the p r e v i o u s S e c t i o n s . From the set of mas s b a l a n c e e q u a t i o n s
( 3 . 1 ) , the u n a v a i l a b l e t e r m s for z o o p i a n k t o n and d e t r i t u s s h o u l d be
e l i m i n a t e d to obtain an e q u a t i o n with only one set of v a r i a b l e s :
X j . F i r st the c o n s t a n t z o o p i a n k t o n term will be put to the right
hand side and s u b t r a c t e d from the b - v a l u e s . Next the amou n t of
n u t r i e n t s in d e t r i t u s y, may be e l i m i n a t e d from ( 3 . 1 ) by e i t h e r
using (3.4) or (3.5) d e p e n d i n g w h e t h e r or not a s t e a d y s t a t e is
a s s u m e d . Using (3.4) as s t e a d y s t a t e s o l u t i o n for y( , we find the
fol l o w i n g set of n u t r i ë n t c o n s t r a i n t s :

( u, + s, + qt.Mj )
j [ 3[ ,J.XJ I + e, - b, - h,.z (3.6)

u, + s,

The e x p r e s s i o n using the d y n a m i c d e t r i t u s p o o l , is more c o m p l i -
cated» but s u b s t i t u t i n g (3.4) into ( 3 . 5 ) for the e q u i 1 i b r i u n> v a l u e
ye, » V, for u, + s 5 and leaving out the s u b s c r i p t i we may o b t a i n :

V + (q.Mj ) t1 - E X P C - V . A t ) 1
Ij a, , j .x j + e =

b - h.j: - yp E X P C - V . A t ) ( 3 . 7)

In both cases Xj are the only u n k n o w n v a r i a b l e s in the r e s u l t i n g
systetn, which can be solv e d by a Linear P r o g r a m (see also Eq. 2 . 1 ) .

3.9 NUTRIËNT CYCLES: RETROSPECTIVE

Of c r u c i a l i m p o r t a n c e to our d i s c u s s i o n on the n u t r i ë n t c y c l e s in
the p r e v i o u s S e c t i o n s , a r e :

• The i n t e r d e p e n d e n c e of c h e m i c a l and b i o l o g i c a l p r o c e s s e s .
• The u n c e r t a i n t i e s in the values of s e v e r a l p a r a m e t e r s »

p a r t i c u l a r l y of the m o r t a l i t y rate (Mj) and the f r a c t i o n
of dead algal cells that i m m e d i a t e l y r e l e a s e s its n u t r i -
ënt c o n t e n t s ( 1 - q , ) .

We have set up a rather s i m p l e n u t r i ë n t c y c l e for B L O O M I I b e c a u s e
there are too many c o m p l i c a t i o n s to d e s c r i b e the c r u c i a l c h e m i c a l
r e a c t i o n s by some s i m p l e e q u a t i o n s . U n l e s s t h e s e e q u a t i o n s are
solved s i m u l t a n e o u s l y with the p h y t o p l a n k t o n e q u a t i o n s as in the
coup l e d v e r s i o n of BLQOM II and C H A R O N , we use w e e k l y m e a s u r e m e n t s
of the total a m o u n t of n u t r i e n t s .

An i m p o r t a n t p r o b l e m for which m e a s u r e m e n t s give no d i r e c t
answer» h o w e v e r , is the fr a c t ï o n of each n u t r i ë n t to be a l l o c a t e d
to the d e t r i t u s p o o l s . U s u a l l y we ass u m e t h e s e p o o l s to be at s t e a d y
state which p e r h a p s is not a l w a y s justified» but t h e r e is presently
little a l t a r n a t i v e i S e c . 3 . 6 . 2 ] . As» h o w e v e r , a d y n a m i c s o l u t i o n is
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o p t i o n a l l y a v a i l a b l e in the m o d e l » it is p o s s i b l e to d e t e r m i n e w h e n
t h e two s o l u t ï o n s d i f f e r s i g n i f i c a n t l y and to a n a l y s e the c a u s e s
and t h e c o n s e q u e n c e s .

The m o r t a l i t y r a t e c o n s t a n t is o n e of t h e m o s t i m p o r t a n t p a r a m e -
t e r s d e t e r m i n i n g t h e s i z e of the d e t r i t u s c o m p a r t m e n t » r e g a r d l e s s
of the cotnputat i o n a l m e t h o d . M a i n l y b e c a u s e t h e r e is no e s t i m a t e
for the a c t u a l v a l u e of M, a m e t h o d of p a r t i t i o n i n g t h e n u t r i e n t s
o v e r all c o m p a r t m e n t w a s a d o p t e d a c c o r d i n g to t h e o b j e c t i v e of t h e
m o d e l : m a x i m i z i n g t o t a l b i o m a s s . U s i n g a m i n i m u m e s t i m a t e for m o r -
t a l i t y i the f r a c t i o n of n u t r i e n t s a l l o c a t e d to d e t r i t u s by t h i s
p r o c e d u r e t e n d s to be lower t h a n it is b a s e d upon o b s e r v e d m o r t a l -
i ty r a t e s .

M o r e o v e r we h a v e n c h o s e n a r a t h e r low v a l u e of 0.5 for q,> w h i c h
m e a n s t h a t 50 p e r c e n t of t h e n u t r i e n t s in d e a d p h y t o p l a n k t o n b e c o m e
i m m e d i a t e l y a v a i l a b l e . As w i t h t h e m o r t a l i t y r a t e we h a v e a d o p t e d a
v a l u e for q,, t h a t t e n d s to g i v e an o v e r - e s t i m a t i o n of a v a i l a b l e
n u t r i e n t s .

On t h e o t h e r hand we do not t a k e s e v e r a l o t h a r p r o c e s s e s into
a c c o u n t t h a t m i g h t i n c r e a s e the a m o u n t of a v a i l a b l e n u t r i e n t s . We
u s u a l l y n e g l e c t t h e l o a d i n g w i t h d i s s o l v e d n u t r i e n t s f r o m the b o t -
t o m . We do n o t c o n s i d e r p o s i t i v e e f f e c t s of z o ö p l a n k t o n on the o v e -
r a l l t u r n o v e r r a t e s of n u t r i e n t s .

T h u s it was r e m a r k e d a l r e a d y at the b e g i n n i n g in S e c . 3 . 3 , t h a t
the m o d e l d o e s n o t c l a i m to c a l c u l a t e the a c t u a l s i z e s of t h e n u t r i -
ënt p o o l s or the f l o w s b e t w e e n t h e m .

W h a t a r e t h e i m p l i c a t i o n s for t h e p r e d i c t i v e v a l u e of B L O O M II?
O b s e r v e d n u t r i ë n t c y c l e s r e s u l t from c o m p l i c a t e d i n t e r a c t i o n s of
b i o l o g i c a l and c h e m i c a l p r o c e s s e s . T h u s , t h e r e is no d o u b t , t h a t
the c o u p l e d m o d e l b a s e d upon the b a s i c e q u a t i o n s and s t r u c t u r e s of
C H A R Q N and B L O O M II» s o l v i n g t h e c o m p l e t e s y s t e m s i m u l t a n e o u s l y for
b o t h f a s t ( = e q u i l i b r i u m ) and s l o w p r o c e s s e s » i m p r o v e s the p r e d i c -
t i v e c a p a b i l i t i e s of t h e i n d i v i d u a l m o d e l s c o n s i d e r a b l y .

But we can m a k e m a n y u s e f u l c o m p u t a t i o n s w i t h B L O O M II a l o n e .
F i r s t of all t h e m o d e l is of g r e a t help to g a i n u n d e r s t a n d i n g of a
p a r t i c u l a r body of w a t e r . S e c o n d it can a n s w e r c e r t a i n q u e s t i o n s
a d e q u a t e l y » d e p e n d i n g on the s p e c i f i c c o n d i t i o n s in a l a k e and t h e
s p e c i f i c r e s u l t s p r o d u c e d by the m o d e l . How w e l l c e r t a i n q u e s t i o n s
can be a n s w e r e d by B L O O M II a l o n e d e p e n d s on s e v e r a l f a c t o r s :

1. W h a t is p r e s e n t l y the m a i n l i m i t a t i o n , s o m e n u t r i ë n t or
e n e r g y ?

2. Is a d r a s t i c c h a n g e in t h i s s i t u a t ï o n e x p e c t e d ?
3. If we e x p e c t a c h a n g e » can we t e i l s o m e t h i n g a b o u t its

d i r e c t i o n ? W i l l t h e r e be an i n c r e a s e , or d e c r e a s e , c o m -
p a r e d to the p r e s e n t s i t u a t i o n ?

4. H o w high are the b l o o m s p r e d i c t e d by the m o d e l , a r e t h e y
far a b o v e s o m e b i o m a s s s t a n d a r d ?

5. W h a t s p e c i e s d o m i n a n c e is p r e d i c t e d by the m o d e l ? Is t h e r e
a s t r o n g d o m i n a n c e of b l u e - g r e e n s ?

6. Is t h e r e p r e s e n t l y a s t r o n g i n t e r a c t i o n b e t w e e n n u t r i e n t s
in w a t e r and b o t t o m and do we» b a s e d u p o n p r e v i o u s e x p e r i -
e n c e s and the r e s u l t s - o f C H A R O N , e x p e c t an i n - or d e c r e a s e
of the i n t e n s i t y of t h e s e i n t e r a c t i o n s ?

T h e s e q u e s t i o n s can be i l l u s t r a t e d by s o m e e x a m p l e s , m a i n l y b a s e d
u p o n r e s u l t s of the P A W N s t u d y in w h i c h B L O O M II w a s a p p l i e d to a
d o z e n D u t c h l a k e s . S u p p o s e e n e r g y is the m a i n l i m i t a t i o n in a lake>
b u t p h o s p a t e r e m o v a l is c o n s i d e r e d as a s a n i t a t i o n m e a s u r e . W i t h
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BLOOM II we c a n compute by how much the p h o s p h o r u s c o n c e n t r a t i o n in
the lake should bs lowered b efore it b e c o m e s l i m i t i n g . If the
answer is by more than 50 percent as we have found for several Dutch
lakes tLos et al.» 1932] we should not expect m i r a c l e s f o l l o w i n g
p h o s p h o r u s removal in that p a r t i c u l a r lake.

The storage r e s e r v o i r s in the B i e s b o s c h p r e s e n t an e x t r e m e e x a m -
ple of this s i t u a t i o n . P h y t o p l a n k t o n b i o m a s s e s are r e l a t i v e l y low
b e c a u s e of a c o n s i s t e n t energy l i m i t a t i o n in these 15 m d e e p , a r t i -
f i c i a l l y mixed b a s i n s . Even a r e d u c t i o n by a factor 5 would not make
p h o s p h o r limïting* hence it seems u n l i k e l y that a p h o s p h a t e removal
s t r a t e g y would be s u c c e s s f u l h e r e .

Lake IJssel is another e x a m p l e of an e n e r g y lïmited lake [Los et
a l . , 1982]i but here p h o s p h o r u s c o n c e n t r a t i o n s in summer are low
enough to be nearly l i m i t i n g . In this case a r e l a t i v e l y small
reduction of p h o s p h o r u s could have a p o s i t i v e effect» even though
we cannot p r e d i c t the future p h o s p h o r c o n c e n t r a t i o n s e x a c t l y . H o w -
e v e r , a c o n u e n t r a t i o n drop of at least 50 p e r c e n t seemed n e c e s s a r y
to reduce p h y t o p l a n k t o n b i o m a s s e s far enough to meet the o f f i c i a l
Dutch standard .

Frotn these and s i m i l a r c o m p u t a t i o n s with BLOOM II we could also
conclude» tiist the official s t a n d a r d s for p h o s p h o r u s and b i o m a s s
were not c o n s i s t e n t : if we reduced the p h o s p h o r u s c o n c e n t r a t i o n s
far enough to meet their o f f i c i a l s t a n d a r d , the model computed b i a -
mass levels still in e x c e s s of the p h y t o p l a n k t o n s t a n d a r d .
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.ENERGY CONSTRAINTS

INTRODUCTIQN

The d i v i s i o n into a u t o t r o p h i c and h e t e r o t r o p h i c o r g a n i s m s is one
of the most i m p o r t a n t ways to c l a s s i f y living c r e a t u r e s into f u n c -
tional u n i t s . P h o t o a u t o t r o p h i c o r g a n i s m s such as all the well k n o w n
t e r r e s t r i a l p l a n t s , p h y t o p l a n k t o n and many b a c t e r i a ace e s s e n t i a l -
ly i n d e p e n d e n t of other c r e a t u r e s for s u r v i v a l ) b e c a u s e s u n l i g h t is
their main s o u r c e of e n e r g y , T h e r e is no dou b t that 1 ife on earth
d e p e n d s a l m o s t c o m p l e t e l y on the p h o t o s y n t h e t i c p r o d u c t s of the
pl a n t s Cenergy rich c o m p o u n d s and o x y g e n ) , b e c a u s e these are
requ i r e d by all other o r g a n i s m s w h e t h e r d i r e c t l y or indirectly»
(e.g. as fossil f u e l s ) .

Plant cells c o n t a i n a n u m b e r of 1 i g h t - s e n s i t i v e p i g m e n t s , such as
c h l o r o p h y 1 1 - a and -b» which can absorb light q u a n t u m s ( p h o t o n s ) . In
a c o m p l i c a t e d s e q u e n c e of p h o t o c h e m i c a l r a a c t i o n s » the e n e r g y from
the p h o t o n s is t r a n s f e r e d to and stored as rea d i l y a v a i l a b l e c h e m i -
cal e n e r g y Cmainly in the form of c a r b o h y d r a t e s ) . N o t i c e that o t h e r
i m p o r t a n t p r o d u c t s of p h o t o s y n t h e s i s such as p r o t e i n s are not c o n -
s i d e r e d in the m o d e l .

P h o t o s y n t h e s i s » which is one of the m o s t c o m p l i c a t e d p h y s i o l o g -
ical p r o c e s s e s » v a r i e s with c i r c u m s t a n c e s and b e t w e e n s p e c i e s .
There are great d i f f e r e n c e s in the p r e f e r r e d light i n t e n s i t i e s
(Fig. 4.3) and in the a b i l i t y of s p e c i e s to adapt to new light or
t e m p e r a t u r e c o n d i t i o n s . As show n by J o r g e n s e n 11969]» van Liere
[ 1 9 7 9 ] and o t h e r s , many a d a p t a t i o n s involve a c h a n g e in internal
c h l o r o p h y l l levels» which is one of the main r e a s o n s why c h l o r o -
phyll can only be an a p p r o x ï m a t e indicator of p h y t o p l a n k t o n
b i o m a s s , as will be d i s c u s s e d in S e c . 8 . 1 . 3 .

It is d i f f i c u l t to c o m p u t e the car b o n f i x a t i o n rate of p h y -
to p l a n k t o n b e c a u s e the light i n t e n s i t y v a r i e s with (1) the s e a s o n a l
rhythtn» (2) the d a i l y rhythm» and (3) the water d e p t h . The last f a c -
tor is p a r t i c u l a r l y i m p o r t a n t since light a t t e n u a t e s e x p o n e n t i a 1 ly
with depthi and b e c a u s e many Dutch w a t e r s have a high t u r b i d i t y .
T h u s , the 1owest light intensity at which p h o t o s y n t h e s i s is still
p o s s i b l e (tha e u p h o t i c d e p t h ) is u s u a l l y found far above the
bottotn. H e a n w h i l e the light i n t e n s i t i e s in the s u r f a c e layers are
s u p e r s a t u r a t i n g to p h o t o s y n t h e s i s . An a d d i t i o n a l c o m p 1 i c a t ï o n is
the a b i l i t y in some g r o u p s of s p e c i e s ( b l u e - g r e e n a l g a s , d i n o -
f l a g e l l a t e s ) to avoid h o m o g e n e o u s mixïng t S e c . 5 . 7 ] , S u p e r i m p o s e d
on all v a r i a t i o n s are w e a t h e r - i n d u c e d light f l u c t u a t i o n s
( c loud i n g ) .

C o n s i d e r ï n g these and other c o m p 1 i c a t i o n s r e p o r t e d in the p h y s -
iological and e c o l o g i c a l l i t e r a t u r e [ see for instance the r e v i e w by
HarriSf 19783» one s t a r t s s e r i o u s l y d o u b t i n g w h e t h e r any s e n s i b l e
m a t h e m a t i c a l model could ever be c o n s t r u c t e d for such a c o m p l i c a t e d
and v a r i a b l e p r o c e s s as p r i m a r y p r o d u c t i o n , There is only one r e a -
s o n a b l e e x p l a n a t i o n i why not all m o d e l i n g a t t e m p t s are f a i l u r e s and
why p r o d u c t i a n rates may even be p r e d i c t e d with a rather good a c c u -
racy: p l a n t s do not im m e d i a t e l y respond to rapid e n v i r o n m e n t a l
c h a n g e s but do adjus t to ov e r a l l t r e n d s in c o n d i t i o n s in order to
keep the p h o t o s y n t h e t i c m a c h i n e r y going as well and as r e g u l a r l y as
p o s s i b l e . T h e r e f o r e much of the v a r i a t i o n s o c c u r r i n g b e t w e e n s h o r t
time intervalst b e t w e e n i n d i v i d u a l s of the same s p e c i e s and b e t w e e n
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s p e c i e s a v e r a g e o u t o v e r l o n g e r t i m e - s t e p s a n d l a r g e r g r o u p s of
o r g a n i s m s [ s e e a l s o C h a p . 5 ] .

Fo r s i m p l i c i t y m o s t c o e f f i c i e n t s in t h ï s c h a p t e r a r e w r i t t e n
w i t h o u t a s u b s c r i p t j» b u t a c t u a l l y t h e y d e p e n d o n t h e s p e c i e s a n d
a r e t r e a t e d a s s u c h b y t h e m o d e l .

4.2 THE RELATION BETMEEN PHOTOSYNTHESIS AND GROHTH

B e f o r e d i s c u s s i n g t h e e n e r g y b u d g e t in m o r e d e t a i l » w e m u s t c o n -
s i d e r s o m e a s p e c t s o f t h e r e l a t i o n b e t w e e n g r a w t h a n d p h o -
t o s y n t h e s i s a n d i n d i c a t e s o m e m e t h o d o l o g i c a l p r o b l e m s . S t r i c t l y
s p e a k i n g p h o t o s y n t h e s i s # w h i c h m a y b e d e f i n e d a s p h o t o c h e m i c a 1
c a r b o n f i x a t i o n » is o f n o c o n c e r n t o B L O O M I I » b e c a u s e c a r b o n m a y b e
t h e m o s t i m p o r t a n t e l e m e n t o n a d r y w e i g h t b a s i s » b u t j u s t a n
i n c r e a s e in c a r b o n is o f n o u s e t o a c e l l . G r o w t h » w h i c h m a y b e
d e f i n e d a s i n c r e a s e in b i o m a s s ( d r y w e i g h t ) » r e q u i r e s a b a l a n c e d
u p t a k e o f o t h e r e s s e n t i a l e l e m e n t s in a d d i t i o n t o c a r b o n a n d i s
u s u a l l y f o l l o w e d b y a c e l l d i v i s i o n . T h u s t h e g r o w t h r a t e d e t e r -
m i n e s t h e u l t i m a t e b i o m a s s c o n c e n t r a t i o n .

Q b v i o u s l y » p h o t o s y n t h e s i s is a p r e r e q u i s i t e t o g r o w t h b e c a u s e
w i t h o u t p h o t o s y n t h e s i s t h e a m o u n t s o f a l l c e l l s u b s t a n c e s a f t e r a
c e l l d i v i s i o n w o u l d b e h a l v e d . O n t h e o t h e r h a n d » p h o t o s y n t h e s i s
w i t h o u t g r o w t h is n o t u n l i k e l y » if p a r t o f o f t h e i n c o r p o r a t e d
m a t e r i a l is n o t u s e d f o r g r o w t h » b u t r e l e a s e d b y t h e c e l l C e x t r a
c e l l u l a r r e l e a s e ) . T h e r e is s o m e d e b a t e in t h e l i t e r a t u r e ,
h o w e v e r » w h e t h e r t h i s p r o c e s s is s o i m p o r t a n t t o h e a l t h y p h y -
t o p l a n k t e r s [ S h a r p » 1 9 7 7 ] a s r e p o r t e d e l s e w h e r e t F o g g » 1 9 7 1 a n d
1 9 7 7 J a n d e v e n a m o n g t h o s e c o n s i d e r i n g it a n a t u r a l p r o c e s s » [ M a g u e
e t a l . 1 9 3 0 ] s a y t h a t i t s q u a n t i t a t i v e i m p o r t a n c e is s m a l l r e l a t i v e
t o p h o t o s y n t h e s i s . T h u s it s e e m s q u i t e l o g i c a l » t h a t u s u a l l y t h e
r a t e s o f p h o t o s y n t h e s i s a n d g r o w t h a r e c l o s e l y c o n n e c t e d a n d s h o w a
v e r y h i g h c o r r e l a t i o n E H a r r i s » 1 9 7 8 ] o n a d a i l y b a s i s .

T h e r e is a n a d d i t i o n a l c o m p l i c a t i o n w h i c h p r e v e n t s 3 s i m p l e c o n -
v e r s i o n b e t w e e n t h e r a t e s o f p h o t a s y n t h e s i s a n d g r o w t h : t h e y a r e
m e a s u r e d in d i f f e r e n t u n i t s . T h e i n s t a n t a n e o u s g r o w t h r a t e C P ) is
u s u a l l y e x p r e s s e d p e r u n i t o f t i m e , a l t e r n a t i v e l y a s n u m b e r o f
d i v i s i o n s p&r d a y ( U ) o r a s i t s r e c i p r o c a l : t h e g e n e r a t i o n t i m e
( T ) . B e c a u s e g r o w t h r a t e s m a y b e r e l a t e d t o a f i r s t o r d e r d i f f e r e n -
t i a l e q u a t i o n [ S e c . 4 . 3 ] a n d d i v i s i o n is a p r o c e s s b y w h i c h o n e c e l l
g i v e s t w o 1 n e w o n e s » t h e f i r s t p r o c e s s is r e l a t e d t o a n a t u r a l l o g a -
r i t h m » b u t t h e l a t t e r t o a l o g a r i t h m t o t h e b a s i s o f 2 . T h e r e f o r e
t h e f o l l o w i n g r e l a t i o n h o l d s :

P = I o g 2 U • I o g 2 / T

P h o t o s y n t h e t i c r a t e s o n t h e o t h e r h a n d a r e u s u a l l y m e a s u r e d a s
c a r b o n i n c o r p o r a t e d o r o x y g e n p r o d u c e d » d e p e n d i n g o n t h e m e a s u r i n g
t e c h n i q u e » p e r u n i t o f t i m e a n d p e r u n i t o f b i o m a s s . H o w e v e r »

1, T h e u n i t o f b i o m a s s is u s u a l l y 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 w h i c h is a n i n d i r e c t i n d i c a t o r o f p h y t o p l a n k t o n

1 T h e n u m b e r o f n e w c e l l s is n o t a l w a y s 2 . In s o m e s p e c i e s s u c h a s
S c g n e d e s m u s , 2 t o t h e p o w e r n c e l l s a r e p r o d u c e d » w h e r e n > 1.



b i o m a s s , It d e p e n d s on m a n y e n v i r o n m e n t a 1 c o n d i t i o n s
i S e c . 8 . 1 . 3 J a n d v a r i e s d u r i n g t h e y e a r .

2 . P h o t o s y n t h e s i s is m e a s u r e d p e r h o u r » g r o w t h is m e a s u r e d
per d a y . But a c o m p u t a t i o n of t h e d a i l y r a t e of p h o -
t o s y n t h e s i s is n o t s t r a i g h t f o r w a r d b e c a u s e p h o t o -
s y n t h e t i c r a t e s C l ) v a r y s t r o n g l y d u r i n g t h e d a y and C 2 )
ara u s u a l l y a n o n - l i n e a r f u n c t i o n o f ' t h e n u m b e r of d a y -
1 t g h t h o u r s [ S e c . 5 . 2 ] .

In t h e r e m a i n d e r of t h i s r e p o r t we s h a l l use t h e t e r m p r o d u c t i on f o r
t h e r a t e of p h o t o s y n t h e s i s a n d g r o w t h for t h e i n - or d e c r a a s a of a
p o p u i a t i o n on a pe r u n i t w e i g h t b a s i s .

4.3 THE ENERGY BUDGET OF PHYTOPLANKTON

P h y t o p l a n k t o n b l o o m s d e v e l o p w h e n . d u r i n g a s u b s t a n t i a l p e r i o d ,
t h e e n v i r o n m e n t a l c o n d i t i o n s e n a b l e t h e p o p u i a t i o n t o f i x m o r e
e n e r g y t h a n r e q u i r e d t o c o m p e n s a t e f o r a l l c u r r e n t l o s s e s . E n e r g y
g a i n s a r e d e t e r m i n e d b y t h e r a t e o f p r o d u c t i o n » w h i c h is a f u n c t i o n
of t h e s o l a r i n t e n s i t y » t h e s u r f s c e r e f l e c t ï o n » t h e a t t e n u a t i o n in
t h e w a t e r ( m i x i n g d e p t h » b a c k g r o u n d e x t i n c t i o n » c o n t r i b u t i o n o f
l i v e a n d d e a d p h y t o p l a n k t o n t o e x t i n c t i o n ) , t h e d a y l e n g t h , t h e
w a t e r t e m p e r a t u r e , p e r h a p s t h e s p e c t r a l d i s t r i b u t i o n > o r t h e v a r i -
a t i o n s in l i g h t i n t e n s i t y 2

E n e r g y is l o s t b y s e v e r a l p r o c e s s e s : r e s p i r a t i o n ( t o s o m e e x t e n t
t h e o p p o s i t e o f p r i m a r y p r o d u c t i o n ) » m a i n l y f o r m a ï n t e n a n c e » m o r -
t a l i t y C o l d o r u n h e a l t h y c e l l s d i e ) ; g r a z i n g b y z o ö p l a n k t o n o r
f i s h ; s e d i m e n t a t i o n ( m o s t p h y t o p l a n k t o n s p e c i e s h a v e a p o s i t i v e
s i nk i n g r a t e ) .

D e f i n e t h e f o l l o w i n g s y m b o l s :

— Pg is t h e d e p t h a n d t i m e a v a r a g s d g r o s s p r o d u c t i o n r a t e
c o n s t a n t per d a y »

— R i s t h e r e s p i r a t i o n r a t e c o n s t a n t p e r d a y »
— M i s t h e n a t u r a l m o r t a l i t y r a t e c o n s t a n t p e r d a y » i n c l u d i n g

a l l d e a t h p r o c e s s e s e x c e p t g r a z i n g ,
— G is t h e m o r t a l i t y r a t e c o n s t a n t p e r d a y d u e t o g r a z i n g b y

z o ö p l a n k t o n .

T h e n e t e f f e c t o f t h e s e p r o c e s s e s m a y b e s u m m a r i z e d in t h e
w e l l - k n o w n d i f f e r e n t i a l e q u a t i o n :

dx
— * ( P g - M - R - G ) x ( 4 . 2 )
dt

N o t i c e t h a t n o f u n c t i o n a l r e l a t i o n s a r e i n d i c a t e d » w h i c h c o u l d
s u g g e s t t h e r e a r e n o f e e d b a c k m e c h a n i s m s t o p r e v e n t u n l i m i t e d
g r o w t h . A c t u a l l y t h e g r o s s p r o d u c t i o n r a t e Pg d e p e n d s o n t h e l i g h t

2 S h o r t p e r i o d s w i t h h i g h i n t e n s ï t ï e s a n d l o n g p e r i o d s o f m o d e r a t e
i n t e n s i t i e s m i g h t h a v e a d i f f e r e n t i m p a c t e v e n if t h e t o t a l n u m b e r
of q u a n t u m s r e c e i v e d is t h e s a m e .
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intensity and therefore on the attenuation caused by the phy-
toplankton cells themselves. Thus as the number of cells grows» the
light intensity (and hence the energy available) at any depth is
reducedj a phenomenon called self-shading. Pg also dspends upon the
nutriënt availability and declines when nutrients are scarce. How-
ever, when the light intensity is optimal, nutrients are abundant
and all other conditions are favorable» phytoplankton w i H achieve
a maximum gross product ion rate ( P g m a x ) , which we can think of as an
innate characteristic of each species of phytoplankton.

In the next sections we shall discuss (maximum) production» rss-
piration and natural mortality. Of these primary production is cer-
tainly the best known. It, however» also one of the most
complicated processes which influencas the phytoplankton energy
budget. There are thousands of publications on photosynthesis and
the problem hera is to select» rather than to find them because
there is much confusion about methodology » uihich makes it hard to
compare the results by different authors.

Less is known about respiration» maybe because its importance has
long been under-estimated. Quantitatively it is» however» very
important. lts rate may look small compared to the maximum rate of
production» but respiration continues for 24 hours a day» while
primary production is confined to only those periods of the day»
when a phytoplankton cell receives light quantums. This period can
be much shorter than 24 hours depending on the day length and the
circulation pattern.

Natural mortality is often completely neglected, but two common
observations suggest» that mortality could be very important: (1)
the amounts of detritus and of live phytoplankton are often of the
same order of magnitude [our own calculations for several Dutch
lakes» Chap. 3» in addition to Sanse» 1977» Knoechel and Kalff»
1978J Rich and Wetzel» 19781, and <2) the amounts of de^ritus and of
live phytoplankton are often strongly correlated. Thus there is
usually a considerable amount of detritus which moreover changes in
a way that seems somehow related to the net growth rate of phy-
toplankton. The most sïmple assumption is that the rate of change
of detritus is mainly governed by mortality of phytoplankton.

When we constructed the model we have attempted to describe each
process separately in agreement to observations. This was»
however» not always possible because (1) there are many species in
the model and (2) authors infrequently report the rates of all
energy related processes.

4.4 MEASURINQ TECHNIQUES

P h o t o s y n t h e s i s c a n b e m e a s u r e d in s e v e r a l w a y s » b u t w e o n l y n e e d
t o c o n s i d e r t w o of t h e m w h i c h e i t h e r m e a s u r e o x y g e n p r o d u c t i o n or
c a r b o n u p t a k e of p h y t o p l a n k t o n . T h e e x p e r i m e n t a l c o n d i t i o n s t o
w h i c h p h y t o p l a n k t o n c e l l s a r e e x p o s e d b e f o r e a n d d u r i n g t h e m e a s -
u r e m e n t s v a r y to a l a r g e e x t e n t . In s o m e e x p e r i m e n t s t h e y a r e k e p t
in b o t t l e s at d i f f e r e n t w a t e r d e p t h s C h e n c e l i g h t i n t e n s i t i e s ) for
s e v e r a l h o u r s . In o t h e r c a s e s a r e c e n t l y c o l l e c t e d s a m p l e is i n c u -
b a t e d in a s p e c i a l a p p a r a t u s w i t h an a r t i f i c i a l l i g h t s o u r c e , T h e
e x p e r i m e n t a l d i f f i c u l t i e s a r e n u m e r o u s [ S t r i c k l a n d » 1 9 6 0 ; H a r r i s »
1 9 7 8 ] a n d m a k e it h a r d to c o m p a r e t h e r e s u l t s o b t a i n e d by d i f f e r e n t
m e t h o d s d i r e c t l y » a l t h o u g h an e x c e l l e n t a g r e e m e n t b e t w e e n d i f f e r -
e n t t e c h n i q u e s h a s s o m e t i m e s b e e n o b s e r v e d t J e w s o n , 1 9 7 7 ] ,



Extrapolation of production measurements to actual growth rates of
in situ populations is always difficult.

It is usually assumed that n e t 3 production is measured by the
oxygen method, Because part of the phytoplankton cells are kept in
the dark, the oxygen consumption (respiration) can also be
measured. Adding the two numbers yields the gross production rate.
Values measured by the llVC method are closest to net production
although .influenced by respiration to some extent» as was already
recognized by some of the earliest workers with l*C techniques
IStrickland, 1 9 6 0 ] . But a direct estimate of respiration Chence
gross production) is impossible by this method.

There are no practical methods to measure natural mortality rates
because dead phytop1ankton cells do not contain some tracer by
which they can be distinguished from other organic particles. A
direct estimate through microscopic counting of dead phytoplankton
cells has sometimes been obtained for diatoms [ Knoechel and Kalff»
1 9 7 8 ] , This method is* however, extremely cumbersome and further-
more non-app1icabIe to dead particles of blue-green algae because
these cannot be distinguished well enough from living particles
under a microscope.

Consequently natural mortality rates must usually be estimated
indirectly, for instance by subtraction of the observed (net) rate
of change of a phytoplankton population from the measured p ro-
duction rate [Sec. 4 . 9 ) . Considering the importance of natural mor-
tality rates to the performance of our model» this has always been a
major problem [Sec. 9 . 2 ] .

Since March 1977 the Delta Department has determtned the photo-
synthetic rate of phytoplankton samples taken from the Grote Rug
and the three enclosures weekly (two-weekly in 1 9 7 7 ) . Samples were
placed in an incubator and primary production was measured by the
1 4 C method. These data are of great value for calibration of the
production estimates of the model and show some very intriguing
differences between the three enclosures.

Because **C methods do not measure the rate of respiration, this
had to be estimated from literature data. Indirect estimates of the
natural mortality rates have been used to some extent ISec. 3 . 4 . 1 ] .

4.5 PRIMARY PRODUCTION

T h e r a t e of p r i m a r y p r o d u c t i o n is d e t e r m i n e d b y m a n y a n v i r o n -
m e n t a l c o n d ï t i o n s , w h i c h m o r e o v e r h a v e a d i f f e r e n t i m p a c t on d i f -
f e r e n t s p e c i e s . T h e r e f o r e e a c h m a t h e m a t i c a l e q u a t i o n « i l l a l w a y s
be a ( r a t h e r s i m p l e ) a b s t r a c t i o n o f r e a l i t y . A s in m a n y d y n a m i c
m o d e l s [ B i e r m a n » 1 9 7 4 ; Nyholttw 1 9 7 8 ; S c a v i a 1 9 8 0 ] , in t h e f o l l o w i n g
t h e g r o s s p r o d u c t i o n r a t e c o n s t a n t Pg w i l l be w r i t t e n a s t h e p r o d -
u c t of v a r i o u s t e r m s , w h i c h p r e s u m a b l y a c t i n d e p e n d e n t l y .

G i v e n s u f f i c i e n t n u t r i e n t s , Pg c a n be d e s c r i b e d a s a f u n c t i o n o f
t e m p e r a t u r e a n d l i g h t » w h ï c h a c h i e v e s a s i n g l e m a x i m u m f o r a n y g i v -
en t e m p e r a t u r e T , c a l l e d P g m a x ( T ) a t a p a r t i c u l a r l i g h t i n t e n s i t y
t h a t w e c a l l I o p t . If o n l y a s m a l l p o r t i o n C e ( ) of n u t r i ë n t i is

3 B y c o n v e n t i o n n e t p r o d u c t i o n e q u a l s g r o s s p r o d u c t i o n m i n u s r e s p i -
r a t i o n . H e n c e m o r t a l i t y or g r a z i n g a r e n o t y e t a c c o u n t e d f o r . To
c o m p u t e t h e n e t r a t e o f i n c r e a s e of t h e p o p u l a t i o n , t h e s e a n d
h a p s o t h e r l o s s p r o c e s s e s m u s t a l s o b e i n c l u d e d .



l e f t a v a i l a b l e » Pg c o u l d d e c r s a s e b y a f a c t o r g ( e ( ) , w h i c h is e q u a l
to o r l e s s t h a n o n e » a c c o r d i n g a s e ( is l a r g e or s m a l l , S i m i l a r l y if
l i g h t e n e r g y is s c a r c e » Pg w i l l d e c r e a s a by a f a c t o r o f E ( I » T ) »
w h i c h d e p e n d s on b o t h t e m p e r a t u r e T a n d l i g h t i n t e n s i t y I :

— I is t h e t o t a l r a d i a t i o n in J o u l e s / m a / hr of t h e p h o t o -
s y n t h e t i c a l l y a c t i v e p a r t o f t h e s p e c t r u m .

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

P g ( I , T , e t ) = E ( I / T

F o r t h e n u t r i ë n t f u n c t i o n g ( e [ ) » o f t e n t h e s o c a l l e d
M i c h a e l i s - M e n t e n or M o n o d e x p r e s s i o n is u s e d :

g C e , ) =
K e ( + e,

in w h i c h e, is t h e a v a i l a b l e e x t e r n a l c o n c e n t r a t i o n a n d K e s 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 n u t r i ë n t 5. A n a l t e r n a t i v e a p p r o a c h
u s i n g i n t e r n a l n u t r i ë n t c o n c e n t r a t i o n s w a s p r o p o s e d b y D r o o p
[ 1 9 7 3 ] » b u t Di T o r o [ 1 9 8 0 ] h a s d e m o n s t r a t e d , t h a t u s u a l l y t h e s e t w o
a p p r o a c h e s g i v e e s s e n t i a l l y i n d i s t i n g u i s h a b l e r e s u l t s .

E q . ( 4 . 4 ) , or a s i m i l a r f u n c t i o n w i t h a c o m p a r a b l e e f f e c t » is
u s u a l l y i n c l u d e d in d y n a m i c m o d e l s f o r t e c h n i c a l r e a s o n s . T h e s e
f u n c t i o n s t a k e c a r e t h a t t h e g r o w t h r a t e s m o o t h l y a p p r o a c h e s to
z e r o w h e n a n u t r i ë n t b e c o m e s d e p l e t e d , t h u s p r e v e n t i n g C l ) p h y -
t o p l a n k t o n g r o w t h at n e g a t i v e n u t r i ë n t c o n c e n t r a t i o n s a n d ( 2 )
n u m e r i c a l i n t e g r a t i o n p r o b l e m s .

In c o n t r a s t t h e r e is no t e c h n i c a l r e a s o n t o i n c l u d e an e q u a t i o n
f o r g ( e l ) in B L O O M I I . B e c a u s e t h e n u t r i ë n t m a s s - b a l a n c e e q u a t i o n s
C 3 . 6 ) a r e u s e d a s c o n s t r a i n t s in t h e l i n e a r p r o g r a m » n e g a t i v e d i s -
s o l v e d n u t r i ë n t c o n c e n t r a t i o n s ( e ^ a r e i t n p o s s i b l e . F u r t h e r m o r e »
b e c a u s e it is a s t e a d y s t a t e m o d e l » t h e r e a r e o f c o u r s e n o n u m e r i c a l
i n t e g r a t i o n p r o b l e m s .

W e h a v e d e c i d e d n o t to i n c o r p o r a t e a M o n o d o r s o m e o t h e r e x p l i c i t
e q u a t i o n f o r g ( e , ) i n t o B L O O M II f o r s e v e r a l r e a s o n s . F i r s t t h e r e
is an a d d i t i o n a l c o m p 1 i c a t i o n » w h i c h m a y n o t b e v e r y i m p o r t a n t t o
m o d e l s w i t h o n e or a f e w s p e c i e s » b u t w h i c h is p a r a m o u n t t o t h e p e r -
f o r m a n c e of m u 1 t i - s p e c i e s m o d e l s . U n f o r t u n a t e l y a s it t u r n s o u t
s p e c i e s d o m i n a n c e in t h e s e m o d e l s s t r o n g l y d e p e n d s on t h e v a l u e s o 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 s Ke t , V a l u e s f o r Kei a r e » h o w e v e r »
c e r t a i n l y n o t a v a i l a b l e f o r m a n y i m p o r t a n t p h y t o p l a n k t o n s p e c i e s »
s e v e r a l o f w h i c h a r e i n c l u d e d in B L O O M I I . M o r e o v e r » as t h e e x p e r -
i m e n t a l t e c h n i q u e s i m p r o v e » t h e e s t a b l i s h e d v a l u e s f o r K e , s e e m t o
d e c l i n e a c c o r d i n g to t h e l i t e r a t u r e . T h u s it s e e m s t h a t t h e t i m e
w h e n a s p e c i e s w a s l a s t i n v e s t i g a t e d s t r o n g l y a f f a c t s i t s a b i l i t y
t o b e c o m e d o m i n a n t in m o d e l c o m p u t a t i o n s .

T o i l l u s t r a t e h o w s m a l l v a l u e s f o r K e , c a n be n o t i c e t h a t t h e p o p -
u l a t i o n o f A p h a n i z o m e n o n f l o s . a g u a e in R i n g 2 i n c r e a s e d f r o m l e s s
t h a n 30 to o v e r 3 4 0 mg c h l o r o p h y 1 l / m 3 w i t h i n a f e w w e e k s in t h e
s p r i n g of 1 9 7 7 » a l t h o u g h t h e o r t h o - P c o n c e n t r a t i o n s w e r e l e s s o r
e q u a l to 0 . 0 0 3 m g / 1 d u r i n g t h i s e n t i r e p e r i o d .
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S e c o n d d y n a m i c m o d e l s u s u a l l y c o n s i d e r t w o o r t h r e e n u t r i e n t s ,
h e n c e s e v e r a l f u n c t i o n s g C e , ) . T h e q u e s t i o n a r i s e s h o w t h e s e d i f -
f e r e n t f u n c t i o n s i n t e r f e r e . I n m a n y m o d e l s t h e y a r e m u l t i p l i e d » b u t
s i n c s g ( e , ) is l e s s o r e q u a l t o o n e f o r e a c h f a c t o r i , t h e g r o w t h
r a t e t e n d s t o d e c r e a s e a s i faecomes l a r g e r . M o r e o v e r it is u n k n o w n »
w h e t h e r i n d e e d g r o w t h l i m i t i n g t e r m s o f l ï g h t a n d o n e o r m o r e
n u t r i e n t s s h o u l d b e m u l t i p l i e d . W e c o u l d w e H a r g u e , t h a t p h y -
t o p l a n k t e r s w i l l t e n d t o m a x i m i z e t h e i r g r o w t h r a t e u n d e r a l l
c o n d i t i o n s [ H a r r i s » 1 9 7 8 : ; S h u t e r , 1 9 7 9 ] » t h u s c o m p e n s a t i n g f o r a
n u t r i ë n t o r a n y o t h e r l ï m i t a t ï o n b y p h y s i o l o g i c a l a d j u s t m e n t s . In
t h a t c a s e t h e f i n a l g r o w t h r a t e w o u l d b e h i g h e r t h a n e x p e c t e d f o l -
l o w i n g a s i m p l e m u i t i p i i c a t t o n o f a l l l i m i t a t i o n t e r m s .

R a t h e r t h a n u s i n g a n e x p l i c i t f u n c t i o n a l f o r m f o r g ( e , ) i w e h a v e
a s s u m e d :

g C e , ) = 1 f o r a n y s p e c i e s l i m i t e d b y e n e r g y ( 4 , 5 a )

g ( e , ) < 1 f o r a n y s p e c i e s l i m i t e d b y a n u t r i ë n t ( 4 . 5 b )

H e n c e in t h e c a s e o f a n e n e r g y l i m i t a t i o n » n u t r i e n t s d o n o t
a f f e c t t h e g r o w t h r a t e s ! in t h e c a s e o f a n u t r i ë n t l i m i t a t i o n » t h e
b l o o m w i l l b e c a l c u l a t e d a c c o r d i n g t o E q . ( 3 . 6 ) a s if t h e g r o w t h
r a t e w e r e t o r e m a i n s u f f i c i e n t l y h i g h f o r p h y t o p l a n k t o n t o a c h i e v e
t h e n u t r i e n t - 1 i m i t e d b l o o m l e v e l w i t h i n a s i n g l e t i m e - s t e p . T h i s
a p p r o a c h , o f c o u r s e , is c o n s i s t e n t w i t h t h e p u r p o s e o f t h e m o d e l :
m a x i m i z i n g t h e t o t a l b i o m a s s c o n c e n t r a t i o n .

W e m u s t a d d o n e f i n a l r e m a r k . I f m o r e a n d b e t t e r d a t a w e r e a v a i l -
a b l e f o r K e , a n d if it c o u l d b e s h o w n r t h a t t h e s e c o n s t a n t s i n d e e d
d e t e r m i n e s p e c i e s d o m i n a n c e in n a t u r a l w a t e r s w e c o u l d r e p l a c e
( 4 . 5 ) b y an e q u a t i o n s s u c h a s ( 4 . 4 ) , T h u s w e w o u l d i n c l u d e a n a d d i -
t i o n a l t e r m in t h e c o m p u t a t i o n o f t h e d e p t h a n d t i m e a v e r a g e d r a t e
o f p r o d u c t i o n . T h i s w o u l d h a v e a n e f f e c t o n t h e e n e r g y c o n s t r a i n t s
[ C h a p . 5 ] a n d t h e ( o p t i o n a l ) g r o w t h r a t e c o n s t r a i n t s [ S e c . 6 . 2 . 3 1 .
A l d e n b e r g [ 1 9 8 1 ] , h o w e v e r , s h o w s t h a t t h e l i n e a r p r o g r a m w i t h a
f u n c t i o n g ( e ( ) a n d a d y n a m i c m o d e l w i t h t h e s a m e f u n c t i o n d o n o t
h a v e t o g i v e t h e s a m e a n s w e r .

4 . 6 M A X I M U M P R O D U C T I O N A N D T E M P E R A T U 8 E

It is g e n e r a l l y b e l i e v e d t h a t p r i m a r y p r o d u c t i o n is a t w o - s t e p
p r o c e s s : l i g h t a b s o r p t i o n b y p i g m e n t s a n d t r a n s f e r o f e l e c t r o n s
t h r o u g h a s e r i e s o f b i o c h e m i c a l r e a c t i o n s [ P a r s o n s a n d T a k a h a s h i ,
1 9 7 3 ; H a r r i s » 1 9 7 8 ; a n d m a n y o t h e r s l . A b s o r p t i o n o f l i g h t o f c o u r s e
d e p e n d s o n t h e l i g h t i n t e n s i t y a n d w i l l b e d i s c u s s e d in S e c . 4 . 7 .
T h e r a t e o f b i o c h e m i c a l r e a c t i o n s is u s u a l l y a s s u m e d t o b e t e m p e r -
a t u r e d e p e n d e n t . I n d e e d a n o v e r w h e l m i n g m a j o r i t y o f t n v e s t i -
g a t i o n s h a s i n d i c a t e d i t h a t t h e m a x i m u m r a t e o f p r o d u c t i o n P g m a x ( T )
c a n b e d e s c r i b e d a s a n e x p o n e n t i a l f u n c t i o n ( v a n 't H o f f t y p e ) o f
t e m p e r a t u r e » a t l e a s t o v e r t h e e n t i r e r a n g e o f t e m p e r a t u r e s
o b s e r v e d in l a k e s in t h e t e m p e r a t e c l i m a t i c z o n e s .

T h e m a x i m u m r a t e o f p r i m a r y p r o d u c t i o n o f m a n y p h y t o p l a n k t o n s p e -
c i e s is f r e q u e n t l y m e a s u r e d » b o t h in s i t u a n d in l a b o r a t o r i e s .
D e s p i t e t h e l a r g e p h y s i o l o g i c a l d i f f e r e n c e s b e t w e e n ( g r o u p s o f )
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s p e c i e s , t h e i n t e r s p e c i f i c y a r i a t i o n s a r e r a t h e r s m a l l , o f t e n l e s s
t h a n a f a c t o r of t w o . N e v e r t h e l e s s , t h e s e d i f f e r e n c e s h a v e a s i g -
n i f i c a n t i m p a c t on t h e r e s u l t s of t h e m o d e l and a r e t h e r e f o r e
i n c o r p o r a t e d in B L O O M I I . In t h e o r i g i n a l b l o o m m o d e l ( B i g e l o w et
a l . * 1 9 7 7 ] P g m a x ( T ) w a s e q u a l for e a c h s p e c i e s .

In t h e f o l l o w i n g we s h a l l f i r s t r e v i e w s o m e of t h e r e l a t i o n s p u b -
l i s h e d in t h e l i t e r a t u r e , w h i c h we s h a l l l a t e r c o m p a r e to G r o t e Rug
o b s e r v a t t o n s . F o l l o w i n g t h e p r a c t i c a of t h e o r i g i n a l p a p e r s , we
s h a l l n o t a l w a y s w r i t e t h e m a x i m u m p r o d u c t i o n r a t e as a f u n c t i o n of
t e m p e r a t u r e .

As we h a v e a l r e a d y p o i n t e d o u t in S e c . 4 . 4 , m a n y i n v e s t i g a t o r s
m e a s u r e t h e ( m a x i m u m ) ae_t, p r o d u c t i o n ( p h o t o s y n t h e t i c ) r a t e
P n m a x ( T ) r a t h e r t h a n t h e ( m a x i m u m ) o r o s s p r o d u c t i o n ( p h o t o -
s y n t h e t t c ) r a t e P g m a x ( T ) . S i n c e w e are i n t e r e s t e d in t h e l a t t e r » w e
s h a l l use t h e f o l l o w i n g r e l a t i o n :

P g m a x ( T ) * P n m a x C T ) + R C T ) ( 4 . 6 )

Ta e n a b l e a c o m p a r i s o n b e t w e e n t h e e q u a t ï o n s d i s c u s s e d in t h e
f o l l o w i n g s e c t i o n s t h e s e and t h e r e l a t i o n u s e d by Di T o r o et a l .
1 1 9 8 0 ] , a r e p l o t t e d in F i g . 4 . 2 .

4.6.1 Literature data and observations

In a c l a s s i c a l p a p e r on t h e r e l a t i o n b e t w e e n t e m p e r a t u r e and
g r o w t h of p h y t o p l a n k t o n s p e c i e s in t h e s e a , E p p l e y [ 1 9 7 2 ] p l o t t e d
m o r e t h a n a h u n d r e d o b s e r v a t i o n s on t h e m a x i m u m n u m b e r of d o u b l i n g s
p e r d a y ( U m a x ) front c o n t i n u o u s c u l t u r e s a g a i n s t T and d r e w an
e n v e l o p e c u r v e t h r o u g h t h e h i g h e s t p o i n t s at e a c h t e m p e r a t u r e . T h i s
c u r v e » w h i c h c a n be r e g a r d e d as an u p p e r b o u n d for all s p e c i e s , w a s
d e s c r i b e d by t h e f o l l o w i n g e q u a t i o n :

T
U m a x ( T ) * 0.851 * 1.066 E d o u b l i n g s / d a y ] ( 4 . 7 a )

w h i c h is e q u i v a l e n t t o :

U m a x ( T ) = E X P ( 0 . 0 6 3 9 T - 0 . 1 6 ) [ d o u b l i n g s / d a y J ( 4 . 7 b )

f r o m w h i c h > a c c o r d i n g to Eq. (4.1)> t h e m a x i m u m n e t g r o w t h r a t e can
be c o m p u t e d a s :

P n m a x ( T ) = I o g 2 * E X P ( 0 . 0 6 3 9 T - 0 . 1 6 ) [ 1 / d a y ] ( 4 . 7 c )

E p p l e y ' s U m a x c u r v e w a s a p p l i e d in t h e s a l t w a t e r b l o o m m o d e l »
a l t h o u g h e r r o n a o u s l y ( 4 . 7 b ) w a s u s e d in s t e a d of ( 4 . 7 c ) [ B i g e l o w et
al . , 1 9 7 7 , p a g e 3 0 ] .

S e v e r a l c o m m e n t s can be m a d e a b o u t E p p l e y ' s r e l a t i o n :
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• It r e p r e s e n t s n e t p r o d u c t i o n » t h u s r e s p i r a t i o n » n a t u r a l
m o r t a l i t y a n d g r a z i n g s h o u l d a l l be a c c o u n t e d f o r s e p a -
r a t e l y .

• M o s t o b s e r v a t i o n s w e r e o n s i n g l e - c e l l e d m a r i n e s p e c i e s o f
p h y t o p l a n k t o n .

• L i t t l e o b s e r v a t i o n s w e r e i n c l u d e d f o r t e m p e r a t u r e s b e l o w
1 0 ° c e n t i g r a d e .

• In a l l c a s e s s p e c i e s w e r e g r o w n u n d e r l a b o r a t o r y c o n d ï -
t i o n s w i t h c o n t i n u o u s i 1 lutni n a t i o n .

T h e r e s t r i c t i o n t o m a r i n e o r g a n i s m s is n o p r o b l e m » s i n c e t h e r e
a r e no f u n d a m e n t a l d i f f e r e n c e s b e t w e e n p h o t o s y n t h e s i s in f r e s h a n d
in s a l t w a t e r s . T h u s s i m i l a r g r o w t h r a t e s h a v e b e e n m e a s u r e d f o r
m a n y p h y t o p l a n k t o n g r o u p s w i t h r e p r e s e n t a t i v e s in b o t h t y p e s o f
e n v i r o n m e n t IGolómann a n d C a r p e n t e r 1 9 7 4 ; H a r r i s » 1 9 7 8 J .

M a n y e u t r o p h i c l a k e s a r e » h o w e v e r , d o m i n a t e d b y b l u e - g r e e n a j g a e
w i t h a c o m p l e t e l y d i f f e r e n t c e l ! s t r u c t u r e t h a n a n y o t h e r g r o n p o f
p h y t o p l a n k t o n s p e c i e s . In a d d i t i o n m a n y b l u e - g r e e n s f o r m l a r g e
c o l o n i e s . K e n c e M e c a n n o t s i m p l y a s s u m e t h a t P n m a x ( T ) o f
b l u e - g r e e n s c a n be c o m p u t e d a c c o r d i n g t o E q . ( 4 . 7 ) .

In c o n t r a s t to ( 4 . 7 ) a l l t h e f o l l o w i n g r e l a t i o n s a r e b a s e d upors a
l e a s t s q u a r e s f i t t h r o u g h s e t s o f d a t a p o i n t s . T h u s in g e n e r a l t h e y
s h o u l d y i e l d l o w e r v a l u e s f o r t h e m a x i m u m p r o d u c t ion r a t e . Th is f i t
p r o c e d u r e seetnsi h o w e v e r » m o r e a p p r o p r i a t e f o r a l i m i t e d n u m b e r o f
d a t a p o i n t s t h a n d r a w i n g a n e n v e l o p e c u r v e . T h i s is t r u e in p a r t i c -
u l a r f o r d a t a o b t a i n e d f r o m f i e l d p o p u l a t i o n s u n d e r u n c o n t r o l l e d
c o n d i t i o n s .

L a w s [ 1 9 7 5 ] w a s i m p r e s s e d b y t h e i m p o r t a n c e o f t h e s i z e on t h e
m a x i m u m n e t g r o w t h r a t e of a p h y t o p l a n k t o n c a l l , a s o b s e r v e d f o r
i n s t a n c e b y E p p l e y a n d S l o a n [ 1 9 6 6 ] f o r d i a t o m s a n d f l a g e l l a t e s .
D a f i n i ng

— Vj is a v e r a g e v o l u m e o f s p e c i e s j in c u b i c m i c r o n s »

h e p r o p o s e d t o d e s c r i b e P n m a x a s a f u n c t i o n of a s p e c i e s ' v o l u m e :

- 0 . 1 0 7 5
P n m a x C V ) = 4 . 2 7 * V l l / d a y ] C 4 . 8 )

In c o n t r a s t t o E p p l e y ' s e q u a t i o n » L a w s 1 i n c l u d e s m u l t i - c e l 1 u l a r
s p e c i e s w i t h g r e a t d i f f e r e n c e s in a v e r a g e s i z e » b u t n o i n d i c a t i o n
w a s g i v e n h o w t o a p p l y it a t o t h e r t e m p e r a t u r e s t h a n 2 0 °
c e n t i g r a d e . T h e c o n s t a n t 4 . 2 7 i n c l u d e s a c o r r e c t i o n f o r d a y
l e n g t h s of 12 in s t e a d of 2 4 h o u r s . A s m a y b e s e e n » ( 4 . 8 ) a n d ( 4 . 7 c )
y i e l d e s s e n t i a l l y t h e s a m e v a l u e s f o r s m a l l s p e c i e s ( a b o u t 5 0 0
c u b i c m i c r o n ) at a t e m p e r a t u r e o f 2 0 ° c e n t i g r a d e , T h e m a x i m u m n e t
g r o w t h r a t e of a s p e c i e s w i t h a v o l u m e o f 8 0 0 0 0 c u b i c m i c r o n » w h i c h
is a t y p i c a l v a l u e f o r a b l u e - g r e e n a l g a l c o l o n y , h o w e v e r » is o n l y
0 . 5 8 t i m e s t h e v a l u e o f a s p e c i e s o f 5 0 0 c u b i c m i c r o n a c c o r d i n g t o
E q . ( 4 . 8 ) .

A m o n g t h e f e w w h o h a v e p e r f o r m e d g r o w t h r a t e e x p e r i m e n t s w i t h
b l u e - g r e e n s » F o y » G i b s o n a n d S m i t h [ 1 9 7 6 ] p r e s a n t e d t h e f o l l o w i n g
l e a s t s q u a r e s e q u a t i o n b a s e d u p o n d a t a o f s e v e r a l s p e c i e s i s o l a t e d
f r o m t h e h i g h l y e u t r o p h i c L o u g h N e a g h in N o r t h e r n I r e l a n d :
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T
P n m a x ( T ) = I o g 2 * 0 , 1 5 7 1 * 1 . 1 1 2 6 [ 1 / d a y ] ( 4 . 9 a )

T h e i r e q u a t i o n y i e l d s m u c h l o w e r v a l u e s for P n m a x C T ) t h a n ( 4 , 7 c )
o v e r t ha e n t i r e r a n g e of t e m p e r a t u r e s o b s e r v e d in n a t u r a l l a k e s .
H o w e v e r » F o y et a l . d i s c o v e r e d a g r e a t d t s c r e p a n c y b e t w e e n t h e i r
e q u a t i o n and o b s e r v e d g r o w t h r a t e s in l o u g h N e a g h , w h i c h t h e y
l a r g e l y c o n t r i b u t e d to a n o n - l i n e a r r e s p o n s e of P n m a x C T ) to c h a n g e s
in d a y l e n g t h . In a s e c o n d s e r i e s of e x p e r i m e n t s u n d e r a l t e r n a t i n g
d a y l e n g t h s , t h e y o b t a i n e d m u c h h i g h e r P n m a x C T ) v a l u e s on a h o u r l y
b a s i s . Me h a v e c a l c u l a t e d an a l t e r n a t i v e e q u a t i o n f r o m t h e s e d a t a
to arrive at r

T
PnmaxCT) = Iog2 * 0.5342 * 1.0621 [ l / d a y l C 4 . 9 b )

P n m a x C T ) v a l u e s c a l c u l a t e d a c c o r d i n g to E q . ( 4 . 9 b ) a r e m u c h h i g h -
er t h a n a c c o r d i n g to ( 4 . 9 a ) , p a r l i r u l a r l y at low t e m p e r a t u r e s . It
is i n t e r e s t i n g t h a t t h e t e m p e r a t u r e c o ë f f i c i ë n t of ( 4 , 9 b ) is a l m o s t
t h e s a m e as E p p l e y ' s i b u t t h e d i f f e r e n c e :n m u i t i p i i c a t i o n c o n s t a n t
is s t i l l q u i t e s i g n i f i c a n t » i n d i c a t i n g l o w e r v a l u e s of P n m a x C T )
c o m p a r e d to o t h e r s p e c i e s .

O t h e r a u t h o r s h a v e p r e s e n t e d s i m i l a r d a t a , b u t m o r e i n t e r e s t i n g
t h a n s u m m a r i z i n g all of t h e s e is a c o m p a r i s o n to o b s e r v e d p r o -
d u c t i o n r a t e s u n d e r n a t u r a l c o n d i t i o n s . T h e r e a r e m a n y p u b l i s h e d
d a t a on o b s e r v e d p h o t o s y n t h e t i c r a t e s of n a t u r a l p o p u l a t i o n s »
a l t h o u g h o n l y s o m e of t h e s e a r e u s e f u l to t h e m o d e l . F r e q u e n t l y
r e s u l t s a r e e x p r e s s e d in t n c o m p a r a b l e u n i t s * or t h e d o m i n a n t s p e -
c i e s a r e n o t r e p o r t e d . We s h a l l t h e r e f o r e p r e s e n t o n l y o n e
l i t e r a t u r e e x a m p l e of a e u t r o p h i c l a k e a n d t h e n d i s c u s s t h e r e s u l t s
for G r o t e R u g .

J o n e s 1 1 9 7 7 a » 1 9 7 7 b , 1 9 7 7 c ] h a s p l o t t e d P n m a x d a t a for K i n n e g o
B a y Ca p a r t of L o u g h N e a g h ) . F r o m h i s g r a p h we h a v e e s t i m a t e d t h a t
t h e r e g r e s s i o n e q u a t i o n is a p p r o x i m a t e l y :

T
P g m a x = 4 . 3 5 6 * 1 . 0 4 8 [mg 0 2 / m g C h l . h r ] ( 4 . 1 0 a )

H i s e q u a t i o n w a s e s t a b l i s h e d for t h e t w o m a j o r g r o u p s in t h e b a y :
d i a t o m s and b l u e - g r e e n s » u s i n g t h e i n - s i t u l i g h t and d a r k b o t t l e
m e t h o d , To c o m p a r e ( 4 . 1 0 a ) to d a t a o b t a i n e d by t h e 1 4 C m e t h a d , it
s h o u l d be c o n v e r t e d to m i l l i g r a m c a r b o n p e r mg c h l o r o p h y l l PBT h o u r
by m u l t i p l i c a t i o n w ï t h t h e r e s p i r a t o r y q u o t i ë n t C R Q ) > w h i c h is
a p p r o x i m a t e l y 1.0 u n d e r n o r m a l c i r c u m s t a n c e s [ S t r i c k l a n d , 1 9 6 0 ;
J e w s o n , 1 9 7 7 ] and the r a t i o of t h e m o l e c u l a r w e i g h t s of c a r b o n a n d
o x y g e n ( 1 2 / 3 2 ) . H e n c e ( 4 . 1 0 a ) is a p p r o x i m a t e l y e q u i v a l e n t t o :

T
P g m a x = 1 . 6 3 4 * 1 . 0 4 8 [mg C / m g C h l . h r ] ( 4 . 1 0 b )

In 1 9 7 7 the D e l t a D e p a r t m e n t s t a r t e d its r e g u l a r m e a s u r e m e n t s of
p r o d u c t i o n r a t e s in G r o t e R u g . For the e n t i r e d a t a set the r e l a t i o n
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b e t w e e n t h e m a x i m u m n e t p r o d u c t i o n r a t a and t h e t e m p e r at ure is
h i g h l y s c a t t e r e d . H o w e v e r » u s i n g t h e RID d a t a on t h e p r e s a n c a of
v a r i o u s p h y t o p l a n k t o n g r o u p s » w e w e r e a b l e to s p l i t the d a t a s e t in
two p a r t s : one c o n t a i n i n g all d a t a for p e r i o d s » w h e n b l u a - g r e s n
a l g a e w e r e d o m i n a n t » and ona c a n t a i n i n g t h e r e s t of t h e d a t a . T h e
l a t t e r m a i n l y c o n s i s t s of da t a on d i a t o m s and f l a g e l l a t e s . In a d d i -
t i o n we ha v e e x c l u d a d measuretnents for p e r i o d s w h e n t h e t o t a l c h l o -
r o p h y l l c o n c e n t r a t ï o n w a s les s or e q u a l to 5 m g / m 3 . R e s u l t s a r e
s h o w n in F t g. 4 . 1 . For b l u e - g r e a n s » u s i n g all b u t two o b s e r v a t i o n s
for 1977» we o b t a i n e d :

P n m a x ( T ) » 0.756 * 1.081 tmg C/mg C h l , h r ] < 4 . 1 1 )

And for d i a t o m s and f l a g e l l a t a s :

P n m a x C T ) = 1.178 * 1.Q45 [mg C/mg C h l . h r ] ( 4 . 1 2 )

R - Q.T7, H • \i

?<< O. DOOS

ii.a ia. o

ftnp G« c

F i g u r a <V . l a

Li naar r a a r a s a i o n a f l o g a r i t h - n Pnctax
and t a n p a r a t u r a f o r d i a t o n s and
f U g a l l a t a s .

F i gura <* . lb

L i n e a r r a g r a s s i o n o f l o g a r i t h m Pnna*
and t e m p a r a t y r e f o r b l u a - g r a a n a l g a a .

C o m p a r e d t o ( 4 . 1 0 b ) > b o t h ( 4 . 1 1 ) a n d ( 4 . 1 2 ) y i e l d m u c h l o w e r v a l -
u e s o v e r t h e e n t i r e t e m p e r a t u r e r a n g e » w h i c h is a n i l l u s t r a t i o n o f
t h e k i n d o f p r o b l e m s e n c o u n t e r e d i n t e r p r e t i n g in s i t u p r o d u c t i o n
r a t e s . It c o u l d b e t h a t p r o d u c t i o n r a t e s a m h i g h e r in K i n n e g o B a y »
b u t b e c a u s e c a r b o n t o c h l o r o p h y l l r a t i o s m a y v a r y b y a f a c t o r o f
t h r e e » it c o u l d w e l l b e t h a t a c t u a l i y g r o w t h r a t e s per u n i t o f t i m e
a r e h i g h e r in G r o t e R u g .

F o r a c o m p a r i s o n b e t w e e n p h o t o s y n t h e t i c r a t e s ( i n m i l l i g r a m c a r -
b o n o r o x y g e n p e r m i l l i g r a m c h l o r o p h y l l psr h o u r ) a n d g r o w t h r a t e s
( i n u n i t p e r d a y ) e i t h e r o n e o f t h e m h a s t o b e c o n v e r t e d . T h e
r e l a t i o n b e t w e e n o x y g e n a n d c a r b o n m e a s u r e m e n t s h a s b e e n s h o w n
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b e f o r e , h e n c a w g s h a l l o n l y g i v e t h e c o n v e r s i o n f r o m m i l l i g r a m c a r -
bon per mg m i l l i g r a m c h l o r o p h y l l per h o u r to d a i l y g r o w t h r a t e s .

To a s t i m a t e the g r o w t h r a t e u n d e r c o n t i n u o u s i H u m i n a t i o n > we
p r o p o s e a m u l t i p 1 i c a t i o n by 16 r a t h e r t h a n 24 h o u r s [ S e c . 5,2]>
w h i c h is of c o u r s e o n l y an a p p r o x i m a t i o n . F u r t h e r m o r a we m u s t
d i v i d s the p h o t o s y n t h e t i c r a t s s by t h e c a r b o n to c h l o r o p h y l l r a t i o ,
w h i c h h a s an a p p r o x i m a t e v a l u e of 30 for all s p e c i e s in G r o t e R ug
upon w h i c h t h e E q s . ( 4 . 1 1 ) and ( 4 . 1 2 ) a r a b a s e d . H e n c e to c o m p a r e
t h e s e e q u a t i o n s to ( 4 . 7 ) a nd ( 4 . 9 ) t h e y s h o u l d be m u l t i p l i e d by
16 / 3 0 or 0 . 5 3 . B ut we m i g h t w e l l f i nd a n o t h e r c o n v e r s i o n m o r e
a p p r o p r i a t e u n d e r d i f f e r e n t c o n d i t i o n s . B e c a u s e a h i g h e r c a r b o n to
c h l o r o p h y l l r a t i o t h a n 30 is m o r e o f t e n o b s e r v e d t h a n a l o w e r
v a l u e * t h i s c o n v e r s i o n t e n d s to o v e r - e s t i m a t e g r o w t h r a t e s c a l c u -
l a t e d f r o m p h o t o s y n t h e t i c r a t e s .

As w a s m e n t i o n e d
in Fig 4 . 2 .

e a r l i e r a p l o t of t h e v a r i o u s e q u a t i o n s is g i v e n

1 _ JOHiït

2 — EPnsr / aLOOM n i SM*U SPECIES I

3 _ mors nua, BLUE

4 _ UTOROBT Al.

5 _ ÜKOTS WO, SMALL SfiSCIES

6 - SLOOM n f BLUE
— " i

7 - SOLOMiN AND CAftPSNTSR

3 _ tor er

I i 3 4 S S 7 t S 10 !t 11 , 13 14 IS IS 17 IS 13

-0,4 -

F i g u r e 4.2 E q u a t i o n s to r e l a t e l o g a r i t h m P n m a x p e r day to
t e m p e r a t u r e in ° C. R e f e r e n c e s a r s in t h e t e x t .

4 . 6 . 2 C a l c u l a t i o n o f m a x i m u m p r o d u c t i o n in B L O Q M II

M o s t s q u a t i o n s g i v e n in t h e f o r e g o i n g s e c t i o n h a v e v e r y s i m i l a r
t e m p e r a t u r e d e p e n d e n c e s . V a l u e s of th e Q 1 0 u n d e r l a b o r a t o r y c o n d i -



t i o n s a r e 1,89 [ E p p l e y ] a n d 1 . 8 3 [ F o y et a l . ] . F o r n a t u r a l p o p u -
1 a t i o n s t h e Q1 0 s h o w s a b r o a d e r r a n g e f r o m 1 . 5 5 to 2 . 1 9 . A s u r v e y of
l i t e r a t u r e d a t a i n d i c a t e s t h a t t h e s e r e s u l t s a r e in a g r e e m e n t t o
w h a t h a s b e e n o b s e r v e d b y a l m o s t a n y o n e e l s e , s e e f o r i n s t a n c e
G o l d m a n a n d C a r p e n t e r 1 1 9 7 4 ] » or S a k s h a u g 1 1 9 7 7 ] in a d d i t i o n t o
r e f e r e n c e s in H a r r i s 1 1 9 7 8 ] » w h o r e p o r t s v a l u e s f o r t h e Q l ö b e t w e e n
1.8 and 2 . 3 . S i n c e b o t h E p p l e y a n d F o y et a l . h a v e r e p o r t a d a l m o s t
i d e n t i c a l v a l u e s f o r t h e Q 1 0 of t h e m a i n g r o u p s of s p e c i e s in t h e
m o d e l w h e n t h e y w e r e g r o w n u n d e r s i m i l a r c o n d i t i o n s » M e h a v e
a d o p t e d t h a s a m e t e m p e r a t u r e c o ë f f i c i ë n t ( E p p l e y ' s ) f o r e a c h s p e -
c i e s in B L O O M II .

N e h a v e s o m e d o u b t a b o u t a Q 1 0 v a l u e of 1.89 f o r d i n o f l a g e l l a t e s .
R e l a t i v e l y low g r o w t h r a t e s h a v e b e e n r e p o r t e d f r e q u e n t l y f o r t e m -
p e r a t u r e s b e t w e e n 1 0 ° a n d 2 0 ° c e n t i g r a d e i B r u n o a n d M c L a u g h l i n »
1 9 7 7 ; H a r r i s et a l . » 1 9 7 9 » r e f e r e n c e s in L a w s » 1 9 8 0 ] . W e h a v e
d e t e r m i n e d a Q 1 0 v a l u e of 3 . 5 7 f o r t h e p e r i a d w h e n t h e d i n a f l a g e l -
l a t e C e r a t i u m , h i r i | n d i l

n q J . l a w a s d o m i n a n t in R i n g 2 in 1 9 7 8 u s i n g t h e
p r o d u c t i o n m e a s u r e m e n t s o f t h e D e l t a D e p a r t m e n t . B u t t h e t e m p e r -
a t u r e r a n g e w a s t o o s h o r t ( o n l y a b o u t 5 ° ) a n d m o r e o v e r a l l l o w
v a l u e s of P n m a x ( T ) w e r e o b s e r v e d w h e n t h e b l o o m w a s a l r e a d y d e c l i n -
i n g . H e n c e t h e h i g h v a l u e of t h e Q 1 0 m a y h a v e b e e n c a u s s d by c h a n g e s
in t h e g e n e r a l h e a l t h of t h e p o p u l a t i o n r a t h e r t h a n b y c h a n g e s in
t e m p e r a t u r e . We c o n c l u d e d t h a t t h e r e is p r e s e n t l y i n s u f f ï c i e n t
i n f o r m a t i o n on c o n t r o l l e d e x p e r i m e n t s at d i f f e r e n t t e m p e r a t u r e s t o
a s s u m e a h i g h e r Q 1 0 v a l u e f o r d i n o f l a g e l l a t e s t h a n f o r o t h e r g r o u p s
of s p e c i e s .

U n f o r t u n a t e l y a c o m p a r i s o n of t h e c o n s t a n t s in t h e v a r i o u s
e q u a t i o n s s h o w s t h a t t h e r e is l e s s a g r e e m e n t on t h e a b s o l u t e v a l u e
of P n m a x ( T ) t h a n on t h e t e m p e r a t u r e d e p e n d e n c e C F i g . 4 . 2 ) . We m u s t
t h e r e f o r e m a k e s o m e a s s u m p t i o n s . F o r s m a l l s i n g l e - c e l l e d s p e c i e s
we h a v e a d o p t e d E p p l e y ' s e q u a t i o n » b e c a u s e it is b a s e d on so tnany
d a t a a n d is a b l e to r e p r e s e n t a l a r g e v a r i e t y of o b s e r v a t i o n s r e a -
s o n a b l y w e l l . F o r i n s t a n c e o u r G r o t e R u g E q . ( 4 . 1 2 ) m u l t i p l i e d b y
0 . 5 3 y i e l d s p r a c t i c a l l y t h e s a m e v a l u e s at low t e m p e r a t u r e s a s
( 4 . 7 c ) » b u t s t a r t s to d e v i a t e f r o m it at h i g h e r t e m p e r a t u r e s ( F i g .
4 . 2 ) . H o w e v e r » s m a l l s p e c i e s u s u a l l y b l o o m at l o w t e m p e r a t u r e s in
e u t r o p h i c l a k e s a n d m o r e o v e r u s i n g a r e l a t i v e l y h i g h v a l u e of
P n m a x ( T ) at h i g h t e m p e r a t u r e s is c o n s i s t e n t t o t h e o b j e c t i v e of t h e
m o d e l . T h u s we a r e c o n f i d e n t t h a t ( 4 . 7 c ) is a r e a s o n a b l e e s t i m a t e
for P n m a x ( T ) of s m a l l s p e c i e s u n d e r n a t u r a l c o n d i t i o n s .

T h e r e is r e a s o n a b l e a g r e e m e n t t h a t b l u e - g r e e n a l g a e h a v e contpar-
a t i v e l y low m a x i m u m p r o d u c t i o n r a t e s [ H a r r i s » 1 9 7 8 3 . A c c o r d i n g t o
Eq . ( 4 . 9 b ) of F o y et a l . t h e i r P n m a x ( T ) v a l u e is o n l y 0 . 6 3 t i m e s t h e
v a l u e of s m a l l s p e c i e s c o m p u t e d by E p p l e y ' s e q u a t i o n . A s s h o w n e a r -
l i e r » t h e r a t i o b e t w e e n t h e m a x i m u m p r o d u c t i o n r a t e of b l u e - g r e e n s
a n d of s m a l l s p e c i e s a c c o r d i n g t o L a w s ' E q . ( 4 . 8 ) is e v e n s m a l l e r :
0 . 5 8 .

J o n e s in c o n t r a s t f o u n d n o d i f f e r e n t v a l u e f o r t h e m a x i m u m p h o t o -
s y n t h e t i c r a t e of v a r i o u s s p e c i e s » a n d we h a v e f o u n d a r a t i o of 0 . 6 4
at 0° b u t o n l y 0 . 9 0 at 1 0 ° c e n t i g r a d e . W h y t h e r a t i o b e t w e e n t h e
p r o d u c t i o n r a t e s of l a r g e b l u e - g r e e n s a n d s m a l l s p e c i e s s e e m s s m a l -
ler u n d e r n a t u r a l c o n d i t i o n s t h a n in t h e l a b , is n o t o b v i o u s . A s i m -
p l e e x p l a n a t i o n w o u l d be if s m a l l s p e c i e s had l o w e r c a r b o n t o
c h l o r o p h y l l r a t ï o s t h a n b l u e - g r e e n a l g a e b e c a u s e c o m p u t e d g r o w t h
r a t e s d e p e n d on t h e s e r a t i o s { S e c . 4 . 6 . 1 ] . B u t b a s e d u p a n m e a s u r e -
m e n t s by t h e D e l t a D e p a r t m e n t for s e v e r a l y e a r s w e h a v e e s t a b l i s h e d
t h e s a m e v a l u e of a b o u t 3 0 b o t h for d i a t o m s » a n d f l a g e l l a t e s as f o r
A o h a n i z o m e n o n w h i c h p r o v i d e d m o s t of t h e d a t a p o i n t s f o r E q .
( 4 . 1 1 ) .

45



As a compromise r we have assumed that Pnmax(T) of blue-greens is
0.7 times Pntnax(T) of small species. To obtain this difference a
louer dependence on volume was assumed than suggested by Laws,
namely a power of -0.07D28 instead of -0.1075 C80000 dïvided by 500
to the power of -0.07028 equals 0 . 7 0 ) , Thus the final equation for
the maximum growth rate in BLOOM II b e c o m e s ;

-.07028 T
PnmaxCT,V) = Iog2 * 1.3171 * V * 1,066 [1/dayJ CA.13a)

which is equivalent to:

-.07028 T
Pnmax(T,V) • 0.9129 « V * 1.066 tl/dayj (4.13b)

and:

-.07028
Pnmax(T,V) = 1.0729 * EXPC0.0639T-0 . 16) * V ll/day] (4.13c)

Eqs. (4.13a,brc) are completely equivalent to Eq. (4.7c) for a
species with a volume of 500 cubic micron (an average value for a
smallf single-ce1led s p e c i e s ) . Because Foy et a l . did not find an
obvious difference between the maximum growth rates of various s p e -
cies of blue-green algae related to their volume» we have used the
same volume of 80000 cubic micron for all blue-greens in the model.

As will be shown later* BLOOM II is not very sensitive to the
exact ratio between Pnmax(T>V) of large and small s p e c i e s . The rea-
son is that we have scaled the respiration rates to represent a s p e -
cific fraction of Pnmax(T>V) at some given temperature» hence
differences in Pnmax(T,V) are Cpartly) compensated by equivalent
adjustments of the respiration r a t e s .

Vj is a species dependent constant» but as we have left out all
subscripts j in this chapter, we shall maintain our ortginal
notations of PnmaxCT) and P g m a x ( T ) . In the mod e l , however»
Pnmax(T,Vj) and Pgmax (T> V,, ) are used.

4.7 PHOTQSYNTHESISt LIGHT AND TEMPERATURE

4.7.1 Photosvnthetic efficiency and light

S i n c e the mid 1950s> w h e n t e c h n i q u e s to m e a s u r e p h o t o s y n t h e t i c
r a t e s w e r e g r e a t l y i m p r o v e d , m a n y r e s u l t s h a v e b e e n o b t a i n e d r e l a t -
ing p r o d u c t i o n to ligh t i n t e n s i t y . S o m e of t h e s e e a r l i e r r e s u l t s »
e s p e c i a l l y t h o s e of R h y t h e r [1956]> h a v e b e c o m e c l a s s i c a l and a r e
r e p r o d u c e d by P a r s o n s and T a k a h a s h i [ 1 9 7 3 ] and B o u g i s E 1 9 7 4 1 in
t h e i r b o o k s on a q u a t i c e c o l o g y . U s u a l l y p r o d u c t i o n is an
o p t i m u m - t y p e f u n c t ï o n of l i g h t . The p r o d u c t i o n r a t e i n c r e a s e s w i t h



increasing i n t e n s i t y I, as long as I is b e l o w l o p t , For i n t e n s t t i e s
a b o v e l o p t , the p r o d u c t i o n r a t e d e c r e a s e s as i n t e n s i t i e s i n c r e a s e .

To c o m p a r e the c u r v e s of d i f f e r e n t species» we s t a n d a r d i z e them
( i . e . d i v i d e by P g m a x ( T ) ) . The s t a n d a r d i z e d curves» which we call
e f f i c i e n c y curves» range from 0.0 to 1.0. It is o b v i o u s from Eq.
C ̂ t. 3) that w i t h o u t n u t r i ë n t l i m i t a t i o n t h i s s c a l i n g p r o c e d u r e
e x a c t l y gives us the f u n c t i o n E ( I » T ) for BLOOM II at a p a r t i c u l a r
t e m p e r a t u r e .

B e c a u s e s e v e r a l g r o u p s of s p e c i e s are included in BLOOM II» an
e f f i c i e n c y c u r v e s h o u l d ba s p e c i f i e d for e a c h . U n f o r t u n a t a l y p u b -
lished p r o d u c t i o n (or e f f i c i e n c y ) c u r v e s of d i f f e r e n t a u t h o r s show
g r e a t v a r i a t i o n s [ L i n g e m a n - K o s m e r c h o c k » 1 9 7 9 a | even for a s i n g l e
species» ntainly b e c a u s e g e n e r a l l y a c c e p t e d met hodo log i es are l a c k -
ing. Cotnparable r e s u l t s can only be o b t a i n e d if all p h y t o p l a n k t e r s
are c u l t i v a t e d at the same t e m p e r a t u r e » n u t r i ë n t levels» light
intensity» ltght regime» light s p e c t r u m e t c . M o r e o v e r » the e x p e r -
imental c o n d i t i o n s s h o u l d be the same when p r o d u c t i o n is m e a s u r e d .
This» h o w e v e r , is u s u a l l y not the case and as will be s h o w n later
[ C h a p . 5]» d i f f e r e n c e s b e t w e e n the ïnitial s l o p e s (hence l o p t ) in
p a r t i c u l a r have large i tnpl i cat i ons .

To o b t a i n a c o n s i s t e n t data set for the s p e c i e s in the model» a
large e x p e r i m e n t a l r e s e a r c h p r o j e c t was initiated for W A B A S I M at
the M i c r o b i o l o g i c a l L a b o r a t o r y of the U n i v e r s i t y of A m s t e r d a m . The
r e s u l t s w e r e , however» not yet a v a i l a b l e for the model c o m p u t a t i o n s
included in t h i s r e p o r t . For t h e s e we have used p r o d u c t i o n c u r v e s
which were m e a s u r e d by the Delta D e p a r t m e n t using s a m p l e s from
G r o t e Rug. T h e r e are some o b v i o u s d i s a d v a n t a g e s in c o m p a r i s o n to
l a b o r a t o r y m e a s u r e m e n t s t

• S e v e r a l s p e c i e s are p r e s e n t in each s a m p l e .
• The c o n d i t i o n s p r e v i o u s to the m e a s u r e m e n t s (light

regime» n u t r i e n t s » t e m p e r a t u r e ) are by d e f i n i t i o n u n i q u e
for each s a m p I e .

Still we think that the e f f i c i e n c y c u r v e s of the D e l t a D e p a r t m e n t
are much more useful than s ï m i l a r r e s u l t s o b t a i n e d by o t h e r s
b e c a u s e ;

1. The nutnber and f r e q u e n c y of m e a s u r e m e n t s is u n u s u a l l y
high (weekly data in four b a s i n s p r o v i d e over 200 m e a s u r e -
m e n t s a year ) ,

2. Each of the four b a s i n s is sampled w e e k l y , giving us the
o p p o r t u n i t y to c o m p a r e each i n d i v i d u a l r e s u l t to t h r e e
others» w h i c h w e r e m e a s u r e d under partly s i m i l a r c o n d i -

• tions of for instance t e m p e r a t u r e and s u r f a c e light
i ntensi ty.

U n f o r t u n a t e l y the first year of p r i m a r y p r o d u c t i o n m e a s u r e m e n t s
( 1 9 7 7 ) only p r o v i d e d e f f i c i e n c y c u r v e s for a limited number of s p e -
c i e s . 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 were low and p o p u l a t i o n s c o n -
s i s t e d of s e v e r a l s p e c i e s in all but one e n c l o s u r e (Ring 2)» which
was d o m i n a t e d by a s i n g l e s p e c i e s Aphani z o m e n o n a l m o s t all y e a r .
Except for diatotns and f l a g e l l a t e s » data for other (groups o f ) s p e -
cies were s c a r c e or c o m p l e t e l y a b s e n t .

In 1978 t h e r e was a s u c c e s s i o n of d i a t o m s and f l a g e l l a t e s f o l -
lowed by A p h a n i z o m e n o n flos agua» then by C e r a t i u m h i r u n d i n e l l a and
f i n a l l y by O s c i l l a t o r i a r u b e s c e n s in the same e n c l o s u r e a c c o r d i n g
to the data of the RID

After two y e a r s a l t o g e t h e r five to twenty c u r v e s were a v a i l a b l e
for each group of s p e c i e s in the model» e x c e p t green a l g a e . We have



c a r e f u l l y s e l e c t e d t h o s e in w h i c h t h e e n v i r o n m e n t a 1 c o n d i t i o n s
b e f o r a and d u r i n g t h e m e a s u r e m e n t s w e r e v e r y s i m i l a r , f o r i n s t a n c e
t h e t a m p a r a t u r e w a s a l w a y s a b o u t 1 5° c e n t i g r a d e . B e c a u s e u s u a l i y
d i f f e r e n t e f f i c i e n c y c u r v e s g a t h e r e d for o n e g r o u p a r a a l m o s t i d e n -
t i c a l so long as t h e tatnperature is t h e s a m e i we ar e c o n f i d e n t t h a t
t h e d i f f e r s n c e s b e t w e e n p h o t o s y n t h e t i c e f f i c i e n c y c u r v e s of t h e
s p e c i e s h a v e a r e a l e c o l o g i c a l s i g n i f i c a n c a .

For g r e e n a l g a e w e u s e t h e s a m e c u r v e as for f l a g e l l a t e s » s i n c e
t h e s m a l l n u m b a r of c u r v e s for t h i s g r o u p r e s e m b l e d t h o s e of f l a -
g e l l a t e s c l o s e l y . A p l o t of t h e e f f i c i e n c y c u r v e s of t h a m o d e l is
s h o w n i n F i g . 4 . 3 .
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F i g u r e 4 . 3

Jo u l a s / m /hr

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

In t h a f o r e g o i n g w e h a v e c o n s i s t e n t l y u s e d t h e t e r m ' e f f i c i e n c y
c u r v a ' ) a s if it w o u l d b e o b v i o u s h o w t o f i t a c u r v e t h r o u g h t h a
d i s c r e t e p o i n t s o f m e a s u r e m e n t s in a p l o t o f p r o d u c t i o n
( e f f i c i e n c y ) d a t a a g a i n s t t h e l i g h t i n t e n s i t y . A c t u a l l y t h i s is n o t
t h e c a s e a n d m a n y d i f f e r e n t e q u a t i o n s f o r p r o d u c t i o n c u r v e s h a v e
b e e n p r o p o s e d f o r i n s t a n c e b y S m i t h E 1 9 3 6 I » T a l l i n g [ 1 9 5 7 ] » S t e a l e
{ 1 9 5 8 ] a n d M u r p h y [ 1 9 6 2 ] ; s e e a l s o t h e r e v i e w b y P a t t e n ( 1 9 6 8 1 .
R e c a n t l y a n a l t e r n a t i v e a q u a t i o n w a s p r o p o s a d b y E i l e r s a n d P e e t a r s
o f t h e D e l t a D e p a r t m e n t [ u n p u b l i s h e d 1 , U s u a l i y t h e s e e q u a t i o n s
h a v e t o s a t i s f y t w o c r i t e r i a : o f c o u r s e t h e y s h o u l d f i t w e l l » b u t
m o r e o v e r t h e y s h o u l d b e i n t a g r a t a b l a o v e r d a p t h a n d t i m e t o a c c o u n t
f o r v a r i a t i o n s in l i g h t i n t a n s i t y u n d a r n a t u r a l c o n d i t i o n s . T h e
l a s t c o n d i t i o n h a s s o m e t i m a s l e d t o a s u b s t a n t i a l s i m p l i f i c a t i o n o f

* S p l i n e f u n c t i o n s c a n b e r e g a r d a d a s t h a m a t h e m a t i c a l a n a l o g u e o f
' f i t t i n g b y e y e ' .



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

A s a n a l t e r n a t i v e t o e a c h o f t h e s e e q u a t i o n s » s e v e r a l a u t h o r s
h a v e u s e d m o r e e m p i r i c a l f i t p r o c e d u r e s , A m o n g t h e s e a r e » o f c o u r s e
' f i t t i n g b y e y e ' » b u t a l s o m o r e s o p h i s t i c a t e d m e t h o d s s u c h a s u s i n g
' s p l i n e s ' 4 . W e w i l l n o t » h o w e v e r » d i s c u s s a n y o f t h e s e m e t h o d s i n
d e t a i 1 .

I n B L O O M I I a n e m p i r i c a l m e t h o d i s u s e d . F o r e a c h s p e c i e s t h e
i n p u t o f t h e m o d e l c o n t a i n s a n e f f i c i e n c y v a l u e f o r 3 g r e a t n u m b e r
o f l i g h t i n t e n s i t i e s ( u s u a l l y 3 4 ) . V a l u e s a t i n t e r m e d ï a t e i n t e n s i -
t i e s a r e o b t a i n e d b y i n t e r p o l a t i o n . T h e s e t a b u l a t e d e f f i c i e n c y
d a t a s e t s a r e i n t e g r a t e d n u t n e r i c a l l - y t o a c c o u n t f o r v a r i a t i o n s i n
l i g h t i n t e n s i t y o v e r d e p t h a n d t i m e [ C h a p . 5 ] . N o t i c e t h a t t h i s
p r o c e d u r e s t i l l e n a b l e s u s t o u s e o n e o f t h e e a r l i e r m e n t i o n e d
e q u a t i o n s » b e c a u s e w e c a n f i r s t f i t s o m e c u r v e t h r o u g h t h e m e a s u r e -
m e n t s a n d t h e n f e e d t h e e f f i c i e n c y v a l u e s o f t h e a q u a t i o n r a t h e r
t h a n t h e m e a s u r e m e n t s i n t o t h e m o d e l . T h i s p r o c e d u r e w a s u s u a l l y
e m p l o y e d w i t h t h e p r o d u c t i o n d a t a o f t h e D e l t a D e p a r t m e n t w h i c h
w e r e f i t t e d b y t h e E i l e r s - P e e t e r s e q u a t i o n .

4.7.2 Photosvnthetic efficiency and temoeratuie

So f a r we h a v e o n l y d i s c u s s e d t h e p r o d u c t i o n e f f i c i e n c i e s at a
c o n s t a n t t e m p e r a t u r e , b u t w e s h a l l n o u i n v e s t i g a t e t h e e f f e c t of
t e m p e r a t u r e . G i v e n s u f f i c i e n t n u t r i e n t s » g ( e ( ) = 1.0 f o r e a c h
n u t r i ë n t i in E q . ( 4 . 3 ) . H e n c e it f o l l o w s frotn E q s . ( 4 . 3 ) a n d ( 4 . 5 a )
t h a t :

Pg(I,T) = E(I»T)*Pgmax(T)

and

E ( I , T ) = P g ( I » T ) / P g m a x ( T ) ( 4 . 1 4 )

T o c o t n p u t e t h e a v e r a g e e f f i c i e n c y i n t h e m o d e l i E ( I » T ) m u s t b e
i n t e g r a t e d o v e r I» a s w i l l b e s h o w n i n C h a p . 5 . A s » h o w e v e r »
P g m a x ( T ) i s a n e x p o n e n t i a l f u n c t i o n o f t e m p e r a t u r e » E ( I , T ) i s a
f u n c t i o n o f t e m p e r a t u r e a s w e l l . T h u s w e s h a l l f i n d a d i f f e r e n t
v a l u e f o r t h e a v e r a g e e f f i c i e n c y f o r e a c h t e m p e r a t u r e » e v e n i f I i s
c o n s t a n t . T h i s is a g r e a t c o m p u t a t i a n a 1 d i s a d v a n t a g e > w h i c h c o u l d
f o r c e u s t o r e i n t e g r a t e E ( I * T ) f o r e a c h t e m p e r a t u r e . I n t h e f o l l o w -
i n g w e s h a l l d e m o n s t r a t e » t h a t t h i s r e i n t e g r a t i o n c a n b e
c i r c u m v e n t e d b y a n a p p r o p r i a t e t r a n s f o r m a t i o n o f t h e v a r i a b l e I .

T h e r e l a t i o n b e t w e e n t h e r a t e o f p r o d u c t f o n a n d t h e l i g h t i n t e n -
s i t y is b a s i c a l l y a p h o t o c h e m i c a l r e a c t i o n . T h u s w e s h o u l d n o t
e x p e c t a n y e f f e c t o f t e m p e r a t u r e s o l o n g a s t h e l i g h t i n t e n s i t y i s
b e l o w I o p t » t h a t i s t h a i n i t i a l p a r t o f t h e p r o d u c t i o n c u r v e s h o u l d
r e m a i n t h e s a m e . W h e n » h o w e v e r > t h e l i g h t i n t e n s i t y e q u a l s I o p t »
t e m p e r a t u r e r a t h e r t h a n l i g h t i s l i m i t i n g t o t h e r a t e o f
p r o d u c t i o n . A n y f u r t h e r i n c r e a s e i n l i g h t i n t e n s i t y h a s n o e f f e c t
( w e w i l l i g n o r e t h e e f f e c t o f p h o t o i n h i b i t i o n f o r t h e m o m e n t ) .



If t h e t e m p e r a t u r e i s c h a n g e d , t h e i n i t i a l p a r t o f t h e p r o d u c t i o n
c u r v e r e m a i n s t h e s a m e , b u t t h e l i g h t i n t e n s i t y a t w h ï c h t e m p e r -
a t u r e b e c o m e a l i m i t i n g d o p t ) , n o w h a s a d i f f e r e n t v a l u e b e c a u s e
P g m a x ( T ) h a s c h a n g e d . I f t h e s l o p e o f t h e p r o d u c t i o n c u r v e is f a i r -
l y l i n e a r u n t i l I a p p r o a c h e s I o p t > w e m a y e v e n g o o n e s t e p f u r t h e r
a n d s u g g e s t t h a t t h e c o ë f f i c i ë n t w h i c h d e s c r i b e s t h e d e p e n d e n c e o f
I o p t o n t e m p e r a t u r e m u s t b e t h e s a m e a s f o r P g m a x ( T ) .

H a r r i s E 1 9 7 8 ] g i v e s s o m e m o r e P h y s i o l o g i c a l d e t a i l s . a n d s u m m a -
r i z e s r e s u l t s f o r v a r i o u s p h y t o p l a n k t o n g r o u p s . I n d e e d in t h e c a s e
o f g r e e n a n d b l u e - g r e e n s a l g a e , I o p t i s a f u n c t i o n o f t e m p e r a t u r e >
b u t h e a l s o g i v e s a n e x a m p l e o f t h e d i a i r o m A s t e r i o n e 1 la. f o r . m o s a > in
w h i c h t h e i n i t i a l s l o p e d o e s c h a n g s w i t h t e m p e r a t u r e .

W h e n a p h y t o p l a n k t o n c e l l is e x p o s e d t o a l i g h t i n t e n s i t y a b o v e
l o p t j it m a y b e d a m a g a d a n d t h e p r o d u c t i o n r a t e g o e s d o w n , T h i s p r o -
c e s s is c a l l e d p h o t o i n h i b i t i o n . R e p a i r o f t h e d a m a g e i s u s u a l l y
p o s s i b l e f o l l o w i n g c e r t a i n c h e m i c a l r e a c t i o n s w h i c h a r e e x p o n e n -
t i a l f u n c t i o n s o f t e m p e r a t u r e . T h u s t h e r a t e o f p h o t o i n h i b i t i o n i£
a l s o a n e x p o n e n t i a l f u n c t i o n o f t h e t e m p e r a t u r e . B e c a u s e t h e Q 1 0
o f m o s t b ï o c h e m i c a l r e a c t i o n s i s a p p r o x i m a t e l y 2 . 0 » w e c a n r e a s o n -
a b l y a s s u m e t h a t t h e Q 1 0 o f p h o t o i n h i b i t i o n a n d o f P g m a x ( T ) a r e
a p p r o x i m a t e l y t h e s a m e .

of
LU

1

S.

O , ̂  ,M JLJ M

TEMPERATURE T

TEMPERATURE T1

LIGHT tNTENSITY 1

F i g u r e T h e g r o s s p r o d u c t i o n r a t e c o n s t a n t
a s a f u n c t i o n o f t h e l i g h t
i n t e n s i t y I a t t w o d i f f e r e n t
t e n t p e r a t u r e s T a n d T ' .

T h e o v e r a l l e f f e c t o f t e m p e r a t u r e a n t h e p r o d u c t i o n c u r v e i s
t h e r e f o r e a s s h o w n in F i g . 4 . <+. N o t i c e t h a t t h e i n i t i a l s l o p a
r e m a i n s t h e s a m e a n d t h a t t h e s h a p e o f t h e c u r v e s a t t w o d i f f e r e n t
t e m p e r a t u r e s a r a e q u a l . T h u s it f o l l o w s t h a t

I ' P g '

I P g

or ;
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I' = I *
Pg'

Pg
(4. 15)

Since temperature only affects the gross production rate con-
stant via Pgmax(T)> the ratio af Pg' at temperature T' and Pg at
temperature T is according to Eq. (4,13c)

EXPt0.0639*T'-0.16 3

EXP[0.0639*T -0.16 3
EXP[-Q.0639*CT~T'

Hence

I1 = I * EXP[-Q.Q639*(T-T' ) I (4.16)

Thus we can transform E(I.T) to a function of a single variable
I' , where

Because the efficiency
temperature of 15°,

curvas used by the model are measured at a

T' = 0.0639*15 = 0.96

hence Eq. (4.16) can be replaced by

E X P ( - Q . 0 6 3 9 * T ~ 0 . 9 6 ) (4.17)

Notice that I' = I at T = 1 5 ° . We might call I' an eaui valent
i ntens i ty.

Before we continue we must adel some c o m m e n t s on the temp e r a t u r e
dependence of the net and gross maximum product ion rate c o n s t a n t s .
As we have shown earlïer in Eq, (4.6) P g m a x ( T ) is computed adding
R(T) to P n m a x ( T ) . Because respiration has a higher t e m p e r a t u r e
dependence than P n m a x ( T ) , P g m a x ( T ) and P n m a x ( T ) are different
functions of t e m p e r a t u r e . However» R(T) is so small in co m p a r i s o n
to both P n m a x ( T ) and Pg m a x ( T ) [Sec, 4 . 8 1 , that the dif f e r e n c e in
tem p e r a t u r e c o ë f f i c i ë n t of Pn m a x ( T ) and P g m a x ( T ) created by Eq .
(4.6) can be ignored for all practical p u r p o s e s . According to Eq,
(4.7a) the temperature constant of Pn m a x ( T ) equals 1.066> adding
RCT) we find a range of 1.066 to 1,069 for P g m a x ( T ) , depending on
the specific respfration rates of dif f e r e n t species in the m o d e l .
Thus a relation between Iopt and te m p e r a t u r s which is determined
from m a a s u r a m e n t s of the net rate of primary production» is also
valid for the gross rate of primary p r o d u c t i o n and can be used in
the m o d e l .
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So far out analysis has been theoretical. We shall now investi-
gate if there is any evidence in the data of the Delta Department
that Eq. (4.17) is indeed valid, For simplicity we shall consider
one special lïght intensity namely lopt» because it is tnuch aasier
to compare the values of Iopt at different temperatures than of the
entire efficiency curve.

As for Pnmax(T) the Delta Department has only correlated Iopt and
temperature for a whole year data set of each separate basin and
since none of them has a constant species composition> the corre-
lations are obscured by species dependent differences in Iopt(T).
Neverthelessj a significant correlation was observed for each
basin in 1977 with a temperature coëfficiënt of 1.05 in one of them
and 1.06 in the three others. These values are rather close to what
we expected to find 1.066» the temperature constant of Pnmax(T) in
BLOOM II.

As in the case of Pnmax(T) we have regrouped all measured values
of Iopt. Each group consists of only those values when according to
the RID one or several closely related species were clearly domi-
nant. Next we have performed a linear regression of the logarithm
of Iopt against temperature:

L o g d o p t C T ) ) = a*T + b (4.16)

The correlation was significant for each (group of) species (Fig.
4.5) with temperature coefficients close to 1.066 (Table 4.1).

Table 4.1

Linear regression of Log(Iopt) and temperature for four (groups of)
specias in Grote Rug and the three enclosures in 1977 and 1978.
Coëfficiënt b is in Joules/m 2/h and P is the significance level.

Group/Spec i gs

d i atoms
flagellates
Aphani zomenon
Osc tllator t a l

a

1.07a
1.081
1.077
1.058

b

1.03 D05
7.93 D04
6.48 D04
5.91 D04

P

0.0246
0.0005
0.0008
0.0002

Temperature
range

5.0 - 14.5
7.0 - 13.5
3.5 - 15.5
1 . 5 - 14.0

1 One exceptional measurement was excluded.

Althougb there are insufficient data for other species in Grote
Rug» these results clearly demonstrate that Iopt(T) and Pnmax(T)
have a very similar temperature dependence. Hence Iopt at a temper-
ature of T degrees can indeed be calculated from Iopt at 15° accord-
i ng to:

IoptCT) = Iopt(lS) x EXP(-Q.0639*T + 0.96) (4.19)
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F i g u r a <t. Sa

U n a a r r a s r a s s i o n of l o g a n t h m l o g t
and t a n p e r a t u r e for d i a t o m s .

F i g u r a <*.5b

U n a a r r a g r a s a i o r t of l o g a r i t h m l o n t
and ismperatura for flaqel,

H g u r a ^ . S c

L l n a a r r a g p e s s i o n of l o g a r t t h m l a p t
and t a m p a r a t u r e for A n h a n i tonanan..,

F I g u r a 4 . 5d

L i n a a r r a g r u s s i o n of l o g a r i t h m Iopt
and t e m p e r a t u r e for O s c \ 1 l a t o r i a .

R e t p o s p e c t i v a a n d a d d i t i o n a l r e m a r k s

A t t h e b e g i n n i n g o f S e c . 4 , 7 w e h a v e s a i d t h a t t w o d i s t i n c t p r o c -
e s s e s d a t e r m i n s t h e r a t e o f p h o t o s y n t h e s i s > o n e d e p e n d i n g o n t h e
l i g h t i n t e n s i t y a n d o n e o n t h e t e m p e r a t u r e . W e h a v e i n v e s t i g a t e d
b o t h p r o c e s s a s in d e t a i l a n d s h o w n t h a t f o r p h y s i o l o g i c a 1 r e a s o n s i
b o t h P g m a x ( T ) a n d I o p t C T Ï m u s t n o t o n l y d e p e n d o n t e m p e r a t u r e n b u t
a l s o ïn s t r i c t l y t h e sarae w a y . T h i s p r e d i c t i o n w a s c o n f i r m e d b y
l i t e r a t u r e d a t a a n d r e s u l t s o f t h e G r o t e R u g p r o d u c t i o n m e a s u r e -
m e n t s .
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T h e l ï g h t i n t e n s i t y is h i g h l y v a r i a b l e in a n a t u r a l e n v i r o n m e n t »
b u t t e m p e r a t u r e m a y w e l l b e c o n s i d e r e d c o n s t a n t d u r i n g a w e e k . T h u s
t o c a l c u l a t e t h e a v e r a g e p r o d u c t i o n r a t e d u r i n g a t i m e - s t e p , w e
m u s t i n t e g r a t e o v e r I, b u t n o t o v e r T : t e m p e r a t u r e e f f e c t s a p p e a r
as m u i t i p 1 i c a t i o n c o n s t a n t s in t h e e q u a t i o n s , B e c a u s e E ( I » T ) is a
f u n c t i o n of t e m p e r a t u r e n it s e e m e d a s if w e w o u l d h a v e t o i n t e g r a t e
E ( I » T ) f o r e a c h t e m p e r a t u r e w h i c h w o u l d b e c o m p u t a t i o n a 1 ly u n a c -
c e p t a b l e . T h i s s e r i o u s p r o b l e m w a s c o m p l e t e l y o v e r l o o k e d b y
B i g e l o w et a l . [ 1 9 7 7 ] , w h o h a d c o n s i d e r e d E ( I , T ) a s a f u n c t i o n o f I
o n l y . H o w e v e r , w e h a v e s h o w e d t h a t a s i m p l e t r a n s f o r m a t i o n of I
I e t s us c o m p u t e an e f f i c i e n c y v a l u e f o r e a c h t e m p e r a t u r e T g i v e n
t h e s t a n d a r d e f f i c i e n c y c u r v e at 1 5 ° C ,

S u m m a r i z i n g : to c o m p u t e t h e a v e r a g e e f f i c i e n c y at a g i v e n t e m p e r -
a t u r e T a n d l i g h t i n t e n s i t y I, t h e m o d e l C l ) i n t e g r a t e s t h e S t a n d -
a r d » 1 5 ° C e f f i c i e n c y c u r v e s a n d p u t s t h e r e s u l t s in a t a b 1 e , ( 2 )
t r a n i f o r m s t h e l i g h t i n t e n s i t y I t o t h e c o r r e s p o n d i n g 1 5 ° v a l u e I S
a n d ( 3 ) l o o k s up t h e a v e r a g e e f f i c i e n c y a t t h i s t r a n s f o r m e d i n t e n -
s i t y l e v e l I' C a n d n o t IJ .

We h a v e d i s c u s s e d o n e m e c h a n i s m b y w h i c h I o p t ( T ) c o u l d v a r y w i t h
s e a s o n , b u t it m a y b e a r g u e d t h a t o t h e r f a c t o r s , c o r r e l a t e d w i t h
t e m p e r a t u r e » a c t u a l l y c a u s e t h e v a r i a t i o n in I o p t ( T ) . W e c o u l d
a s s u m e f o r i n s t a n c e t h a t l o p t ( T ) is a f u n c t i o n o f t h e l i g h t r e g i m e
to w h i c h e a c h p h y t o p l a n k t e r a d a p t s . If t h e a v e r a g e l i g h t i n t e n s i t y
( I a v ) w o u l d b e c o m e l o w f o r e x a m p l e w e m i g h t s p e c u l a t e t h a t I o p t
w o u l d d e c r e a s e . J o r g e n s e n [ 1 9 6 9 ] h a s d e m o n s t r a t e d a d a p t a t i o n to
t h e a v e r a g e l i g h t i n t e n s i t y f o r s e v e r a l s p e c i e s » w h o e i t h e r c h a n g e
( 1 ) t h e a m o u n t of c h l o r o p h y l l p e r u n i t o f b i o m a s s , o r ( 2 ) t h e r a t e
o f c e r t a i n b i o c h e m i c a l p r o c e s s e s .

I n t e g r a t i n g t h e L a m b e r t - B e e r e q u a t ï o n ( 5 . 1 ) , w h i c h c o m p u t e s t h e
l i g h t i n t e n s i t y at e a c h d e p t h , it m a y b e s h o w n t h a t a p p r o x i m a t e l y :

Is
Iav =>

K*Zmax

w h e r e t

— I a v is t h e d e p t h a v e r a g e d l i g h t i n t e n s i t y ,
— Is is t h e s u r f a c e l i g h t i n t e n s i t y ,
— K i s t h e t o t a l e x t i n c t i o n p e r tn,
— Z m a x is t h e m a x i m u m d e p t h in m .

In m o s t c a s e s t h e s u r f a c e l i g h t i n t e n s i t y ( I s ) a n d t e m p e r a t u r e
a r e h i g h l y c o r r e l a t e d , b e c a u s e t h e y f o l l o w m o r e o r l e s s t h e s a m e
a n n u a l p a t t e r n . H o w e v e r , a s t h e e x t i n c t i o n ( K ) is aitïong o t h e r s
d e t e r m i n e d b y t h e c o n c e n t r a t i o n o f p h y t o p l a n k t o n , t h e a v e r a g e
l i g h t i n t e n s i t y is n o t n e c e s s a r i l y c o r r e l a t e d to t e m p e r a t u r e .
M o r e o v e r t h e r e l a t i o n b e t w e e n 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 n d t e m -
p e r a t u r e w i l l be s i m i l a r f o r m a n y D u t c h l a k e s in a p a r t i c u l a r y e a r »
b e c a u s e t h e y a r e s h a l l o w a n d h e a t up o r c o o l o f f r a p i d l y in r e s p o n s e
t o c h a n g e s in s u r f a c e l i g h t i n t e n s i t i e . s . B u t a s t h e e x t i n c t i o n a n d
t h e d e p t h v a r y p e r l a k e , so d o e s t h e r e l a t i o n b e t w e e n t h e a v e r a g e
l i g h t i n t e n s i t y a n d t e m p e r a t u r e .

To i n v e s t i g a t e t h e r e l a t i o n b e t w e e n I a v a n d I o p t , w e h a v e p e r -
f o r m e d l i n e a r r e g r e s s i o n s b e t w e e n ;



1* The average light intensity (lav) and the water temper-
ature CT) .

2. Iopt and temperature.
3. Iopt and the average light intensity lav.
4. Iopt qnd temperature a_nd the average light intensity lav

(multiple regression).

As for the regression between Iopt and tamperature ISec. 4.7.21
we have sorted the measurements according to species dominance dur-
ing the observations. The significance levels are shown in Tabls
4.2.

Table 4.2

Significance level of linear regressions between Iopt»
temperature» and lav for periods «hen one (group of) species was
dominant. Data from primary production measurements in Grote Rug in
1977 and 1978.

Group or
Spec i es

d i atoms
f lage 1 lates
Aphan i zomenon
Osc i llator i a 1

lav to T

0.24
0.01
0.13
0.01

Iopt to T

0.025
0.0005
0.0002
0.0008

Iopt to lav

O . U
0.02
0.002
0.0001

Iopt to
T and lav

0,14
0.0029
0.0007
0.0002

One exceptional m e a s u r e m e n t was e x c l u d e d .

From Table 4.2 Me concluded that treating I o p t ( T ) as a function
of t e m p e r a t u r e and not of the average light intensity or both tem-
pera t u r e and the average light intensity is justified in the case
of Grote Rug. For three out of four cases Iopt(T) is more s t r o n g l y
correlated to T than to lav or lav and T. Only for O s c i l l a t o r i a both
t e m p e r a t u r e and the average light intensity seem i m p o r t a n t . Notica
that also in the case of Aohan i z o m e n o n . when lav and T were not s i g-
nificantly c o r r e l a t e d , the c o r r e l a t i o n between I o p t ( T ) and T was
higher than between I o p t C T ) and lav.

One final remarkj p r e l i m i n a r y results of the incubator research
project at the U n i v e r s i t y of Amsterdam suggest that Iopt of several
species grown at a constant t e m p e r a t u r e do change as a function of
the average light intensity. Hence it may be neces s a r y to include
light adaptation in the model at a later s t a g e .

4.8 gESFI R A T I O N

It takes a long s e q u e n c e of b i o c h e m i c a l reactions before the p h o -
tochemical energy which was trapped by the pigm e n t s of a cell, hss
been transformed into chemical e n e r g y . There are often several d i f -
ferent p a t h w a y s and many intermediate p r o d u c t s . Actual energy
gains take only place at few of these reactions» when a mol e c u l e ADP
and an ortho-P graup form one molecule A T P .

55



If f o r sonte r e a s o n p a r t o f t h e s e q u e n c e is b l o c k e d » i n t e r m e d i a t e s
m a y b e e x c r e t e d I H a r r i s , 1 9 7 8 ] » o r o x y d i z e d , t h e r e b y s e r i o u s l y
r e d u c i n g t h e n u m b e r o f A T P m o l e c u l e s t h a t is f o r m e d . B l y c o l a t e f o r
i n s t a n c e m a y b e r e l e a s e d b u t it m a y a i s o r e a c t w i t h QZ> p r o d u c i n g
C 0 2 , a m o n g o t h a r s . T h i s r e a c t i o n , k n o w n a s o h o t o r e s p j r a t i o n i is
f a v o r e d b y h i g h l i g h t i n t e n s i t i e s a n d h i g h i n t e r n a l c o n c e n t r a t i o n s
o f 0 2 a n d s e e m s i m p o r t a n t in m a n y t e r r e s t r i a l p l a n t s . G r e e n a l g a e ,
h o u e v e r i a r e t h e o n l y p h y t o p i a n k t e r s w i t h t h e n e c e s s a r y e n z y m e s y s -
t e m [ H a r r i s » 1 9 7 8 ] a n d ss t h e r a t e o f p h o t o r e s p i r a t i o n is
p r e s u m a b l y s m a l l » it s e e m s u n i m p o r t a n t in t h e p r e s e n t c o n t e x t .

A n o t h e r p r o c e s s b y w h i c h 0 2 is t a k e n u p a n d C 0 2 r e l e a s e d » is k n o w n
a s d a r k r a s n i r a t i o n . U s t n g s u b s t r a t e s o f t h e p r e v i o u s l i g h t
p e r i o d » it s e r v e s t w o f u n c t i o n s : ( 1 ) f o r m a t i o n o f A T P p l u s r e d u c -
t a n t s , a n d C 2 ) f o r m a t i o n o f c a r b o n s k e l e t o n s . R a v a n [ 1 9 7 6 1 m a k e s a
d i s t i n c t i o n b e t w e e n ' g r o w t h ' a n d ' m a i n t e n a n c e ' r e s p i r a t i o n .
' G r o w t h ' r e s p i r a t i o n p r o d u c e s t h e A T P a n d c a r b o n f o r n e w c e l l m a t e -
r i a l a n d i t s s p e c i f i c r a t e is p r o p o r t i o n a l t o t h e s p e c i f i c g r o w t h
r a t e o f a s p e c i e s . ' M a i n t e n a n c e ' r e s p i r a t i o n p r o d u c e s t h e A T P f o r
t h e b a s a l m e t a b o l ï s m o f t h e c e l l s a n d i t s s p e c i f i c r a t e is i n d e -
p e n d e n t o f t h e s p e c i f i c g r o w t h r a t e .

U n l i k e s u g g e s t e d b y i t s n a m e > d a r k r e s p i r a t i o n u s u ê ' l l y c o n t i n u e s
in t h e l i g h t at a p p r o x i m a t e l y t h e satne r a t e in m a n y s p e c i e s . In s p e -
c i e s o f b l u e - g r e e n a l g a e » h o w e v e r » ' g r o w t h ' r e s p i r a t t o n c a n
d e c r e a s e c o n s i d e r a b l y a t l o w l i g h t i n t e n s i t i e s » t h e r e b y r e d u c i n g
t o t a l r e s p i r a t i o n t o ' m a i n t e n a n c e ' r e s p i r a t i o n o n l y [ H a r r i s ,
1 9 7 8 ] .

S t r i c k l a n d 1 1 9 6 0 ] , H a r r i s [ 1 9 7 8 ] a n d m a n y o t h e r s h a v e s h o w n t h a t
i n s t a n t a n e o u s d a r k r e s p i r a t i o n r a t e s a r e d i f f i c u l t t o m e a s u r e .
M o r e o v e r , a s w e a l r e a d y m e n t i o n e d in S e c . 4 . 4 , t h e u s u a l l y e m p l o y e d
1 4 C m e t h o d t o e s t i m a t e p r i m a r y p r o d u c t i o n d o e s n o t a l l o w r e s p i r a -
t i o n t o b e m e a s u r e d a s w e l l . A s t h i s m e t h o d is a l s o u s e d in G r o t e
R u g , o u r e s t i m a t e s o f t h e r e s p i r a t i o n r a t e s m u s t b e b a s e d o n l i t e r -
a t u r e d a t a .

S i m i l a r t o P n m a x C T ) , R C T ) is u s u a l l y d e s c r J b e d as a n e x p o n e n t i a l
f u n c t i o n o f t e m p e r a t u r e :

R C T ) * E X P C A * T - B ) ( 4 , 2 0 )

A c c o r d i n g t o H a r r i s [ 1 9 7 8 ] R C T ) u s u a l l y v a r i e s b e t w e e n 0 . 0 5 a n d
0 . 2 0 t i m e s P n m a x C T ) at 2 0 ° c e n t i g r a d e . H e a l s o p o i n t s o u t , h o w e v e r ,
t h a t R C T ) is a s t r o n g e r f u n c t i o n o f t e m p e r a t u r e t h a n P n m a x C T ) w i t h
a Q 1 0 b e t w e e n 2 . 3 a n d 2 . 9 . T h u s r e s p i r a t i o n b e c o m e s r e l a t i v e l y l e s s
i m p o r t a n t a s t e m p e r a t u r e s d e c r e a s e . D i n o f l a g e l l a t e s a r e t h e o n l y
p h y t o p l a n k t o n g r o u p in w h i c h a h i g h e r r a t i o o f R C T ) t o P n m a x C T ) h a s
f r e q u e n t l y b e e n o b s e r v e d , a s w e s h a l l l a t e r d i s c u s s in s o m e d e t a i l .

T h e c o e f f i c i e n t s A a n d B f o r v a r i o u s ( g r o u p s o f ) s p e c i e s C T a b l e
4 . 3 ) h a v e b e e n e s t a b l i s h e d u s i n g r e s u l t s b y : M u r e t a l . { 1 9 7 8 ] o n
b l u e - g r e e n s » J o n e s [ 1 9 7 7 a , b , c ] o n b l u e - g r e e n s a n d d i a t o m s j H u m -
p h r a y [ 1 9 7 5 ] o n d i a t o m s a n d d i n o f l a g e l l a t e s ; F a l k o w s k ï a n d O w e n s
[ 1 9 7 8 ] , P r e z e l i n a n d S w e e n e y [ 1 9 7 8 1 o n d i n o f l a g e 1 l a t e s i B u r r i s
[ 1 9 7 7 ] o n d i n o f l a g e ! l a t e s a n d v a r i o u s o t h e r s ; R a v e n [ 1 9 7 6 ] o n v a r i -
o u s s p e c i e s ; t h e r e v i e w s b y S t r i c k l a n d [ 1 9 6 0 ] , P a r s o n s a n d
T a k a h a s h i [ 1 9 7 3 ] , H a r r i s [ 1 9 7 8 ] a n d L i n g e m a n - K o s m e r c h o c k [ 1 9 7 9 b ] o n
v a r i o u s s p e c i e s .



T a b l e 4 . 3 .

R a t i o of R ( T ) to P n m a x ( T ) at 2 0 ° c e n t i g r a d e and Q10 v a l u e s of R ( T )
for s e v e r a l g r o u p s of s p e c i e s . C o e f f i c i e n t s A and B of Eq. ( 4 . 2 0 )
may be c a l c u l a t e d using Eq. ( 4 . 1 3 c ) for P n m a x ( T ) .

G r o u p of S p e c i e s

b l u e - g r e e n s
d i a t o m s
f l a g a l l a t e s
g r e e n s
di n o f l a g e l l a t e s

R C 2 0 ) / P n m a x ( 2 0 )

0.05
0,125
0.125
0.125
0.20

Q,1Q

2.5
2.5
2.5
2.5
1,89

The a s s u m p t i o n s for d i nof lagel l a t e s r e q u i r e sonte e x p l a n a t i o n .
Q r i g i n a l l y we had a s s u m e d a r a t i o b e t w e e n R ( T ) and P n m a x ( T ) of
0.30» w h i c h was a l r e a d y a low e s t i m a t e c o n s i d e r i n g t h a t m o s t l i t e r -
a t u r e v a l u e s are bet w e e n 0.30 and 0 . 5 0 . But ïf such a l a r g e f r a c t i o n
of the m a x i m u m p r o d u c t i o n w o u l d be r e q u i r e d for r e s p i r a t i o n > the
m o d e l could n e v e r c o m p u t a a s i g n i f i c a n t d i n o f l a g e l l a t e b l o o m >
b e c a u s e the sum of the loss t e r m s w o u l d s i m p l y ba too h i g h . The high
r a t i o s r e p o r t e d ïn the l i t e r a t u r e can o n l y be e x p l a i n e d if r e s p i r a -
t i o n is c o n s i d e r e d as the o n l y loss t e r m . H o w e v e r » in B L O O M II we
c o n s i d e r n a t u r a l m o r t a l i t y and r e s p i r a t i o n [Sec. 4 . 3 1 .

Our m o r t a l i t y e s t i m a t e is b a s e d on the a s s u m p t i o n t h a t net p h o -
t o s y n t h e s i s is m e a s u r e d by the 1 4 C m e t b o d and that all c a l c u l s t e d
l o s s e s are u n i n f l u e n c e d by r e s p i r a t i o n [ S e c . 4 . 9 ] , W h e n we c a l i -
b r a t e d the m o d e l with t h i s a s s u m p t i o n » we found t h a t a R ( T ) to
P n m a x ( T ) r a t i o of 0.20 for d ï n o f l a g e l l a t e s r e s u l t e d in a t o t a l loss
r a t e in the m o d e l t h a t w a s s u f f i c i e n t l y low to r e p r o d u c e o b s e r v e d
b l o o m l e v e l s [ C h a p . 8 ] ,

With t h i s n e w ratio of R ( T ) o v e r P n m a x ( T ) and a Q 1 0 of 2.5» h o w e v -
er» the o n l y d i n o f l a g e l l a t e s p e c i e s in the m o d e l » C a r a t i urn f r e -
q u e n t l y dontinated c o m p u t e d w i n t e r b l o o m s » w h i c h has n e v e r been
o b s e r v e d in r e a l i t y . One p o s s i b l e e x p l a n a t i o n has b e e n g i v e n e a r l i -
ar in S e c . 4.6.2» w h e r e it w a s p o i n t e d out that the m a x i m u m r a t e of
p r i m a r y p r o d u c t i o n c o u l d be a s t r o n g e r f u n c t i o n of t e m p a r a t u r e for
d i n o f l a g e l l a t e s t h a n for o t h e r s p e c i e s .

As a n o t h e r e x p l a n a t i o n c o n s i d e r the f o l l o w i n g . At 20° the r e s p i -
r a t i o n r a t e s of d i n o f l a g e l l a t e s are a b o u t t w i c e as high as t h o s e of
o t h e r , p h y s i o l o g i c a l l y s i m i l a r s p e c i e s » b a c a u s e d i n o f l a g e l l a t e s
need a d d i t i o n a l e n e r g y for b u o y a n c y c o n t r o l ( S e c . 5 . 7 ] . To r e g u l a t e
t h e i r p o s i t i o n in a w a t e r c o l u m n » d i n o f l a g e l l a t e s m a k e a c t i v a s w i m -
m i n g m o v e m e n t s . A s s u m i n g t h a t they do so regarüless of t e m p e r a t u r e »
t h e e x t r a e n e r g y r e q u i r e d by t h e s e s p e c i e s s h o u l d h a r d l y be a f u n c -
t i o n of t e m p e r a t u r e . Thus t o t a l r e s p i r a t i o n s h o u l d be less
t e m p e r a t u r e d e p a n d e n t t h a n in o t h e r s p e c i e s such as f l a g e l l a t e s :
d i n o f l a g e l l a t e s h a v e a lower Q10 for r e s p i r a t i o n . We h a v e t h e r e f o r e
a s s u m e d a Q 1 0 v a l u e of 1.89 for r e s p i r a t i o n » the s a m e Q10 v a l u e
w h i c h is used for P n m a x ( T ) .

We can i l l u s t r a t e t h i s r e a s o n i n g by tha f o l l o w i n g e x a m p l e :
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At 2 0 ° :
RCT) d i n o f l a g e l l a t e s = 0.40
RCT) f l a g e l l a t e s = 0.25
Required for fauoyancy control = 0.15 CO.40 - 0.25)

At 1 0 ° :
RCT) f l a g e l l a t e s = 0.10 CO.25 / 2.5)
RCT) d i n o f l a g e l l a t e s = 0.15 + 0.10 = 0.25

Hance the effective Q10 for res p i r a t i o n of d i n o f l a g e l l a t e s in
this example equals 0.40 divided by 0.25 which is 1.6.

Notice that in contrast to Laws [ 1 9 7 5 ] or Steele and Frost
[1977]» we have not assumed a d e p e n d a n c e b e t w e e n R C T ) and a
s p e c i e s ' v o l u m e . It seems that m e t a b o l i c and ac o l o g i c a l d i f f e r -
ences are much more important than d i f f e r e n c e s in s i z e . A c c o r d i n g
to our present a s s u m p t i o n s , the highest r e s p i r a t i o n rates are c o m -
puted for specie s with intermediate sizes C d i n o f l a g e l l a t e s ) , which
could never be explained if R C T ) was a m o n o t o n o u s l y d e c r e a s i n g
funct ion of s i ze.

NATURAL MORTALITY

A l t h o u g h r e s p i r a t i o n a n d n s t u r a l m o r t a l i t y a r e b o t h l o s s t e r m s »
t h e y a r e p h y s i o l o g i c a H y q u i t e d i s t i n c t . R e s p i r a t i o n is m a i n l y
C t h o u g h n o t e n t i r e l y ) a l o s s o f c a r b o n i c s u b s t a n c e s C e n e r g y ) . B u t a
h e a l t h y c e l l w i l l a v o i d r e s p i r i n g p r o t e i n s f o r e x a m p l e » u n l e s s c o n -
d i t i o n s b e c o m e e x t r e m e l y u n f a v o r a b l e . T h u s r e s p i r a t i o n w i l l n o t
a f f e c t a n y o f t h e n u t r i ë n t c y c l e s in t h e m o d e l .

A f t e r a n u m b e r of d i v i s i o n s » p a r t i c u l a r l y u n d e r u n f a v o r a b l e c o n -
d i t i o n s » a n y p h y t o p l a n k t e r w i l l s t o p p r o d u c i n g n e w c e l l s a n d w i l l
e v e n t u a l l y d i e . A f t e r w a r d it d i s i n t e g r a t e s a n d r e l e a s e s its c e l l
c o n t e n t s to t h e s u r r o u n d i n g w a t e r . A c e r t a i n f r a c t i o n w i l l be
r e l e a s e d in a f o r m > t h a t is a v a i l a b l e to l i v i n g c e l l s C o u r p r e s e n t
e s t i m a t e is 5 0 p e r c e n t , S e c . 3.6.1), but t h e r e s t w i l l b e l o s t t e m -
p o r a r i l y t o t h e d e t r i t u s p o o l and h a s to b e r e m i n e r a l i z e d . T h u s
m o r t a l i t y h a s t w o e f f e c t s on a p h y t o p l a n k t o n p o p u l a t i o n : l i k e r e s -
p i r a t i o n » it is a l o s s o f e n e r g y , b u t b e c a u s e t h e w h o l e c e l l
d i s i n t e g r a t e s > it is a l s o a l o s s of c e l l m a t e r i a l C a v a i l a b l e n u t r i -
e n t s ) .

A s w e h a v e s a i d p r e v i o u s l y [ S e c . 4 . 4 ] > t h e r e a r e n o d i r e c t w a y s t o
m e a s u r e t h e n a t u r a l m o r t a l i t y r a t e c o n s t a n t b e c a u s e t h e r e is n o
s e l e c t i v e d i s t i n c t i o n b e t w e e n d e a d c e l l m a t e r i a l s a n d o t h a r o r g a n -
ic s u b s t a n c e s . T h e o n l y w a y to e s t i m a t e M C T ) is to s u b t r a c t
o b s e r v e d n e t c h a n g e s in b i o m a s s f r o m m e a s u r e d r a t e s o f p r o d u c t i o n .
A s s u m i n g t h a t g r a z i n g c a n b e i g n o r e d a n d d e f i n i n g

— Pn is t h e d e p t h a n d t i m e a v e r a g e d n e t p r o d u c t i o n r a t e c o n -
s t a n t per d a y , w h i c h is e q u a l to t h e g r o s s p r o d u c t i o n r a t e
c o n s t a n t Pg m i n u s r e s p i r a t i o n )

— xav is t h e a v e r a g e 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 u r i n g
i n t e r v a 1 A t »

E q . ( 4 , 2 ) m a y b e r e w r i t t e n a s
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1 dx
M = p n - - — CA.21a)

x dt

which» for small values of dx/dt, can be approximated by:

Ax
M = P n - ( 4 . 2 1 b )

x a v A t

E m p l o y i n g t h i s i n d i r e c t m e t h o d t o G r o t e R u g d a t a f o r 1 9 7 7 » w e c o n -
c l u d e d t h a t

1 . B o t h p r o d u c t i o n a n d m o r t a l i t y r a t e s a r e o f t e n l a r g e t u p t o
1 , 0 p e r d a y ) c o m p a r e d t o t h e o b s e r v e d n a t r a t e s o f c h a n g e
in p h y t o p l a n k t a n p o p u l a t i o n s C u s u a l l y l e s s t h a n 0 , 1 p&r
d a y ) . H e n c e n e t p r o d u c t i o n a n d m o r t a l i t y a r e c l o s e l y b a l -
a n c e d ,

2 . M C T ) is e x p o n e n t i a 1 ly c o r r e l a t e d t o t h e w a t e r
t e m p e r a t u r e $

3 . B u t M C T ) c a n b e c o m e e x c e p t i o n a l 1 y l o w a t a n y t e m p e r a t u r e .
CA v a l u e s o f M = 0 . 0 h a s b e e n o b s e r v e d a t 1 5 ° c e n t i g r a d e in
G r o t e R u g ) .

A n n u a i t i m e s e r i e s o f M c o u l d n o t b e r e l a t e d t o a n y v a r i a b l e in a
w a y t h a t e n a b l e s m o r t a l i t y r a t e s t o b e c o m p u t e d in a g r e e t n e n t w i t h
o b s e r v e d n u m b e r s . T h i s h a s b e e n r e c o g n i z e d a s o n e o f t h e m o s t s e r i -
o u s p r o b l e m s in o u r m o d e l s i n c e t h e v e r y b e g i n n i n g o f t h e W A B A S I M
p r o j e c t . L i k e m o s t o t h e r p h y t o p l a n k t o n m o d e l s , B L O O M I I is r a t h e r
s e n s i t i v e t o t h e v a l u e o f s p e c i f i c m o r t a l i t y r a t e c o n s t a n t [ C h a p .
9 ] . A n e x t e n s i v e l i t e r a t u r e r e s e a r c h p r o v i d e d l i t t l e h e l p » f i r s t
b e c a u s e f e w p e o p l e m e a s u r e m o r t a l i t y » b u t s e c o n d b e c a u s e o t h e r
r e s u l t s [ J a s s b y a n d G o l d m a n , 1 9 7 4 ; M e g a r d a n d S m i t h , 1 9 7 4 ] , a r e
e q u a l l y u n p r e d i c t a b l e a s t h o s e in G r o t e R u g .

*In s o m e d y n a m i c m o d e l s E s e e f o r e x a m p l e N y h o l m * 1 9 7 8 ] it is
a s s u m e d t h a t t h e r e is a n e g a t i v e f e e d b a c k b a t w e e n M a n d x C s t e a d i l y
ï n c r e a s i n g m o r t a l i t y r a t e s a s a b l o o m r i s e s ) . H o w e v e r » t h e t h e o r e -
t i c a l b a c k g r o u n d o f t h i s a s s u m p t ï o n is m e a g r e . F o r e x a m p l e in G r o t e
R u g w e h a v e o b s e r v e d q u i t e t h e o p p o s i t e : m o r t a l i t y r a t e s a c h i e v e d a
m i n i m u m d u r i n g a b l o o m a n d w e r e r e l a t i v e l y h i g h w h e n t h e r e w a s l i t -
t l e p h y t o p l a n k t o n .

T h u s w e h a d t o c o n c l u d e t h a t w e c a n n o t c o m p u t e m o r t a l i t y r a t e s
a c c u r a t e l y w i t h o u r p r e s e n t k n o w l e d g e . O n l y t h e c o r r e l a t i o n w i t h
t e m p e r a t u r e s e e m s r e a s o n a b l y w e l l e s t a b l i s h e d . T h e r e f o r e w e h a v e
a d o p t e d a n a l t e r n a t i v e a p p r o a c h in a g r e e m e n t w i t h t h e m o d e i ' s p u r -
p o s e t o e s t i m a t e t h e h i g h e s t f e a s i b l e p h y t o p l a n k t o n b i o m a s s c o n -
c e n t r a t i o n s . O b v i o u s l y t h e s e ars o b t a i n e d if t h e m o r t a l i t y is s e t
t o t h e m i n i m u m v a l u e t h a t m i g h t ' r e a s o n a b l y 1 b e e x p e c t e d . S i n c e
m o r t a l i t y r a t e s c a n b e c o m e p r a c t i c a l l y z e r o a t a n y t e m p e r a t u r e , w e
c o u l d o f c o u r s e i g n o r e m o r t a l i t y a l t o g e t h e r . B u t w i t h t h i s a s s u m p -
t i o n t h e m o d e l c o m p u t e s b l o o m l e v e l s w h i c h a r e u n r e a l i s t i c a 1 l y h i g h
in a l l b u t a f e w c a s e s .

W e h a v e t h e r e f o r e s e t M C T ) e q u a l t o a h i g h e r » t e m p e r a t u r e d e p e n d -
e n t v a l u e t h a t w e w i l l c a l l M m i n ( T ) . S i n c e w e c a n n o t m e a s u r e m o r -
t a l i t y r a t e s d i r e c t l y , w e s h a l l f i r s t c o n s i d e r a n e s t i m a t e o f t h e
m i n i m u m p r o d u c t i o n r a t e P m i n C T ) r a t h e r t h a n M m i n ( T ) , R e m e m b e r i n g
h o w E p p l e y o b t a i n e d h i s e q u a t i o n f o r P n m a x C T ) , w e h a v e p l o t t e d a l l
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o b s e r v a t i o n s of t h e n e t p r o d u c t i o n r a t e p e r d a y in G r o t e R u g
a g a i n s t t e m p e r a t u r a ( F i g . 4 . 6 ) . N e x t w e h a v e f i t t e d an e n v e l o p
c u r v e b y e y e t h r o u g h t h e l o w e r d a t a - p o i n t s a t e a c h t e m p e r a t u r e . W e
h a v e f o l i o w a d t b i s p r o c e d u r e n o t o n l y f o r t h e e n t i r e d a t a s s t , b u t
a l s o f o r t h e t h r e e e n c l o s u r e s a n d t h e m a i n G r o t e R u g r e s e r v o i r s e p -
a r a t e l y . F o r t u n a t e l y t h r a e o u t o f f o u r c u r v e s w a r e r a t h e r s i t n i l a r .
O n l y t h e m i n i m u m p r o d u c t i o n r a t e s in R i n g 1 w a r e c a n s i d e r a b l y h i g h -
er t h a n in t h e o t h e r b a s i n s . T h e o v e r a l c u r v e f o r t h e e n t i r e d a t a
s e t c o u l d b e d e s c r i b e d a s :

P m i n C T ) = 0 . 0 4 1 . 1 0 3 ( 4 . 2 2 a )

<•> T E M ?

Fj g u r e 4.6 P r o d u c t i o n r a t e c o n s t a n t per d a y at d i f f e r e n t
t e m p e r a t u r e s in G r o t e R u g 1 9 7 7 . T h e d r a w n
c u r v e r e p r a s a n t s t h e m i n i m u m e s t i m a t e f o r
m o r t a l i t y u s e d by t h e m o d e l . D a t a f r o m t h e
D e l t a D e p a r t m e n t .

Of 2 0 4 d a t a - p o i n t s o n l y 1 2 C6 p a r c e n t ) f e i l b e l o w t h i s c u r v e ,
m o s t of t h e m d u r i n g t h e e a r l y s u m m e r b l o o m of A p h a n i zorttenon in R i n g
2» w h e n Pn w a s c l o s e to z e r o f o r s e v e r a l w e e k s .

As p r e v i o u s l y r e m a r k a d » t h s r e is o f t a n o n l y a s m a l l d i f f e r e n c e ;n
v a l u e b e t w a e n Pn a n d M> p a r t i c u l a r l y d u r i n g b l o o m s a n d a t l o w t e m -
p e r a t u r e s , w h e n t h e m o d e l is m o s t s e n s i t i v e to v a r i a t i o n s in m o r -
t a l i t y . T h u s w e m a y a l s o r e g a r d ( 4 . 2 2 a ) a s an e s t i m a t o r f o r
M t n i n ( T ) . R e w r i t t e n in its e x p o n e n t i a l f o r m we o b t a i n :

E X P ( 0 , 0 9 8 T - 3 . 2 1 9 ) ( 4 . 2 2 b )
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C o n s i d e r i n g o u r p r e s e n t k n o w l e d g s a n d t h e s i m i l a r i t y in e s t i -
m a t e s o f M m i n C T ) f o r b l o o m s o f d i f f e r e n t s p e c i e s » w e c u r r e n t l y u s e
t h e s a m e q v e r a l l e s t i m a t e f o r e a c h s p e c i e s . N o t i c e t h a t t h i s
a s s u m p t i o n d o e s n o t itnply t h a t t h e a c t u a l m o r t a l i t y r a t e s o f d i f -
f e r e n t s p e c i e s s h o u l d a l w a y s b a t h e s a m e » b u t r a t h e r t h a t a l l c o u l d
h a v e t h e s a m e l o w m o r t a l i t y r a t e u n d s r f a v o r a b l e c i r c u m s t a n c e s .

F o r t h e n u t r i ë n t c y c l e s o f B L O O M I I t h i s m e a n s t h a t t h e r a t i o s
b e t w e e n t h e a m o u n t s o f n u t r i e n t s in d e t r i t u s a n d l i v i n g p h y t o p l a n k -
t o n a r e t h e s a m e » r e g a r d l e s s o f t h e s p e c i e s in t h e b l o o m . T h u s o n l y
t h e d i f f e r e n c e s in s t o c h i o m e t r ï c c o n s t a n t s a, (J o f t h e s p e c i e s
d e t e r m i n e w h i c h w i l l d o m i n a t e u n d e r n u t r i ë n t l i m i t e d c o n d i t i o n s
E q . ( 3 . 7 ) .

W h e t h e r o r n o t o u r a s s u m p t i o n s t o e s t i m a t e M m i n C T ) a r e
r e a s o n a b l e » c a n o n l y b e v e r i f i e d c o m p a r i n g t h e p e r f o r m a n c e o f B L O O M
I I w i t h o b s e r v a t i o n s . W e s h o u l d e x p a c t a n o v e r - p r e d i e t i o n o n m o s t
o c c a s i o n s » b u t a n o c c a s i o n a l u n d e r - p r e d i e t i o n i s n o t i m p o s s i b l e .
F o r e x a m p l e a c t u a l m o r t a l i t y r a t e s in R i n g 2 in 1 9 7 7 w e r e l o w e r t h a n
c o m p u t e d b y E q . e * * . 2 2 b ) f o r M m i n C T ) . H e n c e B L O O M I I u n d e r - p r e d i e t s
t h e p e a k o f t h i s b l o o m b y a l m o s t a f a c t o r o f t w o .

T h e s e n s i t i v i t y o f t h e m o d e l f o r d i f f e r e n t v a l u e s o f M m i n C T ) i s
d i s c u s s e d l a t e r E S a c . 9 . 2 ] .
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5.AVEPAGING THE PPODUCTIQN

5.1 INTRODUCTION

The light i n t e n s i t y e n c o u n t e r e d by» and h e n c e the e f f i c i e n c y
E ( I » T ) of> a p h y t o p l a n k t o n cel!» is not c o n s t a n t b ut v a r i e s with
the w a t e r d e p t h , t u r b u l e n c e and t i m e . To a c c o u n t for t h e s e v a r i -
a t i o n s / the m o d e l m u s t c o m p u t e t he a v e r a g e e f f i c i e n c y E A V G in a
c e r t a i n p e r i o d . S e v e r a l b i o l o g i c a l and m a t h a m a t i c a l c o m p l i c a t i o n s
are i n v o l v e d in thi s c o m p u t a t i o n w h i c h will be the s u b j e c t of the
ne x t secti o n s .

The m a t h e m a t i c a l p r o c e d u r e s used in B L O O M II to c a l c u l a t e t he
a v e r a g e e f f i c i e n c y d u r i n g a t i m e - i n t e r v a l do not d i f f e r s t r o n g i y
from t h o s e d e v e l o p e d by B i g e l a w et a l , [ 1 9 7 7 ] for the O o s t a r s c h e l d e
b l o o m m o d e l » M o d i f i c a t i o n s in the c a l c u l a t i o n of P g m a x ( T ) ,
M m i n ( T ) , and R C T ) and ev e n t he t e m p e r a t u r e c o r r e c t i o n of E ( I , T ) ,
w h i c h w e r e d i s c u s s e d in C h a p . 4> c h a n g e t he v a l u e s g o i n g into t he
i n t e g r a t i o n r o u t i n e s r a t h e r than t h e s e r o u t i n e s t h e m s e l v e s . T he
sam e h o l d s for so m e a d d i t i o n a l m o d i f i c a t i o n s w h i c h a r e to be d i s -
c u s s e d in t h i s c h a p t e r .

To c a l c u l a t e the a v e r a g e p r o d u c t i o n d u r i n g a t i m e - s t e p » it m u s t
be i n t e g r a t e d over I:

ƒ P g m a x ( T ) * E ( I , T )

and s i n c e P g m a x ( T ) is i n d e p e n d e n t of the ligh t i n t e n s i t y , we can
wr i te

P g m a x ( T ) ƒ E C I , T )

In o t h e r w o r d s our p u r p o s e is to find the i n t e g r a t e d v a l u e of the
p r o d u c t i o n e f f i c i e n c y E ( I » T ) . To c a l c u l a t e t h i s i n t e g r a l , we
sho u l d a v e r a g e over the light i n t e n s i t y , t h u s we s h o u l d a c c o u n t
f o r :

1. V a r i a t i o n s in t i m e (day length» s u r f a c e i n t e n s i t y » i n t e n -
si ty p a t t e r n ) .

2, V a r i a t i o n s o v e r the d e p t h ,

A v e r a g i n g over time p r e s e n t s s o m e i n t e r e s t i n g b i o l o g i c a l p r o b -
l e m s . A v e r a g i n g over d e p t h is b o t h m a t h e m a t i c a l l y and b i o l o g i c a l l y
i n t e r e s t i n g » b e c a u s e t h e r e is a p o s i t i v e and n e g a t i v e f e e d b a c k
b e t w e e n the total p h y t o p l a n k t o n b i o m a s s and the d e p t h a v e r a g e d p r o -
d u c t i o n rate Pg. Wit h i n c r e a s i n g p h y t o p l a n k t o n b i o m a s s e s the
e x t i n c t i o n b e c o m e s l a r g e r , h e n c e t h e a v e r a g e l i g h t i n t e n s i t y and Pg
d e c r e a s e C s e l f - s h a d i n g ) . T h e o r e t i c a 1 1 y , Pg co u l d a l s o b e c o m e s m a l -
ler as the a v e r a g e light i n t e n s i t y i n c r e a s e s ( p h o t o i n h i b i t i o n ) . If
the t o t a l e x t i n c t i o n is low Cl i t t l e p h y t o p l a n k t o n > a low b a c k g r o u n d
e x t i n c t i o n ) » a d e c r e a s e in b i o m a s s r e s u l t s in a hi g h e r a v e r a g e
light i n t e n s i t y . H e n c e the ti m e s p e n d by p h y t o p l a n k t o n at
s u p e r - o p t i m a l light i n t e n s i t i e s is i n c r e a s e d and Pg b e c o m e s l o w e r .
H o w e v e r , the a v e r a g e light i n t e n s i t i e s in e u t r o p h i c w a t e r s are u s u -

62



ally very low. Thus sa 1f-shading is a much more common phenomenon
than photoinhibition.

As we have shown in Sec. 4.7.2, we can transform E(I,T) to E C I M
where I1 is an exponantial function of the temperature. Thus to
simplify the notations we shall write E(I) for E(I,T) In several
sections of this chapter.

5 , 2 AVERAGING OVER TIME: BASIC ASSUMPTIONS

Defi n e :

— DL is the number of hours b e t w e e n s u n r i s e and sunset» in
thts report called the "day l e n g t h ' .

A c c o r d i n g to Bi g e l o w et al.> a v e r a g i n g over time is s t r a i g h t f o r -
w a r d , They had made two implicit a s s u m p t i o n s :

1, The p r o d u c t i o n e f f i c i e n c y is a linear f u n c t i o n of \he day
lengt h ; thus the integrated p r o d u c t i o n for a day with DL
hours of light» e q u a l s D L / 2 4 t i m e s Pg under c o n t i n u o u s
i U u m i nat i on .

2. The p h y t o p l a n k t o n c e l l s are well mixed t h r o u g h a col u m n of
water» and each cell s p e n d s an equal amount of time at
each d e p t h . Hence the fr e q u e n c y at which the light i n t e n -
sity v a r i e s is u n i m p o r t a n t .

Many l a b o r a t o r y r e s u l t s on p h y t o p l a n k t o n g r o w t h rates such as
thosa reviewed by E p p l e y [ 1 9 7 2 ] have been p e r f o r m e d with a c o n s t a n t
illumination during 24 hours a d a y , The light intensity under
n a t u r a l conditions» h o w e v e r , s h o w s more v a r i a t i o n s than any other
e n v i r o n m e n t a l f a c t o r . Thus we should be very c a r e f u l in e x t r a p o l a t -
ing results of labora t o r y e x p e r i m e n t s .

ilxper i ments with a l t e r n a t i n g light and dark p e r i o d s are a first
step t o w a r d s more r e a l i s m , a l t h o u g h usually the light intensity
during the day period is still kept c o n s t a n t . The r e s u l t s for d i f -
ferent s p e c i e s seem to fall into three g e n e r a l c a t e g o r i e s :

1. Growth rates saturate» s o m e t i m e s even d e c r e a s e , at m o d e r -
ate day lengths Cbetween 12 and 16 h o u r s ) . This has been
o b s e r v e d for sorrte d i a t o m s [Castenholz» 1 9 6 4 ; Paascbe,
1 9 6 8 ; A d m i r a a l , 1 9 7 7 ; H u m p h r e y , 1 9 7 9 ] and for some f l a -
ge l l a t e s ( H u m p h r e y , 1 9 7 9 ]

2. Growth rates s a t u r a t e at a p p r o x i m a t e l y 16 hours and are
more or less p r o p o r t i o n a l to DL/16 for sh o r t e r day
le n g t h s . This has been o b s e r v e d for some d i a t o m s [ C a s t e n -
holz» 1 9 6 4 ; Paasche» 1 9 6 7 ; Humphrey» 1 9 7 9 ] , some f l a g e l -
lates ( P a a s c h e , 1 9 6 7 ] , G r e e n s [Eppley and Co a t s w o r t h »
1966> H u m p h r e y , 1 9 7 9 ; L o o g m a n , 1 9 8 0 ] and for some
b l u e - g r e e n s [Foy et a l . , 1 9 7 6 ; L o o g m a n , 1 9 8 0 ] .

3. Growth rates s a t u r a t e at a day length of 24 h o u r s . This
has been observed for some green algae [ P a a s c h e , 1 9 6 7 ] .

It seetns well e s t a b l i s h e d that at a day length of DL h o u r s , most
s p e c i e s a c q u i r e hïgher growth rates than e x p e c t e d a c c o r d i n g to a
simple p r o p o r t i o n a l i t y factor D L / 2 4 . In most cases a factor of
DL/16 seems more a p p r o p r i a t e . B e c a u s e there is i n s u f f i c i e n t i n f o r -
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m a t i o n on the i n d i v i d u a l s p e c i e s in t h e mode l » we h a v e for ea c h of
th e m a s s u m e d - t h a t the g r o w t h r a t e s for t h e n a t u r a l day l e n g t h s (8 to
16 h o u r s in t h e N e t h e r l a n d s ) are e q u a l to D L / 1 6 t i m e s t h o s e
o b s e r v e d u n d e r c o n s t a n t i l l u m i n a t i o n d u r i n g 24 h o u r s a d a y .

In s o m s r e c e n t experitnents t h s r e is n o t o n i y a lï g h t a n d a dar k
p e r i o d i but also a v a r i a b l e l i g h t i n t e n s i t y d u r i n g t h e p e H o d of
day light to s i m u l a t e t h e d a i l y r h y t h m . S o m e i n v e s t i g a t o r s e v e n
a t t e m p t to s i m u l a t e v a r i a t ï o n s in l i g h t i n t e n s i t y due to m i x i n g :
s u p e r i m p o s e d on the d a i l y c y c l e are v a r i a t ï o n s in i n t e n s i t y b e t w e e n
zero and the m a x i m u m l i g h t i n t e n s i t y at the c u r r e n t p a r t of the
c y c l e , Mar ra [1978J» who has p u b l i s h e d r e s u l t s on a n u m b e r of
m a r i n e s p e c i e s » r e m a r k e d t h a t f l u c t u a t i o n s in i r r a d i a n c e e n a b l e a
p h y t o p l a n k t e r (1) to av o i d p h o t o i n h i b i t i o n and (2) to b e n e f i t
s e v e r a l t i m e s from the high i n i t i a l rate of p h o t o s y n t h e s f s » w h i c h
is o f t e n o b s e r v e d after a r e i a t i v e l y d a r k p e r ï o d ('flashing l i g h t
e f f e c t ' ) .

C o m p a r i n g g r o w t h r a t e s of O s c j ^ a t o r i a a g a r d h i i to t h o s e of S c e -
n e d e s m u s o r o t u b e r a n s u n d e r d i f f e r e n t l i g h t r e g i m e s L o o g m a n [ p e r s .
coitiiti. ] o b s e r v e d an i n t e r e s t ^ n g d i f f e r e n c e . The b l u e - g r e e n alga»
w h t c h has a g r e a t e r p r o d u c t i o n e f f i c i e n c y at r e i a t i v e l y low li g h t
i n t e n s i t i e s t h a n t h e g r e e n a l g a , w a s m u c h b e t t e r a b l e to m a i n t a i n a
c o n s t a n t d a i l y g r o w t h r a t e at d i f f e r e n t r a t i o s b e t w e e n l i g h t and
dark p e r i o d s . T h e s e and s i m i l a r r e s u l t s c o u l d be of g r e a t i m p o r -
t a n c e to our u n d e r s t a n d i n g and m o d e l l i n g of p h y t o p l a n k t o n .
Unf o r t u n a t e ly > t h e y are far too s c a r c e up to t h i s m o m e n t to be u s e -
fui to the m o d e 1,

5.3 AN AFPROXIMATE SOLUTION FOR THE AVERAGE EFFICIENCY

B e f o r e we d i s c u s s how the a v e r a g e e f f i c i e n c y of e a c h p h y t o p l a n k -
ton s p e c i e s is c o m p u t e d in B L Q Q M II» we s h a l l f i r s t c o n s ï d e r a s i m -
p l i f t e d s o 1 u t i o n » in w h i c h the r e l a t i o n s b e t w e e n v a r i o u s
p a r a m e t e r s are m o r e t r a n s p a r a n t t h a n in the m o r e s o p h i s t i c a t e d s o l -
u t i o n of the m o d e l . F u r t h e r m o r e we can e a s i l y use t h e s i m p l ï f ï e d
s o l u t i o n for a d i s c u s s i o n of the t i m e - s c a l e s of p h y t o p l a n k t o n p o p u -
lati ons [ S e c . 5 . 5 1 .

To f n t e g r a t e E ( I , T ) a n a l y t ï c a l l y over I, we m u s t d e s c r i b e it by
one or s e v e r a l f u n c t i o n s . C o n s i d e r i n g t h e p u r p o s e of our s o l u t i o n »
we have s i m p l y approxitnated E ( I » T ) by two s t r a i g h t l i n e s : one for
the i n i t i a l p a r t of t h e e f f i c i e n c y c u r v e (from 1=0 to I = I o p t ) and
one for the d e s c e n d i n g p a r t of E ( I » T ) C I M o p t ) . T h e s e two l i n e s are
s h o w n in F i g.5 . 1 .

D e f i n e t h e f o l l o w i n g s y m b o l s in a d d i t i o n to t h o s e p r e v i o u s l y
def i n e d :

Imax is the h i g h e s t l i g h t i n t e n s i t y c o n s i d e r e d for E C I . T )
w h i c h is set to 1.75 I Q 6 J o u l e / m a / h r ,
Einb is 1.0 m i n u s t h e e f f i c i e n c y at I = I m a x . E i n b is in the
ord e r of 0.75 in w i n t e r and 0.50 in s u m m e r for m o s t s p e c i e s
a c c o r d i n g to the e f f i c i e n c y data of the D e l t a D e p a r t m e n t »
Kb is the b a c k g r o u n d e x t i n c t i o n per mf
KI is the t o t a l e x t i n c t i o n due to live p h y t o p l a n k t o n per m
Clj K J X J ) , w h e r e : '
Kj is the s p e c i f i c e x t i n c t i o n in m 2 per mg dry w e i g h t of
living c e l l s of s p e c i e s j .



Figure 5.1 S i m p l i f i e d p h o t o s y n t h e t i c e f f i c i e n c y c u r v e of a
p h y t o p l a n k t o n s p e c i e s .

Step 1: is to intagrate E C I f T ) over ths m a x i m u m m i x i n g depth
Ztnax. If light a b s o r b i n g p a r t i c l e s are h o m o g e n e o u s l y d i s t r i b u t e d »
the light intansity Iz at a depth of z m e t e r s i s , a c c o r d i n g to the
Lam b e r t - B e e r e q u a t i o n . equal t o :

Iz = Is * EXP(-K.z) C5.1)

In wh i ch

K = Kb + KI + Kd (5.2)

To a v e r a g e the e f f i c i e n c y over depth» we must c a l c u l a t e :

1 Zmax
ƒ E(Is*EXPC-K.z) ) dz

Zmax 0

(5.3)

Using Eq. (5.1) we find that

dl

dz
-K * Is * EXP(-K.z) = -K * I

Hence

-1
dz - dl

• K«I
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Thus with the appropriate transformation of the integration
limits» and defining

— IZmax as the light intensity at the bottom (z=Zmax)

we can rewrite Eq. (5.3) to

1 Is
ƒ E(I) 1/1 dl (5.4)

K*Zmax IZmax

From Fig. 5.1 obviously

ECI) « Cl.I (I < lopt)

ECI) = C2 - C3.I d o p t < I < Imax)

From Fig 5.1 it is easily verified» that:

Etnb*Iopt Einb
Cl = 1/Iopt, C2 = 1 + and C3 =

Imax - lopt Imax - lopt

Thus to integrate ECI) over I» we must find:

lopt Is Is
ƒ Cl dl - ƒ C3 dl + ƒ C2/I dl
IZmax lopt lopt

which yields for the depth averaged efficiency EDEP:

1 IZmax Einb (Is - lopt)
EDEP = [ C l - _ ) . - ( ) +

K*Zmax lopt Imax - lopt

Eïnb*Iopt Is
+ ( 1 + _ ) log ] (5.5)

Imax -lopt lopt

Step 2: averaging over time is trivial as at any instant most
phytoplankton is found in regions whare I < lopt» because usually
the depth averaged light intensity lav < lopt. Then assuming there
are no 'flashing light effects' on E(I)> the time and depth aver-
aged efficiency EAVG is:

DL
EAVG = — EDEP C5.6)

16
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The t e r m b e t w e e n the fi r s t p a i r of b r a c k e t s in Eq. ( 5 . 5 ) is the
e f f i c i e n c y for light i n t e n s i t i e s b e l o w I o p t . As u s u a l l y IZmax <;<
Iopti this f i r s t term in the e x p r e s s i o n for EDEP is a l w a y s c l o s e to
1. The term b e t w e e n the s e c o n d pair of b r a c k e t s i n d i c a t e s the
ef f e c t of p h o t o i n h i b i t i o n . This term is in the o r d e r of 0.00 to 0.05
in w i n t e r w h e n :

Iopt» Is << Imax

and in the o r d e r of 0.1 to 0.2 in summer w h e n Iopt has i n c r e a s e d by a
fac t o r of 3 [ S e c . 4 . 7 . 2 ] and Is by a fa c t o r of 10,

The r e m a i n i n g part of the e x p r e s s i o n r e p r e s e n t s the e f f e c t of
s a t u r a t i o n . The e x p r e s s i o n in front of the l o g a r i t h m is in the
orde r of 1,00 to 1.05 in w i n t e r and 1.05 to 1.10 in s u m m e r and the
log term is in the ord e r of log 1 to log 2 in w i n t e r and log 2 to log
4 in s u m m e r . T h u s for a t y p i c a l w i n t e r s i t u a t i o n w i t h a day length
of 8 hours» a p p r o x i m a t e l y :

8/16 0.7
E A V G = ( 1 - 0,03 + l. Ö 3 * l o g 1.5 ) =

K*Zmax K*Zmax

and for a t y p i c a l s u m m e r s i t u a t i o n with a day le n g t h 14 hours» we
may o b t a i n :

14/16 1.8
E A V<3 = ( 1 - Q. 1 5 + 1. 0 8 * l o o 3 ) =

K*Zmax K*Zmax

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

P h o t o i n h i b i t i o n is a l w a y s s m a l l u n d e r t y p i c a l e u t r o p h i c c o n d i -
t i o n s : in w i n t e r » t h e s e c o n d t e r m o f E q . ( 5 . 5 ) d e c r e a s e s E D E P b y
o n l y 0 . 0 3 / 1 , 4 w h ï c h is a b o u t 2 p e r c e n t » a n d in s u m m e r t h i s r a t i o h a s
o n l y i n c r e a s e d t o 0 . 1 5 / 2 or a b o u t 7 . 5 p e r c e n t .

In S e c , 4 . 7 . 2 w e h a v e s h o w n t h a t E ( I » T ) m u s t b e c o r r e c t e d f o r t e m -
p e r a t u r e s o t h e r t h a n 1 5 ° c e n t i g r a d e . B u t in s t e a d of c h a n g i n g
E ( I » T ) > w e s a i d t h a t a tr a n s f o r m a t i o n of t h e s u r f a c e i n t e n s i t y ( I s )
w o u l d y i e l d t h e s a m e r e s u l t . It is e a s i l y v e r ï f ï e d t h a t i n d e e d t h i s
is t h e c a s e in o u r s i m p l i f i e d s o l u t i o n . M u l t i p l y i n g E ( I » T ) b y a
c o n s t a n t w m e a n s w r i t i n g w * I o p t f o r I o p t a n d w * I m a x f o r I m a x in E q .
( 5 . 5 ) . R e s c a l i n g I m e a n s w r i t i n g I s / w in s t e a d o f Is in E q . ( 5 . 5 ) ,
B o t h t r a n s f o r m a t i o n s y i e l d e x a c t l y t h e s a m e v a l u e f o r E D E P .

E A V G is i n v e r s e l y p r o p o r t i o n a l t o t h e p r o d u c t o f t h e e x t i n c t i o n
( K ) a n d t h e d e p t h ( Z m a x ) » h e n c e e x t i n c t i o n a n d d e p t h a r e r e c i p r o c a l
t e r m s . S u p p o s e l i g h t is l i m ï t i n g t o t h e b l o o m » t h e d e p t h is Z l
m e t e r s a n d t h e t o t a l e x t i n c t i o n is K I , If t h e d e p t h i n c r e a s e s f r o m
Zl t o Z2» t h a n in o r d e r t o m a i n t a i n t h e s a m e e f f i c i e n c y
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Zl
K2 = — KI

22

or us i ng Eq. ( 5 . 2 ) :

Zl Zl
K12 + Kd2 = — ( Kil + Kdl ) + ( — - 1) Kb

ZZ ZZ
C5.7)

This expression shows» that under light limited conditions m i x -
i ng depth and extinction Ci.e. biomass) are strongly related. Qftan
the background extinction is smaller than the sum of the
extinctions by li«e and dead phytoplankton particles. Therefore
phytoplankton biomass tends to become inversely proportional to
depth. Thus an increase in depth will cause a large decline of the
maximum potential biomass. On the other hand» a decrease in effec-
tive tnixing depth due to buoyancy regulation by blue-green algae
and dinoflagellates leads to a considerable increase in potential
biomass» as we shall latsr dijcuss in more detail.

These conclusions also hold for the more sophisticated solution
used by BLOOM IIi thus they are no artefacts of our simplistic
approach.

5.4 SOLUTION OF BLOOM II FOR THE AVERAGE EFFICIENCY

Ne shall now consider hou the average efficiency is computed in
BLOOM II. This part of the model is basically stmilar to Sec. 5.4 of
Bigelow et al. [ 1 9 7 7 ] . The depth averaged efficiency EDEP is
according to Eq. ( 5 . 3 ) :

EDEP = ƒ
0

Zmax
E t I S K E X P ( - K . Z ) ] dz

Introducé a new variable s:

s + log Is
s = K.z - log Is, hence: z =

Also:
and :

dz - ds/K
s = K*Zmax - log Is
s = -log Is

z=Zmax

Thus Eq . (5.3) is transformed to:
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1 K*Zmax-log Is

E D E P s ƒ E [ EXP(-s) I ds
K*Zmax -log Is

Next defi ne:

v
F(v) ƒ E I EXP(-s) ] ds

0

Then obv i ously:

F(K*Zmax - log Is) - FC-log Is)
EDEP = (5.8)

K*Zrnax

T h i s e q u a t i o n o n l y h o l d s f o r a c o n s t a n t l i g h t i n t e n s i t y I s j
t h e r s f o r e t h e n e x t s t e p i s t o a c c o u n t f o r v a r i a t i o n s i n l i g h t
i n t e n s i t y w i t h t i m e . W r i t i n g I s C t ' ) a s a f u n c t i o n o f t i m e » d e f i n e :

1 Z<\
G(v) = — ƒ Ft v - log IsCt) 1 dt (5.9)

24 0

T h e n t h e t i m e a n d d e p t h a v e r a g e d e f f i c i e n c y E A V G i s :

GCK*Zmax) - G(0)
EAVG = (5.10)

K*Zmax

E q . ( 5 . 1 0 ) o n l y h o l d s f o r o n e s p e c i f i c f u n c t i o n I s ( t ) in o t h e r
w o r d s : o n l y f o r t h e i n t e n s i t y p a t t e r n o f o n e p a r t i c u l a r d a y . S o
t h e o r e t i c a l l y t w e m u s t r e c a l c u l a t e E q , ( 5 . 1 0 ) f o r e a c h d a y .
H o w e v e r , B i g e l o w et a l . h a v e s h o w n t h a t t w o i m p o r t a n t c h a n g e s o f
I s C t ) a r e p o s s i b l e w i t h o u t r e c a l c u l a t i o n o f E q . ( 5 . 1 0 ) :

1. A c h a n g e in t h e nurober o f d a y l i g h t h o u r s i b u t w i t h t h e
sanie i n t e n s i t y p a t t e r n I s ( t ) .

2 . A c h a n g e in i n t e n s i t y a t e a c h i n s t a n t b y a c o n s t a n t f r a c -
t i o n w .

A n y c o m b i n a t i o n o f t h e t w o c a n a l s o b e a c c o m o d a t e d f o r . S t r i c t l y
s p e a k i n g t h e a v e r a g e i n t e n s i t y p a t t e r n is a f u n c t i o n o f s e a s o n , a n d
moreover t h e a c t u a l i n t e n s i t y a t a n y i n s t a n t d e p e n d s o n s t o c h a s t i c
e v e n t s s u c h a s c l o u d c o v e r . T h e r e is n o p r a c t i c a l w a y t o d e a l w i t h
t h e s e f a c t o r s » h o w e v e r » a n d t h e r e is n o r e a s o n t o e x p e c t a m a j o r
i m p a c t o n t h e a v e r a g e e f f i c i e n c y » b e c a u s e p h y t o p l a n k t o n c e l l s
s p e n d m o s t o f t h e t i m e at l i g h t i n t e n s i t i e s b e l o w I o p t » w h e r e t h e
r e s p o n s e o f E ( I » T ) t o c h a n g e s in i r r a d i a n c e is f a i r l y l i n e a r .

F i n a l l y d e f i n e :
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1 DL
H C v ) = — ƒ F[ v - log I s ( t ) ] dt (5.11)

DL 0

h e n c e ;

DL H(K*Zmax - log w) - H(-log w)
EDEP a — ( 5 . 1 2 a )

24 K*Zmax

Eq. (5,12a) is replaced by Eq. (5.12b) in BLOOM II, becausa we
assume the e f f i c i e n c y to be p r o p o r t i o n a l to D L / 1 6 :

DL H(K*Zmax - log w) - H(-log w)
EAVG = — ( 5 . 1 2 b )

16 K*Zmax

As in the simplified solution (Eqs. (5.5) and (5.6)i EAVG is
s t r o n g l y detertnined by the term DL/C 16*K*Zmax ) in Eq. ( 5 , 1 2 b ) ,

5.5 T I M E S C A L E OF P H Y T O P L A N K T O N G R O H T H

5.5.1 IirtroduetTOn

Rapid v a r i a t i o n s in 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 been observed
frequently» both under laboratory and under natural c o n d i t i o n s .
Usually» h o w e v e r , c o n c e n t r a t i o n s change more g r a d u a l l y , which
could be caused by a slow a p p r o a c h to sotne steady state» but also by
slowly altering e n v i r o n m e n t a l c o n d i t i o n s .

To investigatei how rapidly p h y t o p l a n k t o n p o p u l a t i o n s can
approach e q u i l i b r i u m under various e n v i r o n m e n t a l conditions» we
shall use a n u m e r i c a l s o l u t i o n for the basic set of d i f f e r e n t i a l
e q u a t i o n s of the m o d e l :

a [ P g m a x ( T ) j . E A V G j - M m i n ( T ) - R ( T ) j - G j ] X j ( 5 . 1 3 )
d t

E A V G j in E q . ( 5 . 1 3 ) i s c o m p u t e d a c c o r d i n g t o t h e s i m p l i f i e d s o l -
u t i o n ( E q . 5 . 5 a n d 5 , 6 ) ) ,

W h e t h e r a s p e c i e s c a n a c h i e v e e q u i l i b r i u m w i t h i n a p a r t i c u l a r
t i m e - i n t e r v a 1 i s d e t e r m i n e d b y :

• T h e d i f f e r e n c e b e t w e e n t h e e q u i l i b r i u m a n d i n i t i a l b i o -
m a s s . ( H o w f a r i s it f r o m e q u i l i b r i u m ? ) .

• l t s r a t e o f c h a n g e . ( H o w q u i c k l y d o e s it a p p r o a c h e q u i l i b -
r i u m ? ) .
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Our calculations are for three typical situations in different
parts of the year» using the coefficients of a characteristic s p e -
c i e s . We shall investigate hou rapidly a species can approach e q u i -
librium beginning at various initial conditions with 'zero', here
de,finad as 10 percent of the equilibrium valuei as the most extreme
va lue .

Notice that the results of the next section only give an order of
mag n i t u d e ; they are based upon an approximate solution for a single
species under average conditions etc. Deviations from average c o n -
ditions in particular may have a large impact. For instance the
intensity of solar radiation can easily vary by a factor of five
under winter and spring c o n d i t i o n s .

Our analysis focuses on energy as the ultimate limiting factor.
If a bloom were nutriënt limited equilibrium would always be
approached more quickly in the model b e c a u s e :

1. By definition the equilibrium value is lower (otherwisa
it would not be nutriënt l i m i t e d ) .

2. The average efficiency Chence the net growth rate) is
always larger, since we have assumed that growth rates are
independent of the nutriënt concentrations [Sec. 4.53.

The value of EAVG computed by the approximate solution agrees
reasonably well to the value calculated by BLOOM II, Typically
there is less than i 20 percent difference between the steady
states calculated by BLOOM II and those calculated by the sintpli-
f i ed s o l u t i o n .

The program for the time-scale calculations was written on a TI
59 pocket calculator» using Runge-Kutta methods with a fixed
t i me-step.

5.5.2 Staady state assumption

The most character i st i c winter species of the model is OscJ.J, la-
tor i a because its efficiency curve has the steepest initial s l o p e .
We have calculated its potential growth rate under extremely unfa-
vorable conditions such as infrequently occur for more than about a
month in a normal Dutch winter. From the results (Fig, 5.2) we con -
cluded that

1. Biomass can only change by about 10 to 20 percent per
week» regardless whether energy is limiting or some
nutriënt. Thus the species can only maintain a steady
state if the environmental conditions change slowly.

2. The efficiency is too low to enable a rapid increase of
the population» even if self-shading is insignificant. On
the other hand the specific mortalïty and respiration
rate constants are too low to enable a rapid decline of a
dominant s p e c i e s . Hence a (complete) shift in species
dominance will require many w e e k s .

Spring b l o o m s , which are typically dominated by diatoms and fla~
g e l l a t e s , often develop remarkably fast. As in winter temperatures
are low (5° or less)» but the day length and solar intensity are
significantly hïgher. From the results (Fig. 5.3) we concluded that

1. Biomass concentrations can change by a factor of 2 to 4
per week as long as the population size is smaller than
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h a l f its. e n e r g y l i m i t e d e q u \ 1 i b r i u m v a l u e . H e n c e » m o d e r -
a t e l y l a r g e c h a n g e s in 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 r e
p o s s i b l e w i t h i n a w e e k » p a r t i c u l a r l y if a n u t r i ë n t ( s i l i -
c o n ) w o u l d be e x h a u s t e d b e f o r e e n e r g y .

2 . T h e m i n i m u m a m o u n t of t i m e r e q u i r e d to b u i l d up an e q u i -
l i b r i u m p o p u l a t i o n s t a r t i n g at c o n c e n t r a t i o n ' z e r o ' is
s t i l l s e v e r a l w e e k s . If t h e l i m i t i n g f a c t o r s p a r s i s t ,
h o w e v e r » and p a r t i c u l a r l y a f t e r o n e or t w o b r ï g h t w e e k s » a
s p e c i e s s h o u l d be a b l e to a p p r o a c h e q u i l i b r i u m w i t h i n 2 to
4 w e e k s .

In s u m m e r ( h e r e d e f i n e d as M a y t h r o u g h S e p t e m b e r ) b l u e - g r e e n s a r e
f r e q u e n t l y d o m i n a n t . O u r c a l c u l a t i o n s a r e for o n e of t h e s l o w e s t
g r o w i n g s p e c i e s in t h e m o d e l » A p h a n i z o m e n o n w i t h a h i g h e r s p e c i f i c
e x t i n c t i o n t h a n Mi c r oc v s t i s or O s c i J, l a t o r i a . T h u s it s u f f e r s m o r e
f r o m t h e a d v e r s e e f f e c t s of s e l f - s h a d i n g . F r o m Fig 5.4 we c o n c l u d e d
t h a t

1. A p o p u l a t i o n c o u l d e a s i l y c h a n g e in a b u n d a n c e by a f a c t o r
of 5 or m o r e d u r i n g o n e w e e k if t h e i n i t i a l c o n c e n t r a t i o n
w e r e l o w . H e n c e it c a n mair.tain a s t e a d y s t a t e » e v e n if
t h e e n v i r o n m e n t a l c o n d i t i o n s c h s n g e r a t h e r d r a s t i c a l l y
d u r i n g a s h o r t t i m e - i n t e r v a l .

2 . W h e n t h e i n i t i a l c o n c e n t r a t i e n is ' z e r o ' t h e r e is no
s e l f - s h a d i n g ( K a K b ) a n d t h e p o p u l a t i o n can a c h i e v e a n e t
g r o w t h r a t e of no l e s s t h a n 2 p e r d a y . A f t e r a b o u t t w o
w e e k s t h e c o n c e n t r a t i o n w i l l be w i t h i n 20 p e r c e n t of t h e
s t e a d y s t a t e v a l u e . T h e r e f o r e » r a p i d c h a n g e s in s p e c i e s
d o m i n a n c e s e e m p o s s i b l e , n o t in t h e l e a s t c o n s i d e r i n g
t h a t A p h a n i z o m e n o n p o p u l a t i o n s c h a n g e s l o w l y c o m p a r e d to
t h o s e of o t h e r s p e c i e s .

W i t h r e s p e c t to t h e t i m e - s c a l e of p h y t o p l a n k t o n we c a n d r a w t h e
f o l l o w i n g c o n c l u s i o n s :

1. In s u m m e r » w h e n in n a t u r e m a n y of t h e w o r s t b l o o m s o c c u r »
l a r g e v a r i a t i o n s in t h e s t e a d y s t a t e s of s u c c e e d i n g
t i m e - p e r i o d s m a y be f o l l o w e d r a t h e r e a s i l y by a p h y -
t o p l a n k t o n p o p u l a t i o n . A l t h o u g h t h e m o m e n t w h e n a s h i f t
in c o m p o s i t i o n of t h e b l o o m o c c u r s » m a y n o t a l w a y s be p r e -
d i c t e d e x a c t l y » t h e d i f f e r e n c e s h o u l d o n l y be o n e or t w o
w e e k s ,

2 . In s p r i n g » b e t w e e n 1 a n d 3 w e e k s s e e m s u f f i c i e n t to
a c h i e v e e q u i l i b r i u m . C o m p l e t e c h a n g e s in s p e c i e s c o m p o -
s i t i o n » h o w e v e r » r e q u i r e a l o n g e r p e r i o d of t i m e .

3. In w i n t e r » a l l p h y t o p l a n k t o n s p e c i e s c a n o n l y g r o w or
d e c r e a s e s l o w l y . H e n c e t h e y a r e u n a b l e to f o l l o w l a r g e
v a r i a t i o n s in e n v i r o n m e n t a l c o n d i t i o n s » p a r t i c u l a r l y if
t h e s e w o u l d u l t i m a t e l y l e a d to a s h i f t in s p e c i e s c o m p o s i -
t i o n ,

C o n s i d e r i n g t h a t B L O O M II is a m a n a g e m e n t m o d e l to p r e d i c t s i z e
and c o m p o s i t i o n of o b j e c t i o n a b l e b l o o m s » we c o n c l u d a d t h a t it w o u l d
be r e a s o n a b l e to a s s u m e a s t e a d y s t a t e for p h y t o p l a n k t o n w i t h a
o n e - w e e k t i m e - s t e p » b e c a u s e t h e w o r s t b l o o m s u s u a l l y o c c u r in s u m -
m e r . But t h e r e a r e o b v i o u s l y p e r i o d s » w h e n t h i s t i m e - s c a l e is t o o
s h o r t » at l e a s t if t h e m o d e l p r e d i c t s a s h i f t in t h e c o m p o s i t i o n of
t h e b l o o m . H o w t h i s a f f e c t s t h e p e r f o r m a n c e of t h e m o d e l d e p e n d s »
h o w e v e r » not o n l y on t h e g r o w t h r a t e b u t a l s o on t h e i n i t i a l
b i o m a s s . If t h e s t e a d y s t a t e s of s u c c e e d i n g p e r i o d s h a v e a b o u t t h e
s a m e v a l u e and c o m p o s i t i o n » t h e m o d e i ' s r e s u l t m a y s t i l l be
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fli.l r . l

S.2

A p p r o a c h ta s t e a d y s t a t e (x") u n d e r
a a v a r a wintar* c a n d i t t o n a of a
i n e c i e a a c c o r d i n g ta t h a
s i .TIP 1 i i" i ad s o l u t i a n af tha g r a u t h
a q u a t i o n . S y m b o l s a r a d a f t n e d In
t h a t s x t .

Fi aura 5.ï

Approaeh to staady sïata tï*) undar
s v e r a g a s p r i n g s o n d i t i o n s o f a
s p a c i a s a c c o r d i n g to t h a
s i m p l i f f a d s o i u t i o n o f t h a g r o w t h
a q u a t i o n . S y m b o l ^ a r a d a f i n a d in
th a t e n t .

F i g u r a S . <t

A p p r o a c h to s t e a d y a t a t a (ï*) u n d a r
a v e r a g e s u m m a r o o n d l t i o n s a f a
s p a c i a s uitli 9 l o w p r o d u c t i o n r a t a
c o n s t a n t a c c o r d i n g to t h e
s i m p l i f i a d s o l u t i a n of t h a groutti
a q u a t i a n . S y m b o l a a ra d a f i n a d in
the t e x t .
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c o r r e c t . So t h e r e is no g e n e r a l a n s w e r . To i n v e s t i g a t e the impact
on the mod e l p r e d i c t i o n s in each p a r t i c u l a r case» B L Q Q M II w a s
ex t e n d e d w i t h t h r e e a l t e r n a t i v e o p t i o n s which are d i s c u s s e d in S e c .
6.2.

N o t i c e that in the f o r e g o i n g we have m a i n l y c o n s i d e r e d one s p e -
c i e s . If s e v e r a l s p e c i e s are p r e s e n t » ït is much m o r e d i f f i c u l t to
detertnine the net rate of c h a n g e of each s p e c i e s » b e c a u s e t h i s
d e p e n d s on the p o p u l a t i o n d y n a m t c s of the o t h e r p h y t o p l a n k t o n s p e -
cies» among o t h e r s . For a x a m p l a c o n s i d e r two s p e c i e s A and B of
wh i c h A is d o m i n a n t at time t. If at time t + 1 the env i r o n m e n t a l c o n -
d i t i o n s are mo r e f a v o r a b l e to s p e c i e s B» it m i g h t r a p i d l y o b t a i n
d o m i n a n c e if A d e c l i n e s q u i c k l y . I f , h o w e v e r , s p e c i e s A d e c r e a s e s
slowly» it will p o s t p o n e the s h i f t in d o m i n a n c e , b e c a u s e it c o n -
t a i n s n u t r i e n t s » which m u s t be r e m i n e r a l i z e d and b e c a u s e it
c o n t r i b u t e s to the e x t i n c t i o n » w h i c h d e c r e a s e s the net g r o w t h r a t e
of s p e c i e s B. If the s i t u a t i o n in w h i c h s p e c i e s B can o u t c o m p e t e
s p e c i e s A does n o t p e r s i s t for a s u f f i c i e n t l y long p e r i o d , p e r h a p s
s p e c i e s d o m i n a n c e will not c h a n g e at a l l .

As a c o n s e q u e n c e B L O O M ' s s p e c i e s c o m p o s i t i o n c o u l d be i n c o r r e c t
d u r i n g t r a n s i e n t p e r i o d s . F o r t u n a t e l y » the impact on tot a l b i o m a s s
will be mu c h smallerf b e c a u s e the b a s ï c r e q u i r e m e n t s of the s p e c i e s
in the model are not e x t r e m e l y d i f f e r e n t . It has been our e x p e r i -
e n c e with the m o d e l that o f t e n s e v e r a l s o l u t i o n s e x i s t with a c o m -
p l e t e l y s p e c i e s c o m p o s i t i o n but a to t a l b i o m a s s of 70 to 99 p e r c e n t
of the o p t i m u m s o l u t i o n ,

N o t i c e that the a b i l i t y to s w i t c h the c o m p o s i t i o n of the b l o o m is
one of the mo s t i m p o r t a n t d i f f e r e n c e s b e t w e e n B L O O M II and a d y n a m -
ic m o d e l . If we run B L O O M II w i t h o u t a d d i t i o n a l g r o w t h c o n s t r a ï n t s ?
its s p e c i e s c o m p o s i t i o n can sw i t c h c o m p l e t e l y in one t i m e - s t e p »
which m e a n s that the p r e v i o u s l y d o m i n a n t s p e c i e s e f f e c t i v e l y h a v e
an i n f i n i t e m o r t a l i t y rate c o n s t a n t .

In a d y n a m i c m o d e l the rate at which the b i o m a s s of p r e v i o u s l y
d o m i n a n t s p e c i e s d i s a p p e a r s is d e t e r m i n e d by thei r m o r t a l i t y r a t e
c o n s t a n t s M C T ) a m o n g o t h e r s . U n f o r t u n a t e l y t we c a n n o t p r e d i c t M C T )
a c c u r a t e l y tSec . 4.9J. Me could of c o u r s e use the same m i n i m u m v a l -
ue M m i n C T ) as in BLO O M I I f but c o n s i d e r i n g how t h i s was d e r i v e d » it
is p r o b a b l y too low for a d e c l i n i n g p o p u l a t i o n .

T h e r e f o r e we thin k t h a t b o t h a d y n a m i c m o d e l and BL O Q M II co u l d
e a s i l y m i s p r e d i c t the s p e c i e s c o m p o s i t i o n at t r a n s i e n t c o n d i t i o n s j
B L O O M II is p e r h a p s too radical» but a d y n a m i c m o d e l is p e r h a p s too
c o n s e r v a t i v e in its r e m o v a l of the s p e c i e s who d o m i n a t e d in e a r l i e r
per i o d s .

5.6 MINIMUM EFFICIENCY REQUIREMENT

To p r o c e e d the re s u l t of Eq. ( 5 . 1 2 b ) could be s u b s t i t u t e d into
the d i f f e r e n t i a l e q u a t i o n ( 5 . 1 3 ) for each s p e c i e s j . Usi n g the
a p p r o p r i a t e e x p r e s s i o n s for P g m a x ( T ) » E A V G , M m i n ( T ) , R C T ) and G» it
is n o w posjsible to so l v e Eq. ( 5 . 1 3 ) n u m e r i cal ly. T h e r e is no a n a -
l y t i c a l s o l u t i o n » however» b e c a u s e EAVG is a f u n c t i o n of K and
hence a ( c o m p l i c a t e d ) f u n c t i o n of x.

Rat h e r than s o l v i n g Eq. (5.13)» BLOOM II a s s u m e s a s t e a d y s t a t e
with a n o m i n a l t i m e - s t e p of one week [ S e c . 5 . 5 1 . U n d e r t h i s a s s u m p -
ti on obvi o u s l y



dx
— = O
dt

which can only be true if e i t h e r :

P g ~ M - R - G = 0 C 5.14)

or :

x = 0 C5.15)

For each s p e c i e s j either (5.14) or C 5.15) should hold. S u b s t i -
tuting Eq. (4.5a) and (4.5b) for the nutriënt function g ( e ( ) ïnto
Eq . C 4.3)» we obta i n:

Pg < E ( I , T ) Pgmax CT) (5 U a )

Notice the d i f f e r e n c e between Eq. (4.14) and Eq. ( 5 . 1 6 a ) ; in the
first it Mas assumed that n u t r i e n t s were abundant hence g ( e ( ) =
1.0» but in the latter we tnake no assumpt i ons about the amount of
nutrients hence g ( e ( ) < 1.0, Substitution of Eq. (5.16a) into Eq.
(4.2) g ives:

M + R + G
E C I , T ) > (5.16b)

Pgmax(T)

Any species for which (5.16b) does net hold» has a negative net
growth rate and is unable to sustain itself; thus it is excluded
frotn the bloom, The value of E (I » T) » for which (5.16b) is an e q u a l -
ity is called the minimum e f f i c i e n c y r e q u i r e m e n t , E m i n ( T ) . This is
the lowest possible value of E(I»T) at which gains and lasses are
balanced.

Next EAVG is set equal to Emin(T)> and then Eq. (5.12b) is solved
for K. Because of the shape of the efficiency c u r v e s , there are usu-
ally two roots» one called Ukmin, the other Ukmax; the first is the
limit where the light intensity becomes too high
(photoinhibition)> the second where it becomes too low (energy 1 im-
i t a t i o n ) . Since these two roots include only the p h y s i o l o g i c a l
responses of the modei's species to the light regime as if there
were no background extincticmi the latter must be subtracted from
both roots , hence :

Km i n = Ukm f n - Kb -t
(5.17a)

Kmax = Ukmax - Kb -1

A species can only sustain a positive net growth rate if the total
extinction is between its Kmin and Kmax value:
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Km i n < K < Kmax (5.17b)

In most eutrophic waters» Kmin of any species is smaller than the
background e x t i n c t i o n ; hence the average lïght intensity is too low
•for photoinhibition to be of major i m p o r t a n c e . Under unfavorable
c o n d i t i o n s , there may be no root for K» implying that the average
light intensity is too low (or> c o n c e i v a b l y , too high) for p r o -
duction to c o m p e n s a t e total l o s s e s . The degenerate solution of two
coincidlng roots (Kmin = Kmax) will infrequently o c c u r , if e v e r .

5.7 BUOYANCY ffEGULATION

So far in our discussion hou to average production we have not
specified a value for the depth ( Z m a x ) . Of course Zmax cannot be
larger than the physical depth of the lake, but conceivably a s m a l -
ler value should be used. Also we may wonder whether the saitie value
should be used for all s p e c l s s .

Presumably most groups of species are h o m o g e n e o u s l y distributed
over the entire water column in i.n unstratified lake, Among these
are all the diatom, flagellate and green algal species of BLOOM I I .
An exceptional s t r a t i f i c a t i o n of these s p e c i e s has been reported
[References in Harris» 1 9 7 8 ] , but we may well ignore this in the
mode 1.

Members of two groups of s p e c i e s : dinoflage 1lates IHeaney, 1976;
B l a s c o , 1978! Harris et al.» 1979; L a n n e r g r e n , 1979] and b l u e - g r e e n
algae [ R e y n o l d s , 1 9 7 1 , 1972, 1973; O k r n o , 1973,* Whitton and S i n -
c l a i r , 1975J Clark and Walsby, 1978; Konopka et al.» 1 9 7 8 ; W a i s b y ,
198 0 ; WalSuy et a l . , 1982] are often ïnhomogeneously d i s t r i b u t e d .
Through this behavior these species can increase their net p r o -
duction rate improving their ability to utilize resources
(nutriants and particularly solar e n e r g y ) e f f i c i e n t l y ,

Buoyancy regulation in these two groups is achieved by two com-
pletely different physiologica 1 m e c h a n i s m s . Dinoflage 1lates , as
indicated by their n a m e , are flagellated o r g a n i s m s , who can a c t i v e -
ly swim. They can travel a d i s t s n c e of several meters per dsy> which
is quïte substantial considering the depth of many eutrophic lakes
and it is well known that they change their position during a day.
The only disadvantage of their method of buoyancy regulation is its
large energy c o n s u m p t i o n . Thus as we have pointed out in Sec. 4.8,
observed respiration rates of d i n o f l a g e l l a t e s are higher than of
any other phytoplankton group in the m o d e l .

As explained by several of the above mentioned a u t h o r s , the p h y s -
iological mechanism for buoyancy control in b l u e - g r e e n algae is
completely d i f f e r e n t . Blue-green algae control their specific
gravity by adjusting the size of so-called g a s - v a c u o l e s
('air-bubbles' ) . When the average light intensity is low, the
g a s - v a c u o l e s increase in size giving the cells an upward v e l o c i t y .
After some time the cells reach the euphotic zone and start p h o t o -
s y n t h e s i s i n g . Then after a period of carbon fixation> the
g a s - v a c u o l e s become s m a l l e r , the specific gravity of the cells
increase and they s i nk out of the euphotic zone a g a i n .

Considering the importance of buoyancy regulation it is curious
how little information is available from Dutch authors in c o m p a r -
ison to foreign a u t h o r s , British in p a r t i c u l a r . In 1976 the Delta
Department gathered a nutnber of depth profiles of chlorophyll and
particulate nutrients in Grote Rug. When diatoms and flagellates
were d o m i n a n t , chlorophyll was evenly distributed between the s u r -
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f a c e a n d t h e b o t t o m a s w a s t o b e e x p e c t e d , W h e n » h o w e v e r »
d i n o f l a g e l l a t e s o r b l u e - g r e e n a l g a e w e r e d o m i n a n t t h e y w a r e
i n b o m o g e n e o u s l y d i s t r i b u t e d . M o r e o v e r t h e y s h o w e d a c l e a r t e n d e n c y
t o m o v e f u r t h e r u p w a r d d u r i n g t h e d a y . O f t h e d o m i n a n t s p e c i e s ( t h e
b l u e - g r e e n s Mi c r o c v s t i s a n d A o h a n i z p m q n . o n a r | d t h e d i n o f l a g e ! l a t e s
C e r a t i utn a n d Eju.dor, i n a , ( n o t r e p r e s e n t e d in B L O O M I I ) t y p i c a l l y 5 5
t o 6 0 p e r c e n t o f a l l c h l o r o p h y l l w a s f o u n d in t h e u p p e r h a l f o f t h e
l a k e in t h e m o r n i n g , w h i c h r o s e t o 6 5 o r e v e n 8 0 p e r c e n t in t h e a f t -
e r n o o n . In e a c h o f a s e r v a t ï o n t h e f r a c t i o n in t h e u p p e r h a l f
i n c r e a s e d d u r i n g t h e d a y . U s u a l l y » t h e h i g h e s t c o n c e n t r a t i o n w a s
f o u n d in t h e f i r s t m e t e r o f w a t e r .

F o r o t h e r y e a r s o n l y m e a s u r e m e n t s o f p a r t i c u l a t e n u t r i e n t s a t
t h r e e d e p t h s a r e a v a i l a b l e » w h i c h u n d e r e s t i m a t e l i v e b i o m a s s in t h e
u p p e r l a y e r s » b e c a u s e t h e y i n c l u d e o t h e r f r a c t i o n s s u c h a s
d e t r i t u s » w h i c h p r e s u m a b l y a r e h o m o g e n e o u s l y d i s t r i b u t e d . S t i l l
o f t e n 5 5 t o 6 0 p e r c e n t o f p a r t i c u l a t e m a t e r i a l w a s f o u n d in t h e
u p p e r h a l f d u r i n g b l o o m s o f b l u e - g r e e n s a n d d i n o f l a g e l l a t e s , b u t
n o t d u r i n g b l o o m s d o m i n a t e d b y o t h e r s p e c i e s .

U n d o u b t e d l y s o m e s p e c i e s in G r o t e R u g s h o w b u o y a n c y r e g u l a t i o n »
h e n c e t h e q u e s t i o n ar'ises h o w b e n e f i c i a l t h a t is t o t h e m . I f t h e
r a t s o f p r i m a r y p r o d u c t i o n is s i g n i f i c a n t l y i n c r e a s e d » w e m u s t a l s o
c o n s i d e r t h e c o n s e q u e n c e s f o r t h e m o d e l .

C o n s i d e r a h o m o g e n e o u s l y d i s t r i b u t e d , e n e r g y l i m i t e d s p e c i e s j >
w h o h a s a n a m p l e s u p p l y o f n u t r i e n t s . l t s m i n i m u m e f f i c i e n c y
r e q u i r e m e n t e q u a l s E m i n t T ) » i t s m i x i n g d e p t h is e q u a l t o t h e d e p t h
o f t h e w a t e r ( Z m a x ) a n d it c a n o n l y s u s t a i n a n o n - n e g a t i v e g r o w t h
r a t e if t h e t o t a l e x t i n c t i o n is l e s s o r e q u a l t o i t s v a l u e o f K m a x
( s i t u a t i o n 1 ) .

N e x t c o n s i d e r a s p e c i e s w i t h e x a c t l y t h e s a m e c h a r a c t e r i s t i e s ,
b u t in a d d i t i o n t h e a b i l i t y t o r e g u l a t e i t s v e r t i c a l p o s i t i o n in
t h e w a t e r . B e c a u s e it is e n e r g y l i m i t e d e a c h i n d i v i d u a l o f t h i s
s p e c i e s t e n d s t o m o v e u p w a r d s , h e n c e a d e p t h p r o f i l e w i l l e m e r g e .
F o r s i m p l i c i t y w e s h a l l a p p r o a c h t h i s s i t u a t i o n b y a s s u m i n g a d e p t h
Z m i x < Z m a x » a b o v e w h i c h a l l i n d i v i d u a l s a r e h o m o g e n e o u s l y d i s t r i b -
u t e d . N o c e l l s a r e p r e s e n t b e t w e e n Z m i x a n d t h e b o t t o m ( s i t u a t ï o n
2 ) .

D e f i n e t h e f o l l o w i n g s y m b o l s :

— K i l is t h e e x t i n c t i o n p e r m b y l i v i n g c e l l s o f s p e c i e s j
w h e n it is m i x e d o v e r t h e e n t i r e d e p t h ( Z m a x ) »

— K I is t h e t o t a l e x t i n c t i o n per m w h e n s p e c i e s j is m i x e d
o v e r t h e e n t i r e d e p t h ( Z m a x ) ,

— K 1 2 is t h e d e p t h a v e r a g e d e x t i n c t i o n p e r m b y l i v i n g c e l l s
o f s p e c i e s j w h e n it is m i x e d o v e r t h e s m a l l e r d e p t h
( Z m i x ) ,

— K 2 is t h e e x t i n c t i o n p e r m b e t w e e n t h e s u r f a c e a n d Z m i x
w h e n s p e c i e s j is m i x e d o v e r Z m i x m e t e r s . ( I n t h i s s i t u -
a t i o n t h e e x t i n c t i o n b e t w e e n Z m i x a n d Z m a x h a s a d i f f e r e n t
v a l u e ) .

— K b ' is t h e t o t a l e x t i n c t i o n p e r m o f a l l h o m o g e n e o u s l y d i s -
t r i b u t e d p a r t i c l e s ( t h e b a c k g r o u n d e x t i n c t i o n p l u s t h e
e x t i n c t i o n o f d e a d p h y t o p l a n k t o n p l u s t h e e x t i n c t i o n o f
p h y t o p l a n k t o n s p e c i e s w i t h o u t b u a y a n c y c o n t r o l ) .

B e c a u s e b y d e f i n i t i o n o u r h y p o t h e t i c a l s p e c i e s j h a s t h e s a m e
m a x i m u m p r o d u c t i o n » m o r t a l i t y a n d r e s p i r a t i o n r a t e c o n s t a n t a s i t s
h o m o g e n e o u s l y d i s t r i b u t e d t w i n b r o t h e r » b o t h h a v e t h e s a m e m i n i m u m
e f f i c i e n c y r e q u i r e m e n t E m i n ( T ) < S e c . 5 . 6 > . A s b o t h s p e c i e s a r e
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m i x e d o v e r a d i f f e r e n t d e p t h » t h e y can a c c o r d i n g to Eq. ( 5 . 1 2 b )
o n l y h a v e t h e santé i n t e g r a t e d e f f i c i e n c y if t h e r e is a c o m p e n s a t i n g
d i f f e r e n c e in t h e v a l u e of t h e e x t i n c t i o n :

K2 * Zmix KI Zmax (0 £ z < Zmix)

By defi ni t i o n

KI = Kil + K b '

K2 = K 1 2 + K b '

K2 = K b '

(0 < z < Z m a x )

(0 < z < Zmi x)

(Zmix < z £ Zmax)

h e n c e

or

Kb

Zmax

Zm i x
CO Zmix)

Zmax Zmax
K12 = Kil + ( 1) * Kb') CO < z S Zmix) (5.18a)

Zmi x Zmi x

Fi nal ly

K12 = 0 (Zmix < z < Zmax) (5.18b)

O b v i o u s l y t h e a v e r a g e v a l u e of K 1 2 o v e r t h e e n t i r e d e p t h Z m a x
e q u a l s t h e e x p r e s s i o n at Eq. ( 5 . 1 8 a ) t i m e s Z m i x / Z m a x :

Zmi x
K12 = Kil + (1 ) * Kb')

Zmax
CO < z < Z m a x ) ( 5 . 1 8 c )

Eq. ( 5 . 1 8 c ) is f u n d a m e n t a l to o u r u n d e r s t a n d i n g of t h e p o s s i b l e
i m p a c t s of b u o y a n c y c o n t r o l :

1, T h e mo s t f a v o r a b l e s i t u a t i o n for t h e s p e c i e s w i t h b u o y a n -
cy c o n t r o l a r i s e s w h e n t h e r a t i o of Z m i x to Z m a x is
e x t r e m e l y s m a l l . In the li m i t (Zmix << Z m a x ) all p h o t o n s »
w h i c h w o u l d o t h e r w i s e be a b s o r b e d by h o m o g e n e o u s l y d i s -
t r i b u t e d p a r t i c l e s » a r e n o w a b s o r b e d by l i v i n g c e l l s of
t h e s p e c i e s w i t h b u o y a n c y c o n t r o l , h e n c e :

K12 =» Kil + Kb
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2 . T h e i m p a c t o f b u o y a n c y c o n t r o l is» h o w e v e r » s m a l l or n e g -
1i g i b l e w h e n

a. T h e r a t i o of Z m i x t o Z m a x is c l o s e to o n e ( t h e d i s -
t r i b u t i o n o v e r d e p t h is c l o s e t o h o m o g e n e o u s ) ,

b . K b ' is s m a l l r e l a t i v e t o K i l . In o t h e r w o r d s : w h e n t h e
d e p t h a v e r a g a d e x t i n c t i o n o f p h y t o p l a n k t o n s p e c i e s
w i t h t h e p o t e n t i o n t o r e g u l s t e t h e i r v e r t i c a l p o s i -
t i o n is l a r g e c o m p a r e d w i t h t h e e x t i n c t i o n o f h o m o -
g e n e o u s l y d i s t r i b u t e d p a r t i c l e s C d e a d p h y t o p l a n k t o n »
s p e c i e s w i t h o u t b u o y a n c y c o n t r o l » b a c k g r o u n d m a t e r i -
a l ) .

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

B u o y a n c y c o n t r o l is a n i m p o r t a n t m e c h a n i s m t o a b s o r b p h o t o n s
w h i c h w o u l d o t h e r w i s e b e a b s o r b e d b y h o m o g e n e o u s l y d i s t r i b u t e d
p a r t i c l e s w h e t h e r l i v i n g or d e a d . C l e a r l y it c a n b e a s t r o n g c o m -
p e t i t i v e a d v a n t a g e . N o t i c e » h o w e v e r , t h a t t h e re is no r e d u c t i o n in
s e l f - s h a d i n g b e c a u s e t h e r e is n o t e r m in f r o n t o f K i l in E q .
( 5 . 1 8 c ) .

T o t a k e t h e e f f e c t s of b u o y a n c y c o n t r o l i n t o a c c o u n t in t h e m o d e l
w e u s e t h e f o l l o w i n g p r o c e d u r e . D e f i n e

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

— K d h is t h e t o t a l e x t i n c t i o n par m by d e a d p a r t i c l e s of a l l
h o m o g e n e o u s l y d i s t r i b u t e d s p e c i e s ,

— K d b is t h e t o t a l e x t i n c t i o n p e r m by d e a d p a r t i c l e s o f a l l
s p e c i e s w i t h b u o y a n c y c o n t r o l .

O b v i o u s l y t h e t o t a l e x t i n c t i o n o f a l l h o m o g e n e o u s l y d i s t r i b u t e d
p a r t i c l e s ( K b ' ) e q u a l s :

K b ' = Kb + K l h + K d h + K d b

F i r s t we c o m p u t e a v a l u e f o r t h e m a x i m u m e x t i n c t i o n o f species j
( K m a x j ) t a s if it w e r e h o m o g e n e o u s l y d i s t r i b u t e d . N e x t w e s p e c i f y a
v a l u e f o r t h e r a t i o Z m i x / Z m a x ( t o b e d i s c u s s e d l a t e r ) a n d w e c o r -
r e c t K m a X j a c c o r d i n g t o E q . ( 5 . 1 8 c ) a s s u m i n g t h a t K l h a n d K d h a r e
b o t h z e r o ( K b * = Kb + K d b ) . T h i s a s s u m p t i o n is n e c e s s a r y b e c a u s e t h e
m o d e l d o e s n o t k n o w t h e v a l u e s o f K l h a n d K d h b e f o r e t h e e n d o f t h e
c o m p u t a t i o n s f o r a p e r i o d . F o r p u r e l y n u m e r i c a l r e a s o n s » h o u e v e r »
t h i s is no s e r i o u s d r a w b a c k . D u e t o t h e i r r e l a t i v e l y h i g h e f f i c i e n -
cy at l o w l i g h t i n t e n s i t i e s ( F i g . 4 . 3 ) a n d t h e i r l o w r e s p i r a t i o n
r a t e c o n s t a n t s i b l u e - g r e e n a l g a e a l w a y s a c h i e v e t h e i r e n e r g y 1 i tn-
i t e d b i o m a s s p e a k at an e x t i n c t i o n l e v e l w h i c h is f a r a b o v e t h e K m a x
o f a n y h o m o g e n e o u s l y d i s t r i b u t e d s p e c i e s . H e n c e c o m p u t i n g t h e K m a x
of b l u e - g r e e n a l g a e w e c a n i n d e e d i g n o r e t h e e x t i n c t i o n b y h o m o -
g e n e o u s l y d i s t r i b u t e d s p e c i e s . H o w t h e e f f e c t o f d e a d
p h y t o p l a n k t o n is m o d e l l e d is s h o w n in S e c t . 5 . 8 .
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T h e r a t i o o f Z m i x / Z m a x , w h i c h w e c a l l R m i X j ( t h e r e l a t i v e m i x i n g
d e p t h o f s p e c i e s j ) , h a s b e e n e s t a b l i s h e d b y c a l i b r a t i o n . F i r s t w e
h a v e m a d e a c o m p u t a t i o n w i t h t h e m o d e l a s s u m i n g a h o m o g e n e o u s d i s -
t r i b u t i o n o f a l l s p e c i e s . M e h a v e c o m p a r e d t h e r e s u l t s o f B L O O M I I
t o a b s e r v a t i o n s in t e r m s o f b i o m a s s , l i m i t i n g f a c t o r s a n d s p e c i e s
c o m p o s i t i o n . A s m i g h t h a v e b e e n e x p e c t e d . t h e c o m p u t e d b i o m a s s w a s
s o m e t i m e s c o n s i d e r a b l y l o w e r t h a n o b s e r v e d w h e n s p e c i e s w i t h b u o y -
a n c y c o n t r o l w e r e . d o m i n a n t . S e c o n d w e h a v e p a r a m e t r i c a 1 ly
d e c r e a s e d R m i X j a n d m a d e n e w c o m p u t a t i o n s w i t h t h e m o d e l u n t i l t h e
b l o o m s o f s p e c i e s w i t h b u o y a n c y c o n t r o l c o u l d b e r e p r o d u c e d f a i r l y
b y t h e m o d e 1 .

U s i n g d a t a f o r t h r e e G r o t e R u g c a s e s w i t h b l o o m s d o m i n a t e d b y
d i n o f l a g e 1 l a t e s a n d b l u e - g r e e n s a l g a e : t h e 1 9 7 6 b l o o m s in t h e R i n g s
2 a n d 3 a n d t h e 1 9 7 7 a u t u m n b l o o m in R i n g 2» w e f o u n d t h a t a r e a s o n -
a b l e o v e r a l l e s t i m a t e w o u l d b e t o t a k e R m i X j = 0 . 2 7 5 f o r a l l s p e c i e s
w i t h b u o y a n c y c o n t r o l ( R m i x j = 1 . 0 f o r a l l o t h e r s p e c i e s ) . In o t h e r
w o r d s t h e m o d e l c a n r e p r o d u c e o b s e r v e d b i o m a s s c o n c e n t r a t i o n s o f
s p e c i e s w i t h b u o y a n c y c o n t r o l if w e a s s u m e t h a t t h e y c a n r e d u c e t h e
e f f e c t s o f t h e b a c k g r o u n d e x t i n c t i o n a n d t h e e x t i n c t i o n o f d e a d
p h y t o p l a n k t o n c e l l s b y a p p r o x i m a t e l y a f a c t o r 3 , 5 ,

W e h a v e a s s u m s d t h e s a m e v a l u e o f R m i X j f o r e a c h s p e c i e s w i t h
b u o y a n c y r e g u l a t i o n a t e v e r y p l a c e a n d a t e a c h p e r i o d a n d r a n B L O O M
II f o r a l l a v a i l a b l e c a j e s t o t e s t t h e v a l i d i t y o f o u r a s s u m p t i o n s .
S o f a r t h e y s e e m v e r y r e a s o n a b l e ; f o r i n s t a n c e t h e c a l c u l a t i o n s f o r
t h e m a i n l y e n e r g y l i m i t e d L a k e I J s s e l s h o w a n e x c e l l e n t a g r e e m e n t
w i t h o b s e r v e d b l o o m l e v e l s in 1 9 7 6 ( F i g . A - 1 4 . 1 ) ,

O u r a s s u m p t i o n t h a t R m i X j is c o n s t a n t per l a k e a n d s p e c i e s
i m p l i e s » t h a t w e i n c r e a s e K m a X j b y t h e s a m e a m o u n t f o r d i f f e r e n t
s p e c i e s w i t h b u o y a n c y c o n t r o l . A s t h e y h a v e d i f f e r e n t s p e c i f i c
e x t i n c t i o n s i t h e c o r r e s p o n d i n g c h a n g e in b i o m a s s is s p e c i e s
d e p e n d e n t . T h u s b u o y a n c y c o n t r o l is m o r e f a v o r a b l e t o s p e c i e s s u c h
a s M i c r o c y s t ; i s a n d C e r a t i urn t h a n t o A o h a n i z o m e n o n , o r
0,sc i „1 lafrpr fa,» b e c a u s e t h e Z a t t e r h a v e a m u c h h i g h e r s p e c i f i c
e x t i n c t i o n .

T h e r e a d e r s h o u l d r e a l i r e t h a t b u o y a n c y c o n t r o l b y p h y t o p l a n k t o n
s p e c i e s c a n h a v e s e v e r a l a d d i t i o n a l i m p a c t s w h i c h a r e n o t e x p l i c i t -
ly i n c o r p o r a t e d i n t o t h e m o d e l . T h e s e s p e c i e s a c h i e v e r e l a t i v e l y
h i g h v e r t i c a l v e l o c i t i e s e n a b l i n g t h e m t o t r a v e l r a t h e r e a s i l y t o
a n d f r o m t h e e u p h o t i c z o n e , T h ï s s t r o n g l y i m p r o v e s t h e i r a b i l i t y t o
o p t i m i z e t h e i r p h y s i o l o g i c a l p e r f o r m a n c e a n d t o m a x i m i z e t h e i r
g r o w t h r a t e . T h e y c a n a v o i d u n f a v o r a b l e c o n d i t i o n s a n d a c t i v e l y
s e a r c h f o r f a v o r a b l e c ï r c u m s t a n c e s : t h e y c a n b e ' a t t h e r i g h t p l a c e
a t t h e r i g h t t i m e • .

F o r e x a m p l e t h e y c o u l d r e d u c e t h e d a m a g e d u e t o p h o t o i n h i b i t i o n
a t h i g h l i g h t i n t e n s t t i e s s i m p l y b y m a v i n g d o w n w a r d s . A l s o m o s t » if
n o t a l l , i n d i v i d u a l s c o u l d b e n e f i t f r o m t h e e x c e p t i o n a l l y h i g h i n i -
t i a l r a t e o f p h o t o s y n t h e s i s in t h e f i r s t h a l f h o u r a f t e r a p e r i o d o f
d a r k n e s s [ H a r r i s , 1 9 7 8 ] i b e c a u s e t h e y c o u l d m o v e t o t h e e u p h o t i c
z o n e a t l e a s t o n c e a d a y . In c o n t r a s t r c e l l s o f h o m o g e n e o u s l y d i s -
t r i b u t e d s p e c i e s a r e m u c h m o r e s t a t i c a n d c a n e n t e r t h e e u p h o t i c
z o n e l e s s o f t e n . B u t b u o y a n c y c o n t r o l a l s o p e r m i t s a c e l l t o l e a v e
t h e e u p h o t i c z o n e a n d h e n c e t o a v o i d t h e r e d u c t i o n in t h e p h o t o -
s y n t h e t i c r a t e a f t e r ' a l o n g p e r i o d in t h e l i g h t d u r i n g l a n g s u n n y
d a y s w h i c h is k n o w n a s t h e ' a f t e r n o o n d e p r e s s i o n ' .

S p e c i e s w i t h b u o y a n c y c o n t r o l c a n m u c h b e t t e r b a l a n c e d i f f e r e n t
s y n t h e t i c p r o c e s s e s r b e c a u s e a n a c t i v e l y m o v i n g i n d i v i d u a l c o u l d
l e a v e t h e e u p h o t i c z o n e o n c e it b e c o m e s g r o w t h s a t u r a t e d . F o r
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instance if pro t e i n - rather than photosynthesis is growth rate 1 i m-
iting> any quantum which is absorbed in addition to the required
amount to maintain the present rate of protein s y n t h e s i s , is wasted
and the incorporated carbon must be released or photo r e s p i r e d . In
addition it becomes easier to adjust processes which procead at a
higher rate in the dark (protein synthesis) to those preceding more
rapidly in the light.

Finally an actively moving cell can better counterbalance the
negative effects of nutriënt gradients» (1) on a local scale since
they do not have to wait until substances are transported to and
from the c e l ! fay diffusion» and (2) on a global scale in pei-Sods
when there are nutriënt profiles in the water.

Additional r e m a r k s ;

• The established value of Rmix depends on Emin(T) and thus
on the uncertain estimate of the minimum mortality rate
c o n s t a n t . Therefore a different estimate of M m i n ( T ) (but
also of R C T 3 or Pgmax(T)) could make it necessary to use a
different value of RmiXj as wel l .

• The sensitivity to the exact value of RmiXj is less than
perhaps expected; in many cases RmiXj increases the
available amount of light to such an extent that
blue-greens become nutriënt rather than energy limtted.
Thus with a moderate change in the value of Rmixj the mod-
el would still compute exactly the same s o l u t i o n . Of
course the total biomass prediction of the model is (much)
more sensitive to RmiXj when blue-greens are (nearly)
energy limited. This w i l ! be true in particular when the
potential bloom levels of other species are considerably
lower or even zero.

S.8 EXTINCTION OF DËAD PHYTOPLANKTON

Before we can derive the energy constraints of the model» we must
determine the extinction due to dead phytoplankton p a r t i c l e s . A n a -
logue to the detritus equations for nutrients [Sec. 3.3]» we may
w r i t e :

- v.Kd - s.Kd (5.19)

where:

Kd is the total extinction of all dead phytoplankton p a r t i -
cles per m,
q is the fraction af a phytoplankton cell whïch becomes
detritus when it dies»
Mj is the natural mortality rate constant per day of s p e -
cies j »
Lj is the specific extinction in m 2 per mg dry weight of
dead fragments of species j>
v is the rate constant by which the effect of dead p hy-
toplankton material on the extinction diminishes»
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— s is the sed i mentat i on rate constant of detritus per day,

Calculating the extinction of dead phytoplankton is rather dif-
ficult, because it depends on the amount of detritus» its
extinction and the rate» at which extinction disappears C'minera-
l i z e s 1 ) . To to solve Eq . ( 5 . 1 9 ) , we shall make four assumptions.
Assumption 1: q = 0,5» which means that the light absorption by
phytoplankton cells in the euphotic zone is immediately reduced by
50 percent upon dying. What happens to detritus below this depth is
unimportant, because production is limited to the euphotic zone.
Tbere are two reasons for assuming such rapid disappearance of
light absorbing capacity: first when a cell dies 50 percent of all
particles immediately dissolve» as we have previously assumed
iSect. 3 . 6 ] , hence less particles contribute to the extinction.
Second) most pigments degrade very rapidly in the light once they
are no longer prötected by the structures of the healthy phy-
toplankton cell [Wetzel» 1 9 7 5 ] ; and moreover» according to Moss
11968] the first intermediate breakdown products of chlorophylls
have already lost 39 percent of their light absarbing cspacity.
Thus a 50 percent reduction in total absorption seems a reasonable
estimate.
Assumpti on 2: Lj « K4> which means that the extinction per unit of
detritus remaining after the inïtial removal of 50 percent» has the
same values as the specific extinction of the phytoplankton
species» front which it orïginated. Probably this assuroption over-
estimates the value of Lj > but we have no inforraation for any other
assumption.
Assumption 3: the disappearance rate constant is an exponential
function of temperature» described by the following equation:

v = EXP(0.0296*T - 1.897) (5.20)

This equation yields values between 0.15 and 0.30 for the normal
temperature range and was based upon the observation by Fallon and
Broek (19793, that dead chlorophyll mineralizes about 2.5 times as
fast as n i t r o g e n 1 . At low temperatures we have assumed a larger
factor, houeveri when we calibrated the model. Whether indeed this
rate is representative for the disappearance of light absorption by
dead phytoplankton fragments» is unknown.
Assumption 4: Eq. (5.19) achieves a steady state within a
time-step of the model. Because v is considerably larger than the
remineralization rate of nutrïents, this steady state assumption
is less critical than the one for nutrients. Depending on temper-
ature, the characteristie time equals 3 to 10 days» even if we
assume no sedimentation. Putting dKd/dt to 0» we obtains

Kd = (5.21a)
v + s

Using the temperature dependences for M and v and a value of 0.5 for
q, it is easily verified that Kd is in the order of 0.20 to 0.40
times KI! the extinction of live phytoplankton. Thus our computa-

1 The mineralization rate constant of nitrogen is 0.12 per day at
20° C [Sec. 3 . 6 . 1 ] .
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t i o n s are less s e n s i t i v e to e r r o r s in Kd» than they are to er r o r s in
the steady state d e t r i t u s p o o l s of the n u t r i ê n t s .

There is one final c o m p l i c a t i o n for s p e c i e s with b u o y a n c y
control» b e c a u s e living and dead p h y t o p lankton do not have the sa me
depth p r o f i l e . A s s u m i n g a h o m o g e n e o u s d i s t r i b u t i o n for dead p h y -
t o p l a n k t o n [Sec. 5 , 7 ] , we must a c c o r d i n g to Eq. (5, 1 8 c ) m u l t i p l y Kd
by the relat)ve mixing depth factor Rroix;> hence

Kd » (5.21b)
v + s

5.9 FOBMULATION OF ENERGY CONSTRAINTS

M o d e l l i n g n u t r i ê n t s by linear c o n s t r a i n t s » was 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 » since the m a s s - b a l a n c e e q u a t i o n s ware almost f o r -
mulated as linear c o n s t r a i n t s . The only major step was e x p r e s s i n g
n u t r i ê n t s in d e t r i t u s as a function of living p h y t o p l a n k t o n »
a l t h o u g h this was more a b i o c h e m i c a l than a m a t h e m a t i c a l p r o b l e m .

C o n c e p t u a l l y it is much mors d ï f f ï c u l t to d e s c r i b e the energy
b u d g e t by linear c o n s t r a i n t s for e s s e n t i a l l y three r e a s o n s :

1. There is no m a s s - b a l a n c e for l i g h t .
2. The a v a i l a b l e amount of light varies n o n - l i n e a r l y in time

and with d e p t h : there may be too little or too much w i t h i n
the same 24 hour p e r i o d .

3. Several c o m p l i c a t e d , n o n - l i n e a r b i o l o g i c a l p r o c e s s e s are
involved which among o t h e r s have the effect» that the
ef f i c i e n c y of light u t i l i z a t i o n varies with time» deptfw
location» s e a s o n and per s p e c i e s .

B i g e l o w et a l . [ 1 9 7 7 ] solved these p r o b l e m s e l e g a n t l y . When light
is t r a n s f o r m e d into extinction» e n e r g y and n u t r i ë n t e q u a t i o n s have
a s i m i l a r m a t h e m a t i c a l f o r m u l a t i o n , The energy c o n s t r a i n t s for
sp e c i e s j follow logically from cor.dition ( 5 .1 3 b ) > s u b s t i t u t i n g
the a p p r o p r i a t e e x p r e s s i o n s for living and dead p h y t o p l a n k t o n for
K:

Kminj £ I 4 K J . X J + Kd < Kmaxj (5.22)

Sufestitution of Eq. (5.21b) yields the final energy constraints!

( v + s + q . R m i X j . M )
inj < Ij [ K J . X J ] < Kmaxj (5.23)

v + s

The s o l u t i o n a l g o r i t h m for the en t i r e set of e q u a t i o n s of BLOOM
II will be explained in Cha p . 6.



6.S0LUTÏ0N ALGORITHM

6.1 CONSTRUCTION OF EXTINCTION INTERVALS

The e n e r g y c o n s t r a i n t s w h i c h we ha v e s e t up in S e c . 5.9» p e r m i t
e a c h s p e c i e s to g r o w w i t h i n c e r t a i n l i m t t s of th e t o t a l e x t i n c t i o n
c o ë f f i c i ë n t of th e w a t e r . U s u a l l y each s p e c i e s has a n e g a t i v e v a l u e
of K m i n j in th e e u t r o p h i c l a k e s to w h i c h B L O O M II has be e n a p p l i e d
[ S e c . 5.6] b ut K m a x j is o f t e n p o s i t i v e for o n e or s e v e r a l s p e c i e s .
T h u s t h e r e e x i s t s an o v e r l a p p i n g r a n g e of p o s s i b l e e x t i n c t i o n l i m -
its for t h e s e s p e c i e s .

To set up th e l i n e a r p r o g r a m of B L G Q M II one c o u l d t h i n k of a d d i n g
t w o e n e r g y c o n s t r a i n t s for e a c h i n d i v i d u a l s p e c i e s to t h e 3 n u t r i -
ënt c o n s t r a i n t s of S e c . 3 . 8 . T h u s we w o u l d s o l v e a l i n e a r p r o g r a m of
3 + 2N e q u a t i o n s and N v a r i a b l e s » w h e r e N in th e n u m b e r of s p e c i e s .
T h i s s et of e q u a t i o n s » h o w e v e r » is i n c o n s i s t e n t b e c a u s e it c o u l d
p e r m i t t h e m o d e l to c o m p u t e a s o l u t i o n w i t h m o r e t h a n one v a l u e for
the t o t a l e x t i n c t i o n c o ë f f i c i ë n t . For i n s t a n c e it c o u l d f i n d a
b l o o m of two s p e c i e s » b o t h l i m i t e d by e n e r g y » but w i t h t w o d i f f e r -
e n t e x t i n c t i o n r o o t s .

T h i s p r o b l e m w as a l r e a d y s o l v e d by B i g e l o w et a l . [ 1 9 7 7 ] in t h e
f o l l o w i n g w a y , For N s p e c i e s t h e r e are ZN (or l e s s ) d i f f e r e n t
e x t i n c t i o n r o o t s K m i n j and KitiaXj . T h e s e r o o t s are s o r t e d in a s c e n d -
ing order» r e s u l t i n g in 2N-1 Cor l e s s ) e x t i n c t i o n i n t e r v a l s . No
s p e c i e s is a b l e to g r o w if t h e e x t i n c t i o n is o u t s i d e t h e r a n g e
d e p i c t e d by the s m a l l e s t K m i n and the l a r g e s t Kmax v a l u e . In e a c h
interval» h o w e v e r » a s u b s e t o f s p e c i e s can s u s t a i n a p o s i t i v e n e t
g r o w t h r a t e .

T h i s is i l l u s t r a t e d b e l o w for four s p e c i e s w i t h an e q u a l K m i n
root» but a d i f f e r e n t v a l u e of K m a x . B l o o m s are itnpossible if the
e x t i n c t i o n is s m a l l e r t h a n Kmin or larger t h a n K m a x 4 . In i n t e r v a l I
all four s p e c i e s can exi s t » b u t in i n t e r v a l II g r o w t h o f s p e c i e s 1
is t m p o s s i b l e e t c . F i n a l l y in i n t e r v a l IV o n l y s p e c i e s 4 can s t i l l
m a i n t a i n a p o s i t i v e net g r o w t h r a t e .

K too s m a l l I I I II I III | IV I K too la r g e

Kmin Kmaxl K m a x 2 Kraax3 K m a x 4

R a t h e r t h a n s o l v ï n g o n e ( l a r g e ) LP at e a c h t i m e - s t e p » we se t up a
n u m b e r of s m a l l LPs» one for each e x t i n c t i o n i n t e r v a l 1 wi t h an
a s s o c i a t e d s u b s e t of s p e c i e s S ^ . In ea c h of t h e s e i n t e r v a l s we use
the s a m e t h r e e n u t r i ë n t c o n s t r a i n t s b e c a u s e t h e s e s h o u l d hold
r e g a r d l e s s of th e e x t i n c t i o n v a l u e , A l s o t h e ( o p t i o n a l ) g r o w t h c o n -
s t r a i n t s of the s p e c i e s i w h i c h p u t an u p p e r b o u n d t x l i m j ï to the
b i o m a s s c o n c e n t r a t i o n t h a t can be a t t a i n e d in a t i m e - s t e p [ S e c .
6 . 2 ] , a r e ke p t c o n s t a n t in each i n t e r v a l . F i n a l l y the c o e f f i c i e n t s
of t h e e x t i n c t i o n r o w s a r e the s a m e in e a c h i n t e r v a l » b e c a u s e t h e
l i g h t a b s o r p t i o n per u n i t of l i v i n g and d e a d p h y t o p l a n k t o n d o e s n o t
vary b e t w e e n i n t e r v a l s . T h u s for each i n t e r v a l we s o l v e the f o l l o w -
i ng L P :



Find j

Maxi mi zi ng; Ij x j

Subject to:

C u, + s + q,.Mj

u, + s

x j > 0 and e t 2: 0 C for subset S L)

= b, - c,.z Cl)

< x 1 i m C2)

Kmint <, Ij I
( v + 5 + q . R m i X j

] $. Kmaxt

V + 5
(3)

We t h e n f i n d t h e m a x i m u m t o t a l biotnass B m a x L , t h e s p e c i e s c o m p o -
s i t i o n a n d l i m i t i n g f a c t o r s . A f t e r e a c h LP for a t i m e - s t e p h a s b e e n
s o l v e d » w e c o m p a r e t h e i r B m a x t v a l u e s * t h e i n t e r v a l w i t h t h e h i g h -
e s t B m s x l v a l u e c o n t a i n s t h e u l t i m a t e s o l u t i o n of B L Q Q M I I , t h e
o t h e r s c a n be c o n s i d e r a d a s l o c a l m a x i m u m s .

6.2 TIME ASPECTS

When we discussed the steady state assumptions of the model for
nutriënt recycling (Sec. 3.6] and phytoplankton growth ESec. 5.51»
we concluded that deviations from steady state could sometimes
influence the behavior of the model signïficantly. To investigate
how often and to what axtent» BLQQM II was extended with several new
options which were not included in its predecessor.

It is» however» strongly recommended to start each series of com-
putatïons with the steady state assumptions to see hou the results
of the model agree to the observations. Some differences between
computsd and observed data may be due to the model using incorrect
values for certaïn parameters such as mortality» stochiometric
constants etc. Other disagreements might indicate that some steady
state assumption is violated. For example strong fluctuations in
the total biomass or radical changes in the species composition
within one week are unlikely in many parts of the winter ESec. 5.51.
In these cases we may turn to one or several of the options dis-
cussed in the next section.

6,2.1 Var-iable time-steps

Changing the time-step of the model is of course a straightfor-
ward and logical way to reduce errors due to the steady state
assumptions of the model. BLOOM II was therefore extended with an
option to use any multiple number of the nominal one week
time-step. All inputs are averaged and the medel computes the
steady state solution at the end of the period. The time-step can be
varied in the course of a model run» thgs we can use for instance a
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time-step of four weeks in January and December? two weeks in
spring and one week during the rest of the year.

6.2.2 Dvnamic recycling of detritus

In Chap. 3 we have discussed whether or not we should use a steady
state solution for nutriënt recycling in the model. Notwith-
standing our conclusion that the steady state solution often yields
better results in the present framework of the model where total
nutrients are a forcing functioni it is at least a valuable exer-
cise to make a computat i on using the dynamic solution for the
detritus equations. For that purpose BLOOM II allows us to replace
the nutriënt constraints in the linear programs by Eq. ( 3 . 7 ) . In
Sec. 8.6.1 Me shall give some results and compare them with the nom-
i nal results .

6.2.3 Memorv on total extinction

To c o m p u t e t h e e x t i n c t i o n l i m i t s K m i n j and K m a x j of e a c h s p e c i e s
we s u b t r a c t t h e b a c k g r o u n d e x t i n c t i o n ( K b ) fro m t h e p h y s i o l o g i c a 1-
ly p e r m i s s i b l e e x t i n c t i o n r o o t s U K m i n j and U K m a X j [ S e c . 5 , 6 1 . H e n c e
t h e m o d e l h as t h e p o s s i b i l i t y to s w i t c h b e t w e e n a s o l u t i o n c o m p o s e d
of s p e c i e s w i t h a h i g h s p e c i f i c e x t i n c t i o n ( h i g h t o t a l e x t i n c t i o n )
at t i m e t and a s o l u t i o n c o m p o s e d of s p e c i e s w i t h a low s p e c i f i c
e x t i n c t i o n (low t o t a l e x t i n c t i o n ) at t i m e t + 1 . In r e a l i t y s u c h a
s u c c e s s i o n is o f t e n i m p o s s i b l e b e c a u s e t h e h i g h t o t a l e x t i n c t i o n
m i g h t n o t e v e n p e r m i t a n y o t h e r s p e c i e s to g r o w » b u t t h e o n e s
a l r e a d y p r e s e n t at t i m e t.

T h e r e f o r e B L O O M II w a s e x t e n d e d w i t h an o p t i o n to r e m e m b e r t h e
t o t a l e x t i n c t i o n of t h e b l o o m at t i m e t and use t h i s v a l u e 1 r a t h e r
t h a n Kb as e n e r g y l i m i t i n g t e r m in E q . ( 5 . 1 7 a ) o n l y for t h o s e s p e -
cie s » w h o w e r e n o t p r e s e n t at t i m e t. O b v i o u s l y t h i s o p t i o n can p r e -
v e n t c h a n g e s in c o m p o s i t i o n w h e n t h e e x t i n c t i o n is h i g h , If for
e x a m p l e t h e r e is a s h i f t in l i m i t i n g f a c t o r f r o m p h o s p h o r u s to
n i t r o g e n » t h e s p e c i e s w h i c h r e q u i r e s t h e l e a s t a m o u n t of n i t r o g e n
c o u l d be s u p p r e s s e d .

T h i s o p t i o n i n c r e a s e s t h e p e r f o r m a n c e of B L O O M II c o n s i d e r a b l y
for s o m e » c e r t a i n l y n o t all c a s e s . T h e r e a s o n is it f a v o r s s p e c i e s
w h i c h can g r o w at r e l a t i v e l y h i g h e x t i n c t i o n s » b u t o n c e t h e s e a r e
p r e s e n t » it is hard to h a v e a n y c h a n g e in s p e c i e s c o m p o s i t i o n . T h u s
in l a k e s w i t h a c o n t i n u o u s b l o o m p r o b l e m s u c h as t h e L a k e s V e l u w e
and W o l d e r w i j d » t h e r e s u l t s of the m o d e l i m p r o v e in t e r m s of b i o -
m a s s a n d s p e c i e s c o m p o s i t i o n , B u t if t h e m o d e l o v e r - p r e d i e t s in a
c e r t a i n p e r i o d ( e a r l y s u m m e r in m o s t G r o t e Rug c a s e s ) » it m a y
s e l e c t a p a r t i c u l a r s p e c i e s w h i c h t h e n r e m a i n s d o m i n a n t e v e n at
t i m e s w h e n a r e a l b l o o m w a s o b s e r v e d » w h i c h m a y or may h a v e n o t b e e n
d o m i n a t e d by t h i s p a r t i c u l a r s p e c i e s .

1 In the c u r r e n t v e r s i o n of t h e m o d e l t h e t o t a l e x t i n c t i o n of the
p r e v i o u s t i m e - s t e p is no l o n g e r used» b u t r a t h e r s o m e s m a l l e r v a l u e
t h a t t a k e s t h e m o r t a l i t y of e x i s t i n g c e l l s into a c c o u n t .
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6 . 2 . 4 A d d i t i o n a l g r o w t h c o n s t r a i n t s

W h e n t h e e x t e r n a l c o n d i t i o n s r e m a i n c o n s t a n t d u r i n g a s u f f i -
c i e n t l y l o n g p s r i o d o f t i m e » e a c h p h y t o p l a n k t o n s p e c i e s j w i l !
a c h i e v e a n e q u i l i b r i u m v a l u e . P r o v i d e d t h a t t h e r e i s a n a m p l e s u p -
p l y o f n u t r i e n t s » t h i s m e a n s t h a t E q . ( 5 . 1 3 ) e q u a l s z e r o : t h e l o s s -
e s c o m p e n s a t e t h e t o t a l p r o d u c t i o n . T h i s e q u i l i b r i u m is a c h i e v e d a t
a c e r t a i n e x t i n c t i o n l e v e l : t h e t o t a l a t t e n u a t i o n o f l i g h t »
i n c l u d i n g t h e c o n t r i b u t i o n d u e t o p h y t o p l a n k t o n , r e s u l t s in a v a l u e
f o r t h e a v e r a g e p r o d u c t i o n e f f i c i e n c y E A V G j w h i c h » m u l t i p l i e d b y
P g m a x ( T ) j > j u s t c o r a p e n s a t e s t h e s u m o f a l l l o s s t e r m s . H e n c e w e c a n
c o m p u t e t h e m a x i m u m p e r m i s s i b l e v a l u e o f t h e e x t i n c t i o n K m a x j o f
e a c h s p e c i e s a n d i t s e n e r g y l i m i t e d b i o m a s s m a x i m u m » a s w e h a v e
e x p l a i n e d in t h e p r e v i o u s c h a p t e r .

W h e n , h o w e v e r , t h e a v e r a g e l i g h t i n t e n s i t y is l o w it m a y b e
i m p o s s i b l e t o a c h i e v e t h i s e n e r g y l i m i t e d m a x i m u m w i t h i n a o n e - w e e k
t i m e - s t e p . T h e a v e r a g e e f f i c i e n c y u n d e r t h o s e c o n d i t i o n s w i l l b e s o
l o w » t h a t t h e p h y t o p l a n k t o n s p e c i e s c a n o n l y increase t h e ï r b i o m a s s
a f e w t i m e s a w e e k o r e v e n w o r s e » n o t a t a l l . A s p e c i e s w i t h a l o w
i n i t i a l b i o m a s s » t h e r e f o r e » c a n n o t p o s s i b l y r e a c h i t s e n e r g y l i m -
i t e d b i o m a s s m a x i m u m in a p e r i o d o f o n e w e e k . C o n d i t i o n s w i t h s o
l i t t l e a v a i l a b l e e n e r g y o c c u r in m a n y l a k e s w h a n t h e s o l a r r a d i -
a t i o n is l o w d u r i n g w i n t e r . In s o m e l a k e s » h o w e v e r » e n e r g y p o o r
c o n d ï t i o n p r e v a i l m o r e o r l e s s p e r m a n e n t l y , b e c a u s e p h y t o p l a n k t o n
a n d b a c k g r o u n d e x t i n c t i o n in c o m b i n a t i o n w i t h t h e d e p t h » r e s u l t in
a c o n s i s t e n t l y l o w a v e r a g e l i g h t i n t e n s i t y .

F o r t h e s e c o n d i t i o n s t h e m o d e l w a s e x t e n d e d w i t h a n o p t i o n t o
ï n c l u d e a d d i t i o n a l c o n s t r a i n t s in t h e L P s t o t a k e t h e g r o w t h c o n d i -
t i o n s i n t o a c c o u n t . A t t h e b e g i n n i n g o f a t i m e - s t e p w e k n o w t h e v a l -
u e s o f t h e t o t a l e x t i n c t i o n ( t h e l e v e l o f t h e p r e v i o u s p e r i o d ) » t h e
d e p t h a n d t h e s u r f a c e l i g h t i n t e n s i t y I s . F r o m E q . ( 5 . 1 2 b ) w e c a n
n o w c o m p u t e t h e i n i t i a l e f f i c i e n c y E A V G ( Q ) j o f e a c h s p e c i e s , S o l v -
i n g t h e d i f f e r e n t i a l e q u a t i o n ( 5 . 1 3 ) a n d p u t t i n g t h i s v a l u e
E A V G ( 0 ) j f o r E A V G j w e c a n c o m p u t e t h e g r o w t h l i m i t e d b i o m a s s l e v e l
x 1 i m j b y t h e e n d o f t h e t i m e - s t e p :

x l i m j = X j ( O ) ^ E X P ( A t ^ [ P g m a x ( T ) j * E A V G ( 0 ) j - M m i n C T ) - R ( T ) J - G J ])

C 6 . 1 )

A s w e h a v e a l r e a d y m e n t i o n e d in S e c . 6 . 1 , w e a d d o n e g r o w t h c o n -
s t r a i n t f o r e a c h s p e c i e s t o t h e n o r m a l s e t o f e q u a t i o n s f o r t h e L P :

( 6 . 2 )

N o t i c e t h a t w e h a v e k e p t E A V G j c o n s t a n t ( e q u a l t o E A V G ( O ) j ) d u r -
i n g t h e e n t i r e t i m e - s t e p . T h i s is o b v i o u s l y i n c o r r e c t s i n c e E A V G j
d e c r e a s e s w h e n t h e e x t i n c t i o n K r i s e s a n d K i n c r e a s e s w i t h b i o m a s s »
h e n c e E A V G j w i l l b e c o m e s m a l l e r a s a blootn d e v e l o p s . T h i s is n o t
c o n s i d e r e d a s e r i o u s e r r o r » h o w e v e r » a s

1, C o m p u t a t i o n s h a v e s h o w n t h a t t h e d i f f e r e n c e b e t w e e n t h e
i n i t i a l a n d a n d f i n a l v a l u e o f E A V G j is u s u a l l y r a t h e r
s m a l l » p a r t i c u l a r l y w h e n t h e g r o w t h c o n s t r a i n t s a r e m o s t
i m p o r t a n t :
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• T h e i n i t i a l g r o w t h r a t e is s m a l l C F i g . 5 . 2 ) .
• T h e i n i t i a l b iontass is e q u a l to t h e b a s e l e v e l .

2 . T h i s p r o c e d u r e is c o n s i s t e n t t o t h e o b j e c t i v e of t h e m o d e l
b e c a u s e it l e a d s t o a n o v e r e s t i m a t i on o f x l i n t j .

I f t h e i n i t i a l g r o w t h r a t e is h i g h » f o r i n s t a n c e in s u m m e r , o r if
t h e i n i t i a l b i o m a s s X j C O ) is l a r g e , xlirtij is u s u a l l y ( m u c h ) h i g h e r
t h a n t h e e n e r g y l ï m i t e d s t e a d y s t a t e b i o m a s s f h e n c e t h e n o r m a l
e n e r g y c o n s t r a i n t C o r s o m e n u t r i ë n t c o n s t r a i n t ) w i l l l i m i t t h e
b l o o m » r e g a r d l e s s o f t h e v a l u e o f x l i n t j .

F o r t h e i n i t i a l b i o m a s s v a l u e X j ( Ö ) w e e i t h e r u s e t h e c o n c e n -
t r a t i o n c a l c u l a t e d in t h e p r e c e d i n g p e r i o d if s p e c i e s j w a s
p r e s e n t » or s o m e b a s e l e v e l if it w a s a b s e n t . O u r n o r m a l b a s e l e v e l
is 1 0 0 m g d r y w e i g h t p e r m J » o r a p p r o x i m a t e l y 1 m g c h l o r o p h y l l per
m 3 . T h i s i n i t i a l v a l u e h a s m a i n l y b e e n d e t e r m i n e d b y t r i a l a n d
e r r o r . W i t h a c a n s i d e r a b l y s m a l l e r v a l u e » t h e m o d e l b e c o m e s s o r i g -
id t h a t it c a n h a r d l y s w i t c h i t s b l o o m c o m p o s i t i o n . W i t h l a r g e r
i n i t i a l v a l u e s t h e g r o w t h c o n s t r a i n t s h a r d l y a f f e c t t h e s p e c i e s
c o m p o s i t i o n o f t h e m o d e l . R a t h e r t h a n u s i n g a f i x e d v a l u e w e c o u l d
h a v e t a k e n a c e r t a i n f r a c t i o n o f t h e s t e a d y s t a t e v a l u e » f o r e x a m -
p l e 10 p e r c e n t » b u t w e h a v e n o t t r i e d t h i s o u t .

S i n c e t h e n u m b e r of species in t h e b l o o m e q u s l s t h e n u m b e r o f liro-
i t i n g c o n s t r a i n t s I S e c , 2 . 1 1 » t h e n o m i n a l v e r s i o n of B L O O M II c a n
n e v e r c o m p u t e a b l o o m c o n s i s t i n g o f m o r e t h a n f o u r s p e c i e s a t t h e
s a m e t i m e C t h r e e l i m i t e d b y a n u t r i ë n t a n d o n e b y e n e r g y ) . W h e n »
h o w e v e r » w e a d d a n e w c o n s t r a i n t f o r e a c h s p e c i e s » blootns a r e n o
l o n g e r c o n f i n e d t o o n l y f o u r s p e c i e s a n d c o u l d t h e o r e t i c a l l y e v e n
b e c o m p o s e d o f a l l s p e c i e s in t h e m o d e l » m o s t o f w h i c h u o u l d t h e n b e
g r o w t h 1i mi t e d .

A d d ï n g g r o w t h c o n s t r a i n t s t o t h e m o d e l is o n e o f t h e m o s t i m p o r -
t a n t e x t e n s i o n s a n d i m p r o v e m e n t s o f B L O O M II c o m p a r e d w i t h t h e
P O L A N O a l g a e b l o o m m o d e l . T h i s o p t i o n p r e v e n t s d y n a m i c a l l y i n f e a -
s i b l e c h a n g e s in s p e c i e s b i o m a s s e s » w i t h o u t b e i n g a s r i g o r o u s a s
t h e e x t i n c t i o n m e m o r y o p t i o n [ S e c , 6 . 2 . 3 1 o r a d y n a m i c m o d e l : a s in
t h e c a s e of t h e p u r e l y s t e a d y s t a t e v e r s i o n » f a r m e r e r r o r s m a y
s t i 11 b e ' f o r g o t t e n ' .

O n e d i s a d v a n t a g e is a n i n c r e a s e in t h e a v e r a g e c o m p u t a t i o n t i m e
b y a b o u t a f a c t o r of 3 . T h i s c a n p r o b a b l y b e r e d u c e d to a f a c t o r o f
1.5 to 2» h o w e v e r » if a s u b r o u t i n e is i m p l e m e n t e d in t h e p r o g r a m to
s o l v e t h e ' d u a l ' r a t h e r t h a n t h e n o r m a l C ' p r i m a l ' ) LP o f B L O O M II
{ D a n t z i g » 1 9 6 3 » a l s o S e c . 2 . 2 ] . T h e ' d u a l ' p r o b l e m c a n b e s o l v e d
m o r e e f f i c i e n t l y t h a n t h e ' p r i m a ! ' » if t h e n u m b e r o f e q u a t i o n s
e x c e e d s t h e n u m b e r o f v a r i a b l e s » w h i c h is u s u a l l y t h e c a s e w h e n
g r o w t h c o n s t r a i n t s a r e ï n c l u d e d . U s i n g t h i s o p t i o n in a d d i t i o n to
t h e n o m i n a l s t e a d y s t a t e m o d e is r e c o m m e n d e d f o r t h e m o s t i m p o r t a n t
c a s e s f o r w h i c h t h e m o d e l is r u n » p a r t i c u l a r l y if t h e s p e c i e s c o m -
p o s i t i o n s h o u l d b e c o m p u t e d a c c u r a t e l y .
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7.ZOÖPLANKTON

7.1 INTRODUCTION

There is an old, unsett led controversy ainong 1 ï mnolog i sts about
the importance of zoöplankton in regulating phytoplankton popu-
lations. For example» whenever someone reported unexpectedly low
phytoplankton concentrattons at the 'Workshop on Hypertrophic Eco-
systems' in Vaxjoi 1979, J. Shapiro would ask : 'Ara there any
Daohrp'as'? Others can discuss what limits phytoplankton biomasses
extensively without even mentioning zoöplankton.

According to our interpretation of the literature both extreme
points of view are correct in some situations. Oligotrophic lakes
are often characterized by a classical foodweb, in which the prima-
ry producers auch as phytoplankton are eaten by herbivores such as
zoöplankton. The herbivores get eaten by omnivores and carnivores
etc. In these systems zoöplankton seems to contribute significant-
ly to the mortality rate of phytoplankton.

In many eutrophic lakes nutrients are so abundant that the phy-
toplankton species can achieve extremely high biomass levels. Once
a bloom is present there is not enough zoöplankton to have a major
impact on phytoplankton and moreover the specific rate of increase
of zoöplankton is usually too low to become a main source of phy-
toplankton mortality. Perhaps even more important: blootns in
eutrophic lakes are usually dominated by large-sized species such
as blue-green algal colonies or Cerat t.um., There is no agreement in
opinion whether these groups are eaten at all, but many zoöplankton
species either prefer smaller preys, or cannot even handle
large-sized preys tLingeman-Kosmerschock, 1 9 7 9 c ] .

These controversies also persist because it is difficult to
obtain quantitative information on zoöplankton grazing. There is
considerable uncertaïnty how to estimate the biomasses» filtration
rates» preference rates for different species of live and dead phy-
toplankton, ingestion rates, digestion efficiency, mortality rates
etc. of various species of zoöplankton. Because several of these
terms operate in a muitip1icative wayi some of these uncertainties
are multiplied as well.

Unfortunately, a zoöplankton model will be characterized by huge
uncertainties about i ts structure and parameter values. It will
probably have many degrees of freedom which makes it relatively
easy to fit, but difficult to use for predictions.

Hence it was dec i ded for the WABASIM project to start with a s i m-
ple> pragmatic approach which would only be abandoned, if we were
to find that zoöplankton is crucial to BLOOM U ' s performance. In
this initial approach we would not try to model the zoöplankton
biomass» but use it as input to the model, trying to estimate its
effect on the computed phytoplankton levels.

7.2 INCORPORATION INTQ BLOOM II

Before we explain how we compute the grazing rate constant in the
model, we must first consider some indirect effects of zoöplankton.
In their bodies zooplankters contain nutrients which are not
directly available to phytoplankton cells. It was demonstrated
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e a r l i e r [ S e c . ï.7!» h o w e v e r » that the e f f e c t on the n g t r i e n t c o n -
s t r a i n t s c o u l d s i m p l y be t a k e n into a c c o u n t by s u b t r a c t i n g the
a m o u n t of each n u t r i ë n t in z o ö p l a n k t o n from the t o t a l a v a i l a b l e
a m o u n t ( E q s , 3.6/ 3 . 7 ) . Also» like e v e r y other p a r t i c l e » z o o p l a n k -
ton c e l l s m i g h t c o n t r i b u t e to the e x t i n c t i o n of the w a t e r . As (1)
the number of z o ö p l a n k t o n c e l l s is u s u a l l y s m a l l in c o m p a r i s o n with
the total n u m b e r of p a r t i c l e s and (2) t h e s e c e l l s do not c o n t a i n
large a m o u n t s of p i g m e n t s » the e f f e c t of z o ö p l a n k t o n on the
e x t i n c t i o n can be n e g l e c t e d .

To c a l c u l a t e the s p e c i f i c g r a z i n g rate c o n s t a n t Gj» we s h a l l use
an e q u a t i o n s i m i l a r to S c a v i a and E a d i e ' s ( 1 9 7 6 ] :

PR j.ZG.z (Xj - xmi n j )
Gj * ( 7 . 1 )

[ ZK + Sj (PRj.xj - x m i n j ) I Xj

in wh i c h :

— z is the t o t a l a m o u n t of z o ö p l a n k t o n .n mg dry w e i g h t of
z o ö p l a n k t o n per m 3 »

— Xj is the a m o u n t of p h y t o p l a n k t o n s p e c i e s j in mg dry
we i ght per tn3 »

— PR 4 is the r e l a t ï v e p r e f e r e n c e of z for s p e c i e s j (from 0.0
to 1,0) ,

— ZG is the f i l t r a t i o n rate c o n s t a n t of z ïn mg dry w e i g h t of
p h y t o p l a n k t o n per mg dry w e i g h t of z o ö p l a n k t o n per day,

— xminj is the a m o u n t of s p e c i e s j in mg dry w e i g h t per m 3

w h i c h e s c a p e s g r a z i n g »
— ZK is a z o ö p l a n k t o n c o n s t a n t » c l o s e l y r a l a t e d to a half

s a t u r a t i o n c o n s t a n t in mg dry w e i g h t of p h y t o p l a n k t o n per
m 3 .

It may be v e r i f i e d that Sj has unit per day» which is also the unit
of the other e n e r g y r e l a t e d rate c o n s t a n t s of the m o d e l .

Eq. ( 7 . 1 ) s t a t e s that the a m o u n t of p h y t o p l a n k t o n ( G J . X J ) w h i c h
is eaten by a given a m o u n t of z o ö p l a n k t o n z> s a t u r a t e s as Xj
I n c r e a s e s ) and b e c o m e s zero» when p h y t o p l a n k t o n b e c o m e s too s c a r c e
to be found (Xj < x m i n j ) . The g r a z i n g e q u a t i o n is i l l u s t r a t e d in
Fig. 7,1 for two sets of c o ë f f i c i ë n t v a l u e s .

To c o m p u t e Gj from Eq. ( 7 . 1 ) we must know X j : the a m o u n t of s p e -
c i e s j d u r i n g a t i m e - s t e p . O b v i o u s l y » t h i s n u m b e r is k n o w n o n l y at
the end of each t i m e - s t e p but Gj s h o u l d be k n o w n in a d v a n c e . T h e r e -
fore» we have d e v e l o p e d an i t e r a t i o n s c h e m e :

1. Make a c o m p u t a t i o n with G j = 0 . 0 for each s p e c i e s » h e n c e
a s s u m e no g r a z i n g .

Z. C a l c u l a t e Gj for each s p e c i e s » r e c a l c u l a t e its m i n i m u m
e f f i c i e n c y r e q u i r e m e n t E m i n ( T ) j , r e c o m p u t e its
e x t i n c t i o n l i m i t s Kmï n j and K m a x J ( set up a new LP and
r e c o m p u t e the b l o o m .

3. C o m p a r e t h i s r e s u i t to the r e s u l t of the p r e v i o u s ï t e r -
ati on and exit» i f J

a. The two s o l u t i o n s are i d e n t i c a l .
b. The n e w l y c o m p u t e d bloom c o n s i s t s c o m p l e t e l y of s p e -

c i e s w h i c h are not g r a z e d (PR.,=0.0).
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F i g u r e 7.1a G r a z i n g r a t s c o n s t a n t a s a f u n c t i o n
of t h a e d i b l a b ï o m a s s at d i f f e r e n t
z o ö p l a n k t o n c o n c e n t r a t i o n s . N o m i n a l
p a r a m e t e r v a l u e s : Zg ~ 1.0»
X m i n * 2 5 0 , ZK = 2 0 0 0 .
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Fï g u r e 7 . l b G r a z i n g r a t e c o n s t a n t a s a f u n c t i o n
o f t h e e d i b l s b i o m a s s a t d i f f e r e n t
z o ö p l a n k t o n c o n c e n t r a t i o n s . N o m i n a l
p a r a m e t e r v a l u e s f o r Z g s l,Qf a n d
X m i n = 2 5 0 ; Z K r e d u c e d t o 5 0 0 ,

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

4 . O t h e r w i s e , m a k e a n e w i t e r a t i o n .

I n m o s t c a s e s t h i s a l g o r l t h m c o n v e r g e s r a p i d l y C w i t h i n t w o o r
t h r e e i t a r a t i o n s ) » b e c a u s a e v e n if t h e r e s u l t s o f t w o i t a r a t i o n
s t e p s a r e n o t i d e n t i c a l » t h e d i f f e r e n c e d i m i n i s h e s r a p i d l y ( t h e
u s u a l p a t t e r n sre d a m p e d o s c i 1 l a t i o n s ) . W e o n l y h a d t o m a k e o n e
m o d i f i c a t i o n s i n c e a p p l i c a t i o n o f E q . ( 7 . 1 ) t o e a c h i n d i v i d u a l s p e -
c i e s j m a y l e a d t o c y c l i n g . S u p p o s e t h e m o d e l c o m p u t e s a b l o o m i n
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which one species xl = 1000 and a second species x2 » 0 in the first
iteration. Next it computes the specific grazing rates which may be
for instance Gl = 0.1 and of course G2 = 0.0, When the model recal-
culates the bloom uith these values for Gl and G2» it might obtain a
solution in which xl = 0 and x2 = 800, When it recomputes the spe-
cific grazing rates> it will now find Gl = 0.0 and G2 > 0.0.
However» with these grazing rate constants the model will find the
initial solution again: xl = 1000 and x2 = 0 etc.

To solve this problem M G apply Eq. C7.1) to the total biomass of
all species which are potentially grazed rathar than to an individ-
ual species j . Hence we use an overal grazing rate constant. Our
ma in justification is that all other mortality processss are also
represented by a single» species independent constant (Mmin(T))
which is usually even larger than G, Putting:

Xed = Ij P R j .

Xmi n = Ij xmin

we f i n d :

G =
ZG.z (Xed - Xmin)

(ZK + Xed - Xmin) Xed
(7.2)

Hence:

Xed is the total biomass of all species which are poten-
tially grazed: edible species»
Xmin is the total biomass of all species which escape graz-
i ng»
G is the overal mortality rate constant due to grazing by
zoöplankton.

We have never used other
each species in the model
further distinction.

preference factors but 0,0 or 1.0» hence
is either edible» or unedible without any

7.3 RESULTS

With the exception of Grote Rug» BLOOM II has never been applied
to a lake for which an adequate set of zoöplankton data was avail-
able. Thisi of course» makes it difficult to calibrate or validate
its grazing computation . Also it proved to be extremely difficult,
to find reliable values for the various zoöplankton parameters. As
nominal values we have taken:

ZK s
Xmin =

ZG =

2

1

0
2
*

00
50
0 >

mg dry
mg dry

f day

we i
we i

ght
ght m;
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based upon Scavia and Eadie E 19 76 ] and the l i t e r a t u r e review by
L i n g e m a n - K o s m e r c h o c k [ 1 9 7 9 c ] , but v a l u e s an order of m a g n i t u d e
d i f f e r e n t are reported for ZK and Xmin as w e l l , For s i m p l i c i t y we
have assumed that ZG is c o n s t a n t at each t e m p e r a t u r e » using a value
which Is typical for a t e m p e r a t u r e of about 10° c e n t i g r a d e . The
reason is that up till now grazing has never been important in s u m -
mer» b e c a u s e in this period the computed b l o o m s usually c o n s i s t of
u n e d i b l e s p e c i e s for which PRj = 0.0. Of c o u r s e i,t wou ld be rathor
s i m p l e to c a l c u l a t e ZG as function of t e m p e r a t u r e if it were
decided n e c e s s a r y in the f u t u r e .

We have f u r t h e r m o r e assumed that b l u e - g r e e n s and d i n o f l a g e l l a t e s
are not eaten at all» hence for these PR g = 0.0; if we had assumed a
small p o s i t i v e value of for instance 0.1 or 0,2 [ S c a v i a , 19 79 I, we
would have o b t a i n e d e s s e n t i a l l y the same r e s u l t s .

The p o s s i b l e impacts of g r a z i n g are illustrated in Fig. 7.2. Here
xl is the b i o m a s s of an unedible» and x2 of an e d i b l e s p e c i e s ; NI
and N2 are two n u t r i ë n t c o n s t r a i n t s . If x2 ?* 0.0 in the initial s o l -
u t i o n , z o ö p l a n k t o n iterations are n e c e s s a r y , which will lower the
value of K m a x 2 , Of course the value of Kmaxl is not a f f e c t e d by z o ö -
plankton» hence due to grazing the e n e r g y c o n s t r a i n t k wïll be
rotated around the point where it i n t e r s e c t s with the xl a x i s . The
initial s o l u t i o n of the LP is called P, the final s o l u t i o n f o l l o w -
ing the grazing iterations is called Q. The r e s u l t s fall into three
bas i c categor i es ;

1. Grazing has no e f f e c t CP and Q c o i n c i d e ) b e c a u s e e i t h e r :

a. The initial s o l u t i o n c o m p l e t e l y c o n s i s t s of u n e d i b l e
s p e c i e s (x2 = 0.0 in the example» Xed = 0.0» and G =
0.0 in genera 1) .

b . The initial and final s o l u t i o n are both n u t r i ë n t 1 i m-
ited. Grazing does not d e c r e a s e the Kmax of e d i b l e
s p e c i e s to such an extent that energy b e c o m e s l i m i t —
ing: the gross p r o d u c t i o n is s u f f i c i e n t to replace
eaten i n d i v i d u a l s CG is r e l a t i v e l y l o w ) .

2. The c o m p o s i t i o n of the bloom s h i f t s to unedible s p e c i e s
due to grazing (point Q on xl a x i s ) . E d i b l e s p e c i e s are
c o m p l e t e l y r e m o v e d .

3. Grazing c h a n g e s the c o m p o s i t i o n of the b l o o m , but fedible
s p e c i e s remain p r e s e n t in every iteration (P and Q do not
coincide» Q not on xl a x i s ) .

a. Edible s p e c i e s i n c r e a s e their b i o m a s s due to grazing
on the expense of unedible s p e c i e s who d e c r e a s e . This
may happen when e d i b l e s p e c i e s are n u t r i ë n t limited
and unedible s p e c i e s are e n e r g y limited. In the e x a m -
ple this means that the n u t r i ë n t c o n s t r a i n t (NI)
i n t e r s e c t s with the x2 axis at a point closer to the
origin than the energy c o n s t r a i n t ( k ) , but NI inter-
sects with the xl axis at a point farther from the
origin than the energy c o n s t r a i n t .

b. Edible s p e c i e s d e c r e a s e in b i o m a s s due to g r a z ï n g ;
unedible s p e c i e s i n c r e a s e . This case is the reverse
of the previ ous o n e .

c. Edible s p e c i e s d e c r e a s e in b i o m a s s due to grazing»
u n e d i b l e species» which were not p r e s e n t i n i t i a l l y ,
enter the bloom. This case is more or less similar to
the previ ous o n e .
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Figure 7.2 P o s s i b l e e f f e c t s of g r a z i n g on the LP s o l u t i o n of
BLOOM II at s e v e r a l p a r a m e t e r and c o e f f i c i e n t s v a l u e s .

Impact of z o ö p l a n k t o n
the a v a i l a b l e Grote
A: number of weeks
B: number of w e e k s
C: number of weeks
D: numbar of weeks
E: number of weeks

T a b l e 7.1

g r a z i n g on the c o m p u t a t i o n s of BLOOM II for
Rug c a s e s of 1 9 7 5 , 1976 and 1 9 7 7 .
with e d i b l e s p e c i e s in itaration 1.
wïth e d i b l e s p e c i e s in final s o l u t i o n .
w i t h o u t e d i b l e s p e c i e s in final s o l u t i o n .
when e d i b l e s p e c i e s increase due to g r a z i n g ,
when g r a z i n g does not a f f e c t e d i b l e s p e c i e s .

Case

Ring 2
Ring 3
Ring 1
Ring 2
Ring 3
Ri ng 2
Ring 3

Grote Rug

Total

Year

1975
1975
1976
1976
1976
1977
1977
1977

A

19
4

10
17
11
12
1
7

31

B

13
2
8

11
7
3
0
6

50

C

6
2
2
6
4
9
1
1

31

D

8
2
3
8
4
3
0
6

34

E

5
0
5
3
3
0
0
0

16

From the r e s u l t s of Table 7.2 we may c o n c l u d e » that the overal
importance of z o ö p l a n k t o n to the p e r f o r m a n c e of the m o d e l is l i m i t -
ed. In over 80 p e r c e n t of all t i m e - p e r i o d s (335 out of 416 w e e k l y



r e s u l t s ) BLOOM II starts with a solution of unedible s p e c i e s . When
edible species are initially present (20 percent of all p e r i o d s ) ,
they usua11y remain in the bloom (12 percent of all p e r i o d s ) and
often even increase C8 percent of all p e r i o d s ï . Grazing is r e s p o n -
sible for a switch in dominance from edible to unedible species in
only 7 percent of all periods» but usually in tertns of total
biomass» the difference is s m a l l .

Notice that we cannot conclude from these results that the
observed amounts of zoöplankton cannot c o n t r i b u t e significant ly to
the mortality of the actual p h y t o p l a n k t o n p o p u l a t i o n s in Grote Rug.
When we wou ld feed the observed rather than computed p h y t o p l a n k t o n
levels into Eq, (7,2)» we wauld find a hïgher grazing rate constant
G in periods when the model o v e r - p r e d i e t s .

7.4 DISCUSSION

3ensitivitv and predïctïons

We have little or no zoöplankton data for other lakes but Grote
Rug, hence a similar analysis is impossible. The ma in conclusion
is, h o w e v e r , the same for each eutrophic lake which has been mod-
elled; in by far the most cases the initial biomass is dominated by
unedible s p e c i e s . However» if due to restoration programs lakes
would become more or less o l i g o t r o p h i c in the future» the role of
zoöplankton would probably become (much) more important.

Of c o u r s e , the present version of the model cannot be used to pre-
dict the importance of zoöplankton in future situations» but we may
investigate its potential role by running the model for different
s c e n a r i o s . For instance. in spite of its inability to regulate phy-
toplankton» the zoöplankton concentrati ons of many eutrophic lakes
are relatively high. We may therefore probsbly consider the present
zoöplankton levels as an upperbound for the fu t u r e , We might also
adopt other approachesi but as long as the initial solution is
mostly dominated by unedible species» zoöplankton will remain r e l -
atively unimportant to p h y t o p l a n k t o n .

To investigate the sensitivity to other values for the z o o p l a n k -
ton parameters» we have varied ZK> Xmin and ZG over a cons i d e r a b l s
r a n g e . Our main c o n c l u s i o n s remain unaltered» however» unless we
increase ZG co n s i d e r a b l y : when zoöplankton becomes a better
hunter, s i g n i f i c a n t l y more blooms switch to unedible species» but
the importance in terms of total biomass is still limited.

7.4.2 The aldorithm and mutjple steady states

As we h a v e s h o w n t h a t t h e p r e s e n t g r a z i n g p r e s s u r e is r a t h e r
i n s i g n i f i c a n t » we may w o n d e r by how m u c h it s h o u l d be i n c r e a s e d to
b e c o m e i m p o r t a n t . We h a v e t h e r e f o r e i n c l u d e d an o p t i o n ('MAXGRA')
in t h e p r o g r a m of B L O O M II to c a l c u l a t e the m a x i m u m p o t e n t i a l g r a z -
ing r a t e c o n s t a n t of s p e c i e s j ( G m a x j ) . W h e n G = G m a X j » s p e c i e s j
has a K m a X j - 0.0» t h u s its n e t g r o w t h r a t e is ze r o and its s t e a d y
s t a t e b i o m a s s is zero as w e l l . If we r e w r i t e E q . ( 7 . 1 ) to s o l v e z
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a n d p u t G m a x j f o r G 4 i n t o t h e r i g h t h a n d s i d e , w e c a n a l s o c a m p u t a
t h e c o r r e s p o n d i n g z o ö p l a n k t o n c o n c e n t r a t i o n . I t c o m e s o u t t h a t o n
m a n y o c c a s i o n s z h a s t o b e c o n s i d e r a b l y l a r g e r t h a n t h e m a x i m u m
v a l u e s p r e s e n t l y o b s e r v e d in o r d e r t o d e c r e a s e t h e b i o m a s s o f e d i -
b l e p h y t o p l a n k t o n s p e c i e s t o z e r o .

O p t i o n ' M A X G R A ' h a s a l s o b e e n a p p l i e d t o s h o w t h a t t a k i n g G = 0 . 0
in t h e f i r s t i t e r a t i o n is a v a l i d a s s u m p t i o n » w h i c h m o r e o v e r
r e s u l t s in a r a p i d c o n v e r g e n c e o f t h e s o l u t i o n a l g o r i t h m . F o r t h e
m o m e n t a s s u m e t h a t e a c h s p e c i e s i s e d i b l e w i t h t h e s a m e p r e f e r e n c e
f a c t o r P R j = 1 . 0 . C o m p u t a t i o n s w i t h t h e m o d e l h a v e c l e a r l y s h o w n ,
t h a t a s l o n g a s t h e i n i t i a l g r a z i n g r a t e ( G i n ) is s m a l l e r t h a n G m a x K

o f a t l e a s t o n e s p e c i e s k , t h e m o d e l w i l l a l w a y s c o n v e r g e t o t h e
s a m e s o l u t i o n . T h i s is e v e n t r u e if in t h e f i r s t i t e r a t i o n G i n is s o
h i g h t h a t k is t h e o n l y s p e c i e s w i t h a p o s i t i v e n e t g r o w r a t e »
r e g a r d l e s s w h e t h e r K a p p e a r s in t h e f i n a l s o l u t i o n . I n o t h e r w o r d s ,
if t h e r e is s o m e f e a s i b l e ï n i t i a l s o l u t i o n » t h e a l g o r i t h m w i l l
a l w a y s f i n d t h e s a m e u l t i m a t e s o l u t i o n .

H o w e v e r » c o n v e r g e n c e s l o w s d o w n w h e n t h e i n i t i a l a n d f i n a l v a l u e
o f G d i f f e r m u c h » a n d a s t y p i c a l l y G is r a t h e r s m a l l a f t e r t h e f i n a l
i t e r a t i o n i G - 0 . 0 is a n e f f i c i ë n t i n i t i a l c o n d i t i o n . A n o t h e r r e a -
s o n a b l e a s s u m p t i o n w o u l d h a v e b e e n t o s t a r t w i t h t h e v a l u e o f G o f
t h e p r e v i o u s t i m e - s t e p » b u t in t h i s c a s e c o n v e r g e n c e p r o v e d t o b e a
l i t t i e l e s s e f f i c i e n t i a l t h o u g h t h e f i n a l s o l u t i o n o f t h e m o d e l i s
t h e s a m e .

N o r t n a l l y w e c o n s i d e r b o t h e d i b l e a n d u n e d i b l e s p e c i e s in t h e m o d -
e l a n d t h e r e f o r e t h e v a l u e o f G i n c a n i n f l u e n c e t h e r e s u l t s o f t h e
m o d e l . T h i s w a s f i r s t d e m o n s t r a t e d b y T . A l d e n b e r g w h e n h e w a s a
m e m b e r o f t h e W A B A S I M t e a m f o r t h e D e l t a D e p a r t m e n t » a l t h o u g h h i s
a n a l y t i c a l r e s u l t s w e r e d e r i v e d f o r a m u c h m o r e s i m p l e s y s t e m . In
t h e f o l l o w i n g w e s h a l l d i s c u s s a n e x a m p l e in w h i c h t h e r e a r e t w o
d i f f e r e n t s t e a d y s t a t e s o l u t i o n s in B L O O M I I , D e n o t e t h e t o t a l b i o -
m a s s o f e d i b l e s p e c i e s b y X e d a n d o f u n e d i b l e s p e c i e s b y X n e d .
C o n s i d e r t h e f o l l a w i n g t h r e e c a s e s :

C a s e 1 : X e d =» A l , X n e d » B I , A l + B I = C l » G = 0 . 0

C a s e 2 : X e d = A 2 , X n e d = B 2 , A 2 + B 2 = C 2 , G = G ( t )

C a s e 3 : X e d = 0 , X n e d = B 3 , 0 + B 3 = C 3 » G > G l i m

A s s u m e : C l > C 2 > C 3

D e f i n e :

— G l i m i s t h e s m a l l e s t v a l u e o f G f o r w h i c h X e d = 0 . 0 ,

Q b v i o u s l y C a s e 3 is t h e h i g h e s t p o s s i b l e b l o o m w h i c h c o n s i s t s
e x c l u s i v e l y o f u n e d i b l e s p e c i e s . G ( t ) is t h e a c t u a l v a l u e o f G a t
t i m e t w h i c h w e m a y f i n d p u t t i n g t h e a p p r o p r i a t e z o ö p l a n k t o n c o e f -
f i c i e n t s a n d X e d « A 2 i n t o E q . ( 7 . 2 ) .

If w e u s e t h e n o r m a l i t e r a t i o n s c h e m e » B L O O M II s t a r t s w i t h t h e
s o l u t i o n i n d i c a t e d a s C a s e 1 (G = 0 . 0 ) a n d it c o n v e r g e s t o t h e s o l -
u t i o n i n d i c a t e d a s C a s e 2 , b s c a u s e C 2 2: C 3 . S u p p o s e o n t h e o t h e r
h a n d t h a t w e t a k e G i n > G l i m . N o w o f c o u r s e B L O Q M II f i n d s t h e s o l -
u t i o n i n d i c a t e d b y C a s e 3 in t h e f i r s t i t e r a t i o n s t e p a n d a s t h e
c o n c e n t r a t i o n o f e d i b l e s p e c i e s is z e r o » it w i l l n o t m a k e a n y f u r -
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t h e r i t e r a t i o n s b u t r a t h e r c o n s i d e r C a s e 3 a s t h e o p t i m a l s o l u t i o n .
O b v i o u s l y » w h e t h e r w e f i n d t h e s o l u t i o n o f C a s e 2 o r C a s e 3 d e p e n d s
o n t h e v a l u e o f G i n .

H o w i m p o r t a n t is t h i s p h e n o m e n o n t o t h e p e r f o r m a n c e o f B L O O M I I
in t h o s e 2 0 p e r c e n t o f a l l c a s e s , w h e n e d i b l e s p e c i e s s p e c i e s ars
p r e s e n t in t h e i n i t i a l i t e r a t i o n s t e p ? A n a r t a l y t i c a l a n a l y s i s is
e x t r e m e l y d i f f i c u l t b e c a u s e t l ) E q . ( 7 . 2 ) i s q u a d r a t i c in t h e
d e n o m i n a t o r f w h i c h m a k e s G a n o p t i m u m - t y p e f u n c t i o n o f X e d a n d
b e c a u s e ( 2 ) g r a z i n g a f f e c t s t h e m i n i m u m e f f i c i e n c y r a q u i r e m e n t
E m i n ( T ) a n d t h u s e x t i n c t i o n r o o t K m a x . T h i s * a s w e h a v e p r a v i o u s l y
s e e n [ C h a p . 5 ] is a c o m p l i c a t e d f u n c t i o n o f s e v e r a l a b i o t i c a n d
b i o t ï c c o n d i t i o n s . S i n c e e v e n t h e l e s s d i m e n s i o n a l c a s e s a r e c o m -
p l i c a t e d w e w e r e o n l y a b l e t o p e r f o r m s o m e s o r t o f s e n s i t i v i t y
a n a l y s i s o f t h e m o d e l t o i n v e s t i g a t e t h e s e p r o b l e m s .

W e h a v e m a i n t a i n e d t h e p r e s e n t a l g o r i t h m o f B L Q O M II w i t h G i n -
0 . 0 f o r s e v e r a l r e a s o n s :

• T h e e x a c t v a l u e o f G l i m d e p e n d s o n t h e u n c e r t a i n c o ë f f i -
c i ë n t z, Z G a n d X m i n , h e n c e e v e n if M e h a d a n e q u a t i o n t o
c o m p u t e G l i m » it w o u l d s t i l l b e d i f f i c u l t t o d e t e r m i n e h o w
it r e l a t e s t o a p a r t i c u l a r v a l u e o f G i n .

• B u t o u r p r e s e n t c o ë f f i c i ë n t v a l u e s s t r o n g l y s u g g e s t t h a t
G l i m is u s u a l l y l a r g e r e l a t i v e t o t h e a c t u a l g r a z i n g r a t e
c o n s t a n t G o f a n y b l o o m w i t h e d i b l e s p e c i e s . T h i s m e a n s
t h a t t h e n e c e s s a r y g r a z i n g p r e s s u r e t o m a k e G i n a b o u t a s
l a r g e a s G l i m i s u s u a l l y s o h i g h » t h a t t h e m o d e l w i l l
s w i t c h t o a b l o o m o f u n e d i b l e s p e c i e s a n y h o w .

• O u r a s s u m p t i o n t o t a k e G i n = 0 . 0 i m p l i e s t h a t t h e m o d e l
t e n d s t o m i n i m i z e t h e i m p a c t o f z o ö p l a n k t o n o n t h e p h y -
t o p l a n k t o n b i o m a s s e s a n d c o n s i d e r s t h e h i g h e s t p o s s i b l e
b l o o m in w h i c h e d i b l e s p e c i e s a r e p r e s e n t a m o n g a l l p o s s i -
b l e s t e a d y s t a t e s o l u t i o n s . T h i s p r o c e d u r e is c o n s i s t e n t
t o t h e m o d e i ' s o b j e c t i v e .
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8.CALIBRATI0N AND VALIDATION

8.1 INPUTS TO THE MODEL

M a t h e m a t i c a l mode Is such as BLOO M II re q u i r e many data w h i c h d i f -
fer in importance» origin» q u a l i t y ('softness') e t c . a c o n s i d e r -
able p o r t i o n of the a v a i l a b l e time to de v e l o p the model» t h e r e f o r e »
had to be devote d to data r e s e a r c h and data h a n d l i n g . These e f f o r t s
will only be d i s c u s s e d rather b r i e f l y here Cl) to keep the report
readable» but (2) b e c a u s e it would be d i f f i c u l t to r e p r o d u c e the
history of each n u m b e r . Thus we shall only m e n t i o n the requ i r e d
inputs of BLOO M II and give same g e n e r a l indication how each c o ë f -
ficiënt was derive d (Table 3 . 2 ) . Some a d d i t i o n a l i n f o r m a t i o n is
pro v i d e d in the A d d e n d u m volume to this r e p o r t . We shall also m e n -
tion which o u t p u t s are p r o d u c e d by the model and d i s c u s s the
re s u l t s of s e v e r a l c a l i b r a t i o n and v a l i d a t i o n r u n s .

T h e re are two ki n d s of inputs to the m o d e l : u n i v e r s a l and
la k e - s p e c i f i c i n p u t s . In most c a s e s the initial v a l u e s for u n i -
versal inputs were d e t e r m i n e d from (many) l i t e r a t u r e s o u r c e s and
Grote Rug o b s e r v a t i o n s . In some cases these values were m o d i f i e d
when the model was c a l i b r a t e d . The l a k e - s p e c i f i c inputs were
d ï r e c t l y or s o m e t i m e s i n d i r e c t l y d e t e r m i n e d from m e a s u r e m e n t s .

8.1.1 Lake s pee-i f ie inputs

Contrary to the universal inputs, lake-specf fic inputs vary
between lakes and years. These inputs are:

1. The average weekly water temperature.
2. Heekly concentrations of total available N, P and Si.
3. Weekly solar intens i t i e s.
4. The background extinction Kb of the water.
5. The mixing depth Zmax.
6. The flushing rate constant or residence time.
7. Weekly zoöplankton concentrations .
8. An adjustment in the specific ratio of carbon to chloro-

phyll (only in a few l a k e s ) .

Already at a brief examination the reader will notice* that fre-
quently data for some of these variables will be missing for either
some time-periods , or entirely. How significant that is to the mod-
ei's performancei depends on which data are missing and how fre-
quently. Obviously, we have to supply the model with reasonable
values for the nutriënt concentrations. But as we have shown in
Sec. 7.4.1» a run for a eutrophic lake without zoöplankton data is
st i 11 valuable.

Far Grote Rug almost all lake-specific inputs were weekly avail-
able. In all other cases, however» data were measured two-weekly
or even monthly. Missing values for these were generated by linear
i nterpolat i on .
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8.1.2 Universal inputs

Because most inputs have already been discussed, we shall confïne
ourselves to a brief summary. As universal inputs BLOOM II
requ i res:

1. The remineralization rates Cu () of the nutrients as a
function of temperature.

2. The fraction of dead phytoplankton (q()» which has to be
remi nerali zed .

3. Minimum stochiometric coefficients (a, f J) for the nutri-
ents .

4. The ratio of carbon to chlorophyll (C/Chlj) of each spe-
cies j .

5. The disappearanée rate of dead chlorophyll (v) as a func-
tion of temperature.

6. The specific extinction coefficients (Kj) for each spe-
cies j .

7. The average cell volume Vj of an individual or colony of
species j .

8. The ratio of respiration to maximum gross production and
the temperature dependence of respiration.

9. The production curve E(IiT) of each species 5 ,
10. The relative mixing depth RmiXj of each species j to com-

pute the impact of buoyancy regulation,
11. The average day length.
12. Several grazing coefficients (ZG, ZK, Xmin and PRj).
13. The nutriënt contents of zoöplankton C h , ) .

8.1.3 Chlorophyll to biomass ratio

The carbon to chlorophyll ratio (C/Chlj) of a species is not used
in the actual computations of the model» but is necessary to con-
vert its dry weight output to ch l o r o p h y l l , the oniy commonly m e a s -
ured biomass indicator. Because chlorophyll to biomass ratios may
vary considerably, we would prefer not to make any conversion at
all» but rather compare BLOOM U ' s output directly to sotne observed
number such as planktonic dry weight. Unfortunately t it is impossi-
ble in routine measurement programs to separate C or dry weight in
live phytoplankton from all other fractions.

The C/Chlj ratio is not only a function of the species» but also
of several abiotic conditions such as: temperature» (average)
light intensity and variations in light intensïty. For example a
species is more lïkely to contain a high amount of 1ight-absorbing
chlorophyll when it is energy limited than under nutrient-1imited
c o n d i t i o n s . Thus a species dependent variation in time and place
may be expected, and the question arises whether it is at all pos s i -
ble to say anything about C/Chlj ratios, other than that they vary
over a wide range. Indeed literature values from 20 to 90» s o m e -
times even much higher» have been reported frequently, for example
by Strickland [19601, Eppley and Sharp [ 1 9 7 6 ] , and Banse [ 1 9 7 7 ] .

Initial estimates for the C/Chlj ratios wera obtained from linear
regressions between chlorophyll and several phytoplankton-related
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v a r i a b l e s 1 m e a s u r e d in G r o t e R u g s u c h a s t o t a l d r y w e i g h t » a s h f r e e
d r y w e i g h t » p a r t i c u l a t e o r g a n i c c a r b o n a n d p a r t i c u l a t a n i t r o g e n
a n d p h o s p h o r u s . T h e r e a d e r s h o u l d c o n s u l t t h e p r e v i o u s r e f e r e n c e s
f o r a d i s c u s s i o n o f t h e m e t h o d o l o g i c a l p r o b l e m s i n v o l v e d in t h e s e
e s t i m a t e s . A p p r o x ï m a t e v a l u e s f o r t h r e e r e l a t i v e l y c o n s t a n t
i n t e r n a l r a t i o s a r e p r e s e n t e d in t h e T a b l e 3 . 1 .

T a b l e 8.1

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

G r o u p

di atoms
all others

Carbon

0 . 2 - 0 . 3
0 . 4 - 0 . 5

A s h f r e e d r y w e i g h t

0 . 4 - 0 . 5
0 , 8 - 0 . 9

D r y w e i g h t

1.0
1.0

A p a r t front t h e d i f f e r e n c e b e t w e e n d i a t o m s a n d a l l o t h e r g r o u p s »
w h i c h is e x p l a i n e d b y t h e h i g h s i l i c o n c o n t e n t s o f t h e f o r m e r ( 1 0 t o
30 p e r c e n t o f d r y w e i g h t ) » t h e r e s u l t s f o r v a r i o u s g r o u p s a r e f a i r -
ly c o n s t a n t .

U s i n g d a t a f o r p e r i o d s , w h e n o n l y o n e s p e c i e s w a s d o m i n a n t C R I D
d a t a ) , w e o b t a i n e d v e r y r e a s o n a b l e r e s u l t s f o r G r o t e R u g ( T a b l e
A . 3 ) b e c a u s e ( 1 ) m o s t o f t h e c o r r e l a t i o n s a r e h i g h l y s i g n i f i c a n t »
( 2 ) t h e d i f f e r e n c e s b e t w e e n t h e v a r i o u s r a t i o s a r e w i t h i n t h e r a n g e
of e x p e c t e d v a l u e s * a n d ( 3 ) t h e y a r e c o n s i s t e n t t h r o u g h t h e y e a r s .

In m a n y o t h e r l a k e s t h e a v e r a g e C / C hl r a t i o s a g r e e d w e l l w i t h t h e
G r o t e R u g e s t i m a t e s , T h e d i f f e r e n c e s b e t w e e n i n d i v i d u a l l a k e s
c o u l d u s u a l l y b e r e l a t e d t o o b s e r v e d d i f f e r e n c e s in s p e c i e s d o m i -
n a n c e . H e n c e in t h e m o s t r e c e n t v a r s i o n o f t h e m o d e l t h e s a m e s p e -
c i f i c c o n v e r s i o n s of d r y w e i g h t t o c h l o r o p h y l l a r e u s e d in a l l b u t a
f e w c a s e s s u c h a s t h e l a k e W o l d e r w i j d . P r e v i o u s l y » w e m a d e a n
a d j u s t m e n t in sotne o t h e r ( P A W N ) l a k e s a s w e l l , b u t a f t e r r e c e n t
ï m p r o v e m e n t s in t h e c o m p u t e d c o m p o s i t i o n o f s p e c i e s » a n a d j u s t m e n t
w a s n o l o n g e r n e c e s s a r y . T h e a v e r a g e C / C h l r a t i o o f 6 5 in l a k e W o l -
d e r w i j d is b e y o n d t h e notnïnal r a n g e of a n y o f B L O O M U ' s s p e c i e s »
h o w e v e r » a n d t h u s a l a k e - s p e c i f i c a d j u s t m e n t f o r t h i s c a s e is i n e v -
i t a b Ie .

T h e m o d e i ' s d r y w e i g h t c o m p u t a t i o n w i l l a l w a y s b e c o n v e r t e d t o
c h l o r o p h y l l . H o w e v e r , in c o m p a r i n g b l o o m s u n d e r a l t e r n a t i v e c o n d i -
t i o n s » o n e s h o u l d u s e d r y w e i g h t r a t h e r t h a n c h l o r o p h y l l » b e c a u s e :

• T h e c o n v a r s i o n d e p e n d s o n t h e d o m i n a n t s p e c i e s » t h u s a n y
c h a n g G j o r t h e a b s e n c e o f a n y c h a n g e in c h l o r o p h y l l
l e v e l s i m a y b e d u e t o a c h a n g e in c o m p o s i t i o n » r a t h e r t h a n
a c h a n g e in d r y w e i g h t .

• If t h e a v e r a g e l i g h t c o n d i t i o n s c h a n g e d r a s t i c a l l y » s o m e
or a l l s p e c i e s m a y a d j u s t t h e i r c h l o r o p h y l l t o b i o m a s s
r a t i o s ; t h u s it is u n c e r t a i n w h e t h a r t h e p r e s e n t c o n v e r -
s i o n c o e f f i c i e n t s s t i l l h o l d in f u t u r e s i t u a t i o n s .

1 T h e b a c k g r o u n d e x t i n c t i o n Kb w a s e s t i m a t e d f r o m t h e i n t e r c e p t o f
t h e d e p e n d e n t v a r i a b l e . M o r e d e t a i l s a r e r e p o r t e d b y L o s et a l .
l 1 9 8 2 ] .
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8.2 Model outputs

B e c a u s e B L O O M II is a m u l t i s p e c i e s m o d e l w i t h s e v e r a l p o t e n t i a l
l i m i t i n g f a c t o r s ? a g r e a t deal of o u t p u t (up to 5 0 0 0 l i n e s of
d e t a i l e d i n f o r m a t i o n ) is p o t e n t i a l l y a v a i l a b l e » a l t h o u g h t h e o u t -
put ntay be l ï m i t e d to o n l y two s u m m a r y t a b l e s if d e s i r a d . The f o l -
lowin g o u t p u t s are a l w a y s or o p t i o n a l l y p r o d u c e d by the m o d e l for
eac h t i m e - s t e p and s o m e t i m e s for ea c h e x t i n c t i o n i n t e r v a l and each
z o ö p l a n k t o n i t e r a t i o n :

1. C o n c e n t r a t i on of e a c h s p e c i e s in mg dry w e i g h t per m3 ,
2. T o t a l c o n c e n t r a t i o n of all s p e c i e s in mg dry w e i g h t per

in 3.
3. Total concentration of all species in mg chlorophyll per

m 3 .
4. Concentration of 'planktonic' and 'rest' nutrients in mg

per m 3 [Sec. A . 2 ] .
5. The total extinction per m.
6. Production» mortality grazing» respiration and flushing

rates of each species in mg C and mg D2 per m 3 per day.
7. Diurnal distribution of the total product ion and re s p i r a -

tion rates in mg 02 per m 3 per hour.

8.3 CALIBPATION PROCEDURE

The universal inputs» which are necessary for calibration and
validation of the model» have all been established by the following
procedure:

1. Literature research.
2. Analysis of Grote Rug data.
3. A comparison between the results of step 1 and 2» ïf n e c -

essary followed by a repetition of one or both s t e p s .
4. A comparison between the model outputs and the obs e r v a -

tions for selected calibration c a s e s . If the di s a g r e e -
ments are considered too large» step 1 or step 2 (or both)
are repeated .

5. Validation of the model for those Grote Rug cases» which
were not used for calibration.

6. Validation of the model for the PAWN lakes.

Although the required number of (species dependent) data is
large» we were able to obtain suffïcient information from the lit-
erature to establish an almost complete initial set of universal
inputs (model p a r a m e t e r s ) . For this we have used many papers which
are included in the list of references» including the WABASIM
reviews by Lingeman-Kosmerchock 11978; 1979a> 1979b» 1 9 7 9 c ] . Me
shall» however» not attempt to include all references for each
individual model parameter. The extent to which these initial e s t i -
mates are important to the present version of BLOOM II is indicated
i n Table 3.2.

The accuracy» completeness and frequency of the Grote Rug rneas-
urements have been of great help developing a model which requires
many» some rather unconventional, data. Fortunately» data were
available for four basins in three separate years» during which
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m a n y i m p o r t a n t s p e c i e s h a v e d o m i n a t e d 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
at l e a s t o n c e .

T h e p r i m a r y p r o d u c t i o n m e a s u r e m e n t s b y t h e D e l t a D e p a r t m e n t
s i n c e 1 9 7 7 m a d e it p o s s i b l e to v e r i f y t h e t e m p e r a t u r e c o n s t a n t o f
P n m a x ( T ) [ S e c . 4 . 6 3 a n d t o a d j u s t t h e o r i g i n a l v o l u m e c o ë f f i c i ë n t
f o r b l u e - g r e e n s in E q . ( 4 . 1 3 c ) . T h e c a l c u l a t i o n of t h e m i n i m u m m o r -
t a l i t y r a t e c o n s t a n t E q . ( 4 . 2 2 b ) a n d t h e p h o t o s y n t h e t i c e f f i c i e n c y
c u r v e s E ( I i T ) > a r e c o m p l e t e l y b a s e d u p o n t h e s e m e a s u r e m e n t s , A l s o i
t h e e x p e c t e d t e m p e r a t u r e d e p e n d e n c e o f E ( I i T ) a c c o r d i n g to t h e l i t -
e r a t u r e » c o u l d i n d e e d e x p l a i n t h e s e a s o n a l v a r i a t i o n of E ( I » T ) in
G r o t e R u g . We h a v e u s e d b o t h 1 9 7 7 a n d 1 9 7 8 d a t a o f a l l f o u r r e s e r -
v o i r s a n d i n c l u d e d t h o s e in t h e m o d e l » w h i c h w e r e m e a s u r e d at
a p p r o x i m a t e l y 1 5 ° c e n t i g r a d e [ S e c . 4 . 7 ] ,

L i n e a r r e g r e s s i o n of t w o » s o m e t i m e s t h r e e , r e l a t e d v a r i a b l e s w a s
a p p l i e d t o o b t a i n e s t i m a t e s f o r t h e s t o c h i o m e t r i c c o n s t a n t s
Ca l ,j)# t h e c h l o r o p h y l l to b i o m a s s r a t i o s » a n d f o r t h e s p e c i f i c

( K j ) . U s u a l l y o n l y d ^ t a w e r e i n c l u d e d f o r
tias c l e a r l y d o m i n a n t a c c o r d i n g t o t h e R I D
C o m p a r e d w i t h r e g r e s s i o n s f o r p e r i o d s o f

a w h o l e y e a r » t h e s i g n i f i c a n c e of m a n y c o r r e l a t i o n c o e f f i c i e n t s
i n c r e a s e d a n d d a t a f o r s e v e r a l s p e c i e s b e c a m p a v a i l a b l e » f o r w h i c h
t h e r e w e r e no l i t e r a t u r e d a t a . In g e n e r a ! t h e v a l u e s f o r K g a n d
C / C h l j f r o m G r o t e R u g a g r e e d w e l l t o t h e lit e r a t u r e n » b u t t h e n u t r i -
ë n t c o e f f i c i e n t s a ( tJ of s o m e s p e c i e s w e r e r a t h s r d i f f e r e n t .

e x t i n c t i o n c o e f f i c i e n t s
p e r i o d s w h e n o n e s p e c i e s
s p e c i e s i d e n t i f i c a t i o n s .

T a b l e 8 . 2

O r i g ï n a n d m o d i f i c a t i o n s of B L O O M U ' s u n i v e r s a l i n p u t c o e f f i -
c i e n t s . T h e s y m b o l s i n d i c a t e t h e s i g n i f i c a n c e o f l i t e r a t u r e ( L i t ) »
G r o t e R u g ( G R ) a n d c a l i b r a t i o n ( C a l ) to t h e c u r r e n t v a l u e :
+ + v e r y l a r g e » + l a r g e » o m o d e r a t e l y l a r g e » - s m a l l , — a b s e n t .

C o e f f i -
c i e n t s

Pgtnax
Mmi n
R e s p
G

V

Rmi x g

SRFL
CPAR

l

C/Chlj
2G
ZK
Xmi n

" J

Lit

• •

GR

++

• •

--

CAL

0

0

—

i 
i 

i 
i 

t 
i

f 
i 

i 
i 

i 
i

- -

Remarks

GR only for blue-greens

Cal only for dinoflagellates

GR for two blue-greens
Cal for low temperatures
No quantitative data

Surface reflection of I
Conversion total to active I

C to chlorophyll ratio of j

Nutriënt contents zoöplankton

T a b l e 8.2 s h o w s t h a t m o s t o f B L O O M
l i s h e d f r o m t h e l i t e r a t u r e a n d

U ' s c o e f f i c i e n t s w e r e e s t a b -
G r o t e R u g r a t h e r t h a n by
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calibration» although a clear d i s t i n c t i o n is not always p o s s i b l e ,
For instance we had made many runs with the model» before we
obtained all the current e f f i c i e n c y c u r v e s . Hence we knew that some
of the pr e v i o u s ones could be improved» but when new data became
available» we have sitnply used them w i t h o u t further c h a n g e s .

Unlike the ++ and + signs could s u g g e s t , l i t e r a t u r e was not the
most important source for the u n i v e r s a l inputs as some of the c o e f -
ficients» to which BLOOM II is most s e n s i t i v e such as M m i n ( T ) and
a, ,jf were mainly estimated from Grote Rug d a t a . Actual c a l i b r a t i o n
was in fact limited to c o e f f i c i e n t s such as Rmixj for which there
were little or no data in either the lit e r a t u r e or the Grote Rug
observati ons .

8.4 C A L I B R A T I O N R E S U L T S

M e a s u r e m e n t s of several Grote Rug cases have been used to some
extent to cal i b r a t e the m o d e l . This is true in p a r t i c u l a r for the
primary p r o d u c t i o n m e a s u r e m e n t s from which we have d e t e r m i n e d the
pro d u c t i o n efficiency» the ma x i m u m rate of prima r y p r o d u c t i o n and
the minimum m o r t a l i t y rate c o n s t a n t . Three cases» however» had a
major impact on the c a l i b r a t i o n result of the m o d e l : Ring 2 and Ring
3 in 1976i and Ring 2 in 1 9 7 7 . All three of them were used to adjust
some stoch i otnetr i c c o e f f i c i e n t s » and the bu o y a n c y factor ( R m i X j ) .
The r e s p i r a t i o n rate c o n s t a n t of Cera t ) u m was lowered based upon
the run for Ring 2 in 197 6 .

For one case (Ring 2 in 1977) we have also used a forcing function
for the mo r t a l i t y rate constant which was derived from
o b s e r v a t i o n s . This case» therefore» can be co n s i d e r e d as the only
c o m p l e t e c a l i b r a t i o n of the m o d e l . The cases of Ring 2 and Ring 3 in
1976 are partial v a l i d a t i o n s Cmortality ratej P n m a x ( T ) ) . All other
cases from Grote Rug and the five PAWN cases are c o n s i d e r e d as com-
plete v a l i d a t i o n s of BLOOM I I .

Q>«ote RUQI Ring 2> 1977

Ring 2 in 1977 c o n t r i b u t e d more to the c a l i b r a t i o n of the model
than any other c a s e . Here we have not only changed some universal
inputs after running the model» but moreover we have not used Eq.
(4.22b) to c a l c u l a t e the minimum m o r t a l i t y rate c o n s t a n t , Instead
Eq. (4.21b) was employed to obtain a t i m e - s e r i e s of M from observed
changes in ch l o r o p h y l l and the measured p r o d u c t i o n r a t e s . These
values of M were fed into the model as a forcing f u n c t i o n . This
approach was adopted because we wanted to elintinate the effect of
one of the most uncertain c o e f f i c i e n t s <M) during c a l i b r a t i o n .

With these m o r t a l i t y e s t i m a t e s BLOOM II computes total b i o m a s s
e x t r e m e l y w e l l . Moreover it com p u t e s the dom i n a n t species r e m a r k -
ably well (Fig. A - l . 1 ) , Phosphor is by far the most important 1im-
iting factor in the computations> which is no sur p r i s e c o n s i d e r i n g
that the c o n c e n t r a t i o n s of total phosphor are e x t r e m e l y low in this
case (a peak as low as 0.103 mg/1» at the peak of the p h y t o p l a n k t o n
b l o o m ) . During the early summer bloom the observed ratio b e t w e e n
total phosphor and ch l o r o p h y l l is e x c e p t i o n a 1 l y low. This s u g g e s t s
that the mor t a l i t y rate constant should also be very low, b e c a u s e
almost all p h o s p h o r must have been incorporated by live p h y t o p l a n k -
ton rather than d e t r i t u s . Indeed the computed m o r t a l i t y rates for
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t h i s b l o o m are even lower than B L O O M U ' s m i n i m u m e s t i m a t e . With
its m i n i m u m m o r t a l i t y e s t i m a t e M m i n ( T ) » B L O O M II can o n l y c o m p u t e a
peak w h i c h is abou t half the o b s e r v e d l e v e ! ( 1 5 3 . 5 mg c h l o r o p h y l l
per m 3 ) .

In this c a s e w h e r e we p r o v i d s d the m o d e l with a good e s t i m a t o r for
the m o r t a l i t y » B L O O M II b e h a v e d b e t t e r than we mi g h t h a v e e x p e c t e d
from its o b j e c t i v e . It is not just c a p a b l e of r e p r o d u c i n g the h i g h -
est p h y t o p l a n k t o n l e v e l s but it also c o m p u t e s f a i r l y r e a s o n a b l e
v a l u e s in p e r i o d s b e t w e e n blootns.

A l t h o u g h we have a s s u m e d a small v a l u e for the r e l a t i v a m i x i n g
d e p t h (RmiXj = 0,275)» the model is u n a b l e to a c h i e v e e q u a l l y high
b l o o m l e v e l s as have been o b s e r v e d d u r i n g the last m o n t h s of the
y e a r . As the d o m i n a n t s p e c i e s , Aphan i z o m e n o n . is e n e r g y limited in
the model» p e r h a p s we have still u n d e r e s t i m a t e d the impact of b u o y -
ancy c o n t r o l .

8.4.2 Grote Rug* Ring 2 and Ring 3. 1976

With the exceptton of the previous case» the weekly mortality
rates have always been computed by BLOOM II according to Eq,
( 4 . 2 2 b ) 2 . As there are no production m«asurements for Grote Rug in
1976, the following cases can be considered as partial validations
of the model particularly for the energy constraints. However,

1. The respiration rate constant of Cerat f urn was reduced to
20 percent of Pnmax(T) at 20* ISec. 4.91» because other-
wise BLOOM II could not achieve the observed concen-
trations in Ring 2 when this species was dominant.

2. The summer blooms in both cases have been used in addition
to Ring Zt 1977 to determine Rmixj [Sec. 5 . 7 ] ,

None of BLOOM U ' s stochiometric constants was modïfied after we
ran t,he model for these two cas e s . But measurements of particulate
nutrients and biomass have been used» in addition to other data in
the regressions to determine these constants.

The results for both cases (Fig, A-2.1 trough A-3.3) are very
similar. An observed spring bloom of diatoms and flagellates is
reasonably well reproduced by the model» although computed bloom
levels are somewhat high at the start. Also the computed species
cotnposition in Ring 2 agrees better to the observations than in
Ring 3» which has a higher background extinction. This is a consid-
erable disadvantage to diatoms and flagellates when the light
intensities are low, because they have a relatively high energy
requirement and low production efficiency [Sec. 4,6.1! Fig. 4 . 3 ] .

In the fïrst half of the summer the computed biomass levels are
higher than observed in both rings» but they are still lower than
the biotnass standard (10 g dry weight per m 3» approx i mately 65 to
135 mg chlorophyll per m 3 ) of an objectionabIe bloom [Sec. 1 , 5 ] .

In the second half of the summer, however, the model computes
blooms in bath cases of the same order of magnitude and at about the
same time as was actually measured. The observed difference in sp e -
cies composition between the two ringst a mixture of blue-greens
and Cerat i urn in Ring 2 and a complete dominance of Mi crocvst i s in

2 Other equations have been used recently, but none are included in
th i s report.
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Ring 3 after week 29» is remarkably well reproduced by BLOOM I I .
This according to the co m p u t a t i o n s is caused by a differe n t c o m b i -
nation of limit ing f a c t o r s . In Ring 2 phosphor and energy are the
main lïmitations» in Ring 3 M i erocyst i s is initially limited by
nitrogen (an exception in Grote Rug) and after week 34 by energy
until the end of the year. Computed potential bloom levels in the
last two months of the year are achieved in neither of the two
R i n g s .

8.5 NOMINAL VALIDATION BESULTS

8.5.1 Grote Rug cases

If it ware BLOOM U ' s purpose to make an accurate prediction of
the weekly p h y t o p l a n k t o n concentrations» the validation results
for Grote Rug (Fig. A-4.1 through A - 9 . 3 ) would not saam i m p r e s s i v e ,
since usually computed biotnasses are higher than observed.
However» in S e c s . l.Z and 1.3 we have explained that before a n y -
thing else» BLOOM II should be able to compute time» s i ze and c o m p o -
sition of o b j e c t i o n a b l e b l o o m s . A close examination of the results
indicates that the model rarely computes violations of the biomass
standard. The maximum levels in some cases (Ring 3r 1975; Ring l,
1976) are more or less at the standard» but in other case (for exam-
ple Ring 2» 1975; Grote Rug» 1977)» computed c o n c e n t r a t i o n s
infrequently approach the standard. This is one of the reasons» why
the Grote Rug cases are not very attractive for validation purposes
and why the results on some of the PAWN lakes are included in this
r e p o r t .

There are two exceptions to this general p i c t u r e . The model
results for Ring 3 in 1977 are worse» those for Ring 2 in 1978 b e t -
ter than a v e r a g e . Nutriënt c o n c e n t r a t i o n s in Ring 3 remained
extremely high for almost a year after the eno r m o u s Mi crocvst i s
bloom of 1976 iSec. 8 . 4 . 2 ] . At first this has a limited impact on
the results of the model because energy is limiting in wi n t e r , But
during the spring of 1977, when the amount of solar energy is stead-
ily increasing» the model continues to maximize biomass until it
becomes phosphor and energy limited at a much higher biomass level
than was observed.

So far the most p l a u s i b l e e x p l a n a t i o n is that BLOOM II largely
o v e r e s t i m a t e s the available amount of p h o s p h o r . C o m p u t a t i o n s with
the WABASIM chemical model CHARQN suggest that phosphor was mainly
present in part i c u l a t e inorganic (= u n a v a i l a b l e ) form, Details on
these results will be published by Nico de Rooij in his r e p o r t ( s ) on
CHARON's r e s u l t s .

In contrast to the previous c a s e , the results for Ring 2 in 1978
are much better than a v e r a g e , Both total biomass and the species
composition agree fairly well to the o b s e r v a t i o n s , which is rema r k -
able considering the rather unusual observed succession of
sp e c i e s .

The most interesting disagreement occurs in summer» when the com-
puted chlorophyll c o n c e n t r a t i o n s are lower than observed. A t h o r ~
ough analysis of all available data on (1) the observed
phytoplankton biomass (in c h l o r o p h y l l , as well as in t o t a l - and
total ash free dry weight u n i t s ) , (2) the C/Chl r a t i o s , (3) the
phosphor to biomass ratios and (4) the mortality r a t e s , suggests
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that probably more phosphor was available than according to the
measurements of total phosphor. If we subtract the estimated amount
of phosphor in detritus Cbased upon the 'observed' mortality rates)
from the total measured amount» there is already too little phos-
phor left to support the observed phytoplankton population.

The measurements themselves contain information to support this
hypothesis. We have compared the total phosphor concentrations of
two independent» differently collected samples of this ring. It
turns out that there is a difference of about a factor two and that
the lowest levels were used as input to the model. Hence we may con-
clude that the phosphor measurements are at least suspect in this
case.

8.5.2 PAMN lakes

There are two major reasons to include some results of the PAWN
project (R1230) which have been reported by Los et al. [19821 here:

1. The observed phytoplankton levels exceed the standards
much more frequently in severai PAWN lakes than in any of
the Grote Rug reservoirs.

2. Grote Rug is a man-made lake» which may not be represan-
tative for any natural lake.

The latter is true in particular for the rings upon which the model
is mainly based. Moreover intake and withdrawal of water is highly
irregular and management measures for phosphor removal in the res-
ervoir and two of the rings result in much lower average phosphor
concentrations than commonly observed in Dutch lakes (campare for
example Tabie A.7 to A . 1 6 ) . Hence phosphor is much more important
as a limiting factor in Grote Rug than in most natural lakes in the
Netherlands .

In this report we have included those five cases for which the
best lake-specific data are available: Lake Veluwe (1975 and 1 9 7 6 ) ,
which is one of the most eutrophic lakes In the Netherlands, Lake
Wolderwijd (1975 and 1976) and Lake IJssel ( 1 9 7 6 ) , the largest lake
in the country, The lake-specific inputs (Tables A.16 through A.20)
are from the R i jkswaterstaat 's WAKWAL data base,

The observations indicate that these natural lakes differ con-
siderably from Grote Rug:

• The average and maximum phytoplankton concentrations are
(much) higher.

• These concentrations vary comparatively little durïng a
year. Low minimum values in summer» which are typically
observed in Grote Rug» are lacking.

• There is not a single dominant limiting factor
(phosphor)» but a seasonal and regional variation.

Because informatïon on observed species compositions is qualita-
tive rather than quantitative» species dominance is not included in
the figures. Instead» computed yearly averaged composittons are
shown i n Table 8.3.

Lake Velune is obviously the most eutrophic of the lakes considered
in this report: chlorophyll concentrations in the order of 500
mg/m 3 are not only computed» but also observed in 1975. BLOOM II
tends to compute concentrations about 100 mg/m 3 too high in some
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p a r t s of t h e y e a r C t h e t h i r d q u a r t e r ) » b u t c o n s i d e r i n g t h e m a g n i -
t u d e o f t h e b l o o m s a n d t h e u n c e r t a i n t y in s e v e r a l c o e f f i c i e n t s s u c h
a s t h e d r y w e i g h t t o c h l o r o p h y l l c o n v e r s i o n » w e m a y c o n c l u d e t h a t
t h e c o m p u t e d t o t a l b i o m a s s is v e r y r e a s o n a f a l e f o r t h i s l a k e in b o t h
y e a r s ,

In b o t h y e a r s » t h e l i m i t i n g f a c t o r s v a r y in a c o m p l e x w a y :
e n e r g y » p h o s p h o r a n d s i l i c o n a r e t h e m a i n l i m i t i n g f a c t o r s in t h e
f i r s t q u a r t e r , n i t r o g e n ( s o m e t i t n e s w i t h p h o s p h o r ) in t h e s e c o n d a n d
t h i r d » a n d e n e r g y » p h o s p h o r a n d n i t r o g e n l i m i t t h e b l o o m s in t h e
f o u r t h q u a r t e r . S o m e t i m e s o n l y o n e f a c t o r is l i m i t i n g » b u t m o r e
o f t e n t w o , or e v e n m o r e t h a n t w o f a c t o r s a r e l i m i t i n g at t h e s a m e
t i m e .

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 in L a k e V e l u w e is d o m i n a t e d by
Q s c i,! l a t o r i a a o a r d h i i m o s t of t h e t i m e ( p e r s . c o m m , S . H . H o s p e r ) ,
a l t h o u g h o t h e r b l u e - g r e e n s a r e o c c a s i o n a l l y p r e s e n t in i a r g e q u a n -
t i t i e s a s we 1 1 , A l s o t h e s t e e p d e c r e a s e in d i s s o l v e d s i l i c o n a f t e r
t h e s p r i n g b l o o m s t r o n g l y s u g g e s t s » t h a t a c o n s i d e r a b l e a m o u n t of
d i a t o m s m u s t h a v e b e e n p r e s e n t .

B L O O M II i n d i c a t e s Mi crpcyst.j s as m o s t i m p o r t a n t s p e c i e s w i t h
O s c i l l a t o r ia c o m i n g in s e c o n d p l a c e b o t h in 1 9 7 5 a n d 1 9 7 6 . In
s p r i n g a t e m p o r a r y d o m i n a n c e of d i a t o m s * f l a g e l l a t e s » s o m e t i m e s
g r e e n a l g a e is c o m p u t e d ( T a b l e 8 . 3 ) . Q a c i l l a t o r i a , is l e s s d o m i n a n t
in t h e c o m p u v a t i o n s t h a n in t h e o b s e r v a t i o n s b e c a u s e it h a s a h i g h -
er s t o c h i o m e t r i c c o n s t a n t f o r n i t r o g e n t h a n M i c r o e v s t i s a n d w h e n
t h e h i g h e s t b i o m a s s e s a r e o b s e r v e d (in s u m t n e r ) , n i t r o g e n is t h e
inain l i m i t i n g f a c t o r .

L a k e N o l d e r w i j d is s i m ï l a r t o L a k e V e l u w e in m a n y r e s p e c t s ( d e p t h
f o r e x a m p l e ) , B u t t h e r e a r e a l s o s o m e i m p o r t a n t d i f f e r e n c e s ; ( 1 )
t h e b a c k g r o u n d e x t i n c t i o n is c o n s i d e r a b l y l o w e r ( T a b l e A . 5 ) a n d ( 2 )
t h e n u t r i ë n t c o n c e n t r a t i o n s d o n o t a c h i e v e s u c h e x t r e m e v a l u e s a s
in L a k e V e l u w e » a l t h o u g h t h e y a r e s t i l l h i g h e n o u g h to e n a b l e itias-
s ï v e p h y t o p l a n k t o n b l o o m s . B e c a u s e b o t h t h e b a c k g r o u n d e x t i n c t i o n
a n d t h e e x t i n c t i o n d u e to l i v e p h y t o p l a n k t o n a r e l o w e r i t h e a v e r a g e
l i g h t i n t e n s i t y is h ï g h e r . T h i s is t h e m o s t l i k e l y e x p l a n a t i o n f o r
t h e e x c e p t i o n a l b i o m a s s t o c h l o r o p h y l l r a t i o in L a k e W o l d e r w i j d »
w h i c h a c c o r d i n g to l i n e a r r e g r e s s i o n s of s e v e r a l m e a s u r e d v a r i -
a b l e S f m u s t be a p p r o x i m a t e ly 1.5 tirnes h i g h e r t h a n t h e n o m i n a l d r y
w e i g h t t o c h l o r o p h y l l r a t i o f o r a l l s p e c i e s in t h e m o d e l [ S e c .
8 . 1 . 3 . 1 . T h i s e x c e p t i o n a l r a t i o w a s u s e d to c o m p u t e c h l o r o p h y l l
f r o m d r y w e i g h t f o r t h i s l a k e ( F i g . A - 1 2 . 1 , A - 1 3 . 1 ) .

T h e o v e r a l l a g r e e m e n t b e t w e e n c o m p u t e d a n d o b s e r v e d t o t a l c h l o -
r o p h y l l is e x c e l l e n t in b o t h 1 9 7 5 a n d 1 9 7 6 . T h e e x t r e m e l y h i g h c o m -
p u t e d v a l u e s a f t e r w e e k 4 0 in 1 9 7 5 a n d in t h e m i d d l e of 1 9 7 6 a r e n o t
d u e to a I a r g e i n c r e a s e in d r y w e i g h t » b u t t o a t e m p o r a r y ( a n d e r r o -
n e o u s ) c h a n g e in s p e c i e s d o m i n a n c e . T h e r e a d e r m a y f u r t h e r m o r e n o t e
t h a t B L O O M II c o m p u t e s t o t a l c h l o r o p h y l l e q u a l l y w e l l in b o t h
y e a r s » a l t h o u g h t h e o b s e r v e d c o n c e n t r a t i o n s in 1 9 7 6 a r e c o n s i d e r -
a b l y l o w e r t h a n in t h e p r e v i o u s y e a r .

A s in L a k e V e l u w e t h e l i m i t i n g f a c t o r s v a r y w i t h s e a s o n , b u t in
L a k e W o l d e r w i j d p h o s p h o r is at l e a s t e q u a l l y i m p o r t a n t a s n i t r o g e n »
w h i c h is a l s o i l l u s t r a t e d by t h e r e s u l t s of t h e s e n s i t i v i t y a n a l y -
s i s [ S e c . 9 . 2 1 . O n l y in t h e t h i r d q u a r t e r of b o t h y e a r s n i t r o g e n
b e c o m e s t h e m a i n l i m i t a t i o n .

In s p i t e of t h e d i f f e r e n c e s in e c o l o g i c a l c o n d i t i o n s » t h e
o b s e r v e d s p e c i e s d o m i n a n c e is m o r e or l e s s t h e s a m e as in L a k e
V e l u w e : Qscillator)a a o a r d h i i is t h e m o s t i m p o r t a n t s p e c i e s . B L O O M
II c o m p u t e s a c o m p l i c a t e d s e a s o n a l s u c c e s s i o n of m a n y d i f f e r e n t
s p e c i e s » s o m e of w h i c h c o e x i s t i n g w h e n m o r e t h a n o n e f a c t o r is l i m -
i t i n g to t h e b l o o m . T h e m o s t i m p o r t a n t s p e c i e s » h o w e v e r , a r e t h e
b l u e - g r e e n s M i c r o e v s t i s t O s c i 1 l a t o r i a a n d A p h a n i z o m e n o n (in t h i s
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order)» hence as in the Lake Veluwe cases» BLOOM II reproduces the
phyt o p l a n k t o n group c o r r e c t l y , but it fails to reproduce the strong
dominance of one single species (Table 8 . 3 ) .

Lake IJssel is the largest lake in the Netherlands» but like so many
others it is rather shallaw (its average depth is 4.5 m, Table A . 5 ) .
The current results for this lake are based upon averaged
lake-specific inputs» but considering its size» there may be
regional variations which could not be taken into a c c o u n t .

Pradicted total c h l o r o p h y l l levels match the ob s e r v a t i o n s w e 11»
although the model has some d i f f i c u l t i e s to achiave observed levels
in the second part of the year. Why this occursi is hard to say
because energy is the tnain limiting factor this entire period: it
could be anything from the production or mor t a l i t y rate» the effect
of buoyancy control or the backg r o u n d extïnctioni to the C/Chl
rati os .

Except during the second q u a r t e r , when both phosphor and energy
are limiting» energy is the only limiting factor in the 1976 c o m p u -
t a t i o n s » which clearly d i s t i n g u i s b e s this case from any of those
previously d i s c u s s e d .

The observed species dominance in various years is less c o n s t a n t
in Lake IJssel than in for instance Lake Veluwe or Laka W o l d e r w i j d .
In some years (e.g. 1977) there is a dominance of green algae (in-
cluding various S c e n e d e s m u s species but also others)» in other
yesrs b l u e - g r e e n s such as Osc i 1 la tor f,a and Mi c r o c v s t i s d o m i n a t e .
In 1976i the bl u e - g r e e n s were dominant Cdata of RIZA and the
Rijksdienst for the IJsselmeer P o l d e r s : R I J P ) .

BLOOM II compu t e s a complete dominance of two species of
blue-green a l g a e : M } crocvst i s, and Osc i ). 1 ator i a but unlike most
other cases» small changes in coë f f i c i ë n t values» may have rather
dramatic impacts on the computad species c o m p o s i t i o n in Lake IJssel
[Sec . B.6 1 .

8.6 OTHER VAL1DATIQN RESULTS

8.6.1 Dvnamïc nutriënt pecvcling

For e a c h c a s e we ran B L O O M II w i t h the d y n a m i c c o m p u t a t i o n schetne
t S e c . 3 , 6 ; 6.2.21 in a d d i t i o n to the n o m i n a l s t e a d y s t a t e n u t r i ë n t
r e c y c l i n g . As t h e r e s u l t s a r e r a t h e r c o n s i s t e n t » we ha v e o n l y
i n c l u d e d t h r e e t y p i c a l e x a m p l e s in t h i s r e p o r t : R i n g 1, 19 7 6 ; Ring
2» 1 9 7 8 } and La k e W o l d e r w i j d , 1 9 7 5 ( F i g . A - 1 5 . 1 t h r o u g h A - 1 7 . 3 ) .

In t h e G r o t e Rug ca s e s » t h e e f f e c t on t o t a l b i o n a s s is s m a l l »
t h o u g h t h e f l u c t u a t i o n s i n c r e a s e » p a r t i c u l a r l y in s p r i n g ( F i g .
A - 1 5 . 1 ) . M o r e o v e r t h e c o m p u t e d s p r i n g b l o o m s m a y be m o r e o u t of
p h a s e t h a n n o m i n a l l y » a p p e a r i n g t o o e a r l y s i n c e at the s t a r t of a
b l o o m t h e d y n a m i c a l l y c o m p u t e d d e t r i t u s p o o l s lag b e h i n d t h e i r
s t e a d y s t a t e v a l u e s . On the o t h e r h a n d at the c o i l a p s e af t h e s e
s p r i n g b l o o m t h e m o d e l a l l o c a t e s a c o n s i d e r a b l e a m o u n t of n u t r i e n t s
to d e t r i t u s » m o r e t h a n in the n o m i n a l s t e a d y s t a t e c a s e and s o m e -
t i m e s e v e n m o r e t h a n t h e t o t a l a v a i l a b l e a m o u n t (a few w e e k s in b o t h
e x a m p l e s ) . This» as we ha v e p r e v i o u s l y e x p l a i n e d [ S e c . 3.6.2J» is
due to our u s i n g m e a s u r e d n u t r i ë n t c o n c e n t r a t i o n s as f o r c i n g f u n c -
t i o n s .
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S p e c i e s c o m p o s i 1 i o n s a r e r a t h e r s i m i l a r c o m p a r e d w i t h t h e n o m i -
n a l r u n s a l t h o u g h n o t c o m p l e t e l y in R i n g 2» 1 9 7 8 » w h e r e t h e a n n u a l
s p e c i e s s u c c e s s i o n is r a t h e r c o m p l i c a t e d in t h i s p a r t i c u l a r y e a r .

F o r t h e c o n s i d e r e d P A W N l a k e s » t h e r e is l i t t l e d i f f e r e n c e t o t h e
n o m i n a l c a s e s ( c o m p a r e F i g . A - 1 7 . 1 w i t h F i g . A - 1 2 . 1 ) , I n t h e e x a m -
p l e o f L a k e W o l d e r w i j d in 1 9 7 5 » t h e c o m p u t e d s p r i n g b l o o m a g r e e s
soittewhat b e t t e r t o t h e o b s e r v a t i o n s t h a n in t h e n o m i n a l c a s e , b u t
t h e i m p r o vetnent is b y n o m e a n s s p e c t a c u l a r . S p e c i e s c o m p o s i t i o n
( T a b l e 8 . 3 ) l i m i t i n g f a c t o r s » a n d a v e r a g e b i o m a s s a r e e s s e n t i a l l y
s i m i l a r in b o t h c a s e s .

8.6.2 Additïonal growth constraints

T h e o p t t o n t o p u t a l i m i t o n t h e g r o w t h r a t e o f e a c h s p e c i e s m a i n -
ly a f f e c t s t h e c o m p u t e d s p e c i e s c o m p o s i t i o n » s i n c e u n r e a l i s t i c
s w i t c h e s a r e p r e v e n t e d . I t i s e a s i l y v e r i f i e d t h a t w i t h t h i s o p t i o n
t h e t o t a l b i o m a s s is a l w a y s s m a l l e r o r e q u a l t o t h e n o m i n a l r e s u l t ,
s t n c e c o n s t r a i n t s a r e a d d e d t o t h e o r i g i n a l s y s t e m . T h e r e f o r e t h i s
o p t i o n m i g h t r e d u c e t o t a l b i o m a s s c o n s i d e r a b l y» a t leaiit in s o m e
p e r i o d s o f t h e y e a r .

S o f a r it h a s b e e n o u r e x p e r i e n c e w i t h a l l c o n s i d e r e d G r o t e R u g
a n d P A W N c a s e s » h o w e v a r » t h a t t h e a d d i t i o n o f g r o w t h c o n s t r a i n t s
r e d u c e s t h e y e a r l y a v e r a g e d t o t a l b i o m a s s o n l y b y 0 t o 10 p e r c e n t ,
w h i c h is l i t t l e c o m p a r e d w i t h p o t e n t i a l e r r o r s in t h e m o d e l . T h i s
is b e c a u s e C l ) t h e S o l u t i o n s a r e i d e n t i c a l t o t h e n o m i n a l r e s u l t s
in m o s t p e r i o d s in t h e m a j o r i t y o f c a s e s a n d b e c a u s e ( 2 ) t h e n u t r i -
ë n t a n d e n e r g y r e q u i r e m e n t s o f t h e i n d i v i d u a l s p e c i e s c o v e r a
r a t h e r c o n t i n u o u s r a n g e o f v a l u e s . T h u s if t h e o p t i m a l s e t o f s p e -
c i e s a t t h e p r e v a i l i n g c o n d i t i o n s b e c o m e s i n f e a s i b l e » a n o t h e r s e t
c a n n o t h a v e a n e q u a l l y h i g h t o t a l b i o m a s s » b u t it is o n l y u n d e r r a r e
c o n d i t i o n s s i g n i f i c a n t l y s m a l l e r t h a n t h e o r i g i n a l s t e a d y s t a t e
s o l u t i o n .

O f t e n t h e c o m p u t e d s p e c i e s c o m p o s i t i o n s i m p r o v e : a b r u p t s w i t c h e s
a r e p r e v e n t e d if t h e y a r e c a u s e d b y a t e m p o r a r y c h a n g e in l i m i t i n g
c o n d i t i o n s . If t h e s e c o n d i t i o n s p e r s i s t » t h e m o d e l u s u a l l y c o n -
v e r g e s t o t h e n o m i n a l s p e c i e s c o m p o s i t i o n ïn a f e w w e e k s , b u t n o t
a l w a y s . O c c a s i o n a l l y d o m i n a n c e o f b l u e - g r e e n s in t h a f i r s t w e e k s
o f a y e a r p r e v e n t s t h a t d i a t o m s a n d f l a g e l l a t e s b e c o m e d o m i n a n t
d u r i n g t h e s p r i n g b l o o m » b e c a u s e w e e k a f t e r w e e k t h e s e t o f s p e c i e s
in w h i c h t h e l a t t e r a p p e a r C g r o w t h l i m i t e d ) is s u b - o p t i m a l t o a
s o l u t i o n in w h i c h o n l y b l u e - g r e e n s p e r s i s t ( R i n g 2» 1 9 7 6 ! L a k e
V e l u w e » 1 9 7 5 , T a b l e 8 . 3 ) .
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T a b l e 8.3

P r e d i c t e d r e l a t i v e s p e c i e s c o m p o s i t i o n (as p e r c e n t a g e of t o t a l dry
w e i g b t ï in t h e l a k e s Vel uwe and W o l d e r w i j d for v a r i o u s c a s e s ( e x -
p l a i n e d in mai n t e x t ) . F o u r ( g r o u p s ) of s p e c i e s are d i s t i n g u i s h e d :
B 2 : A p h a n i z o m e n o n
B 3 : tyicrocystjs
B 4 : Oscjllator.ia
A O : All o t h e r s p e c i e s

Ve
Ve
Wo
Wo

LAKE

luwe
luwe
lderwi
lderwi

j
j
d
d

YEAR

1975
1976
1975
1976

AO

11
5
15
23

NOM
B2

0
8
22
17

INAL
B3

71
64
37
32

B4

18
23
26
23

DYN
AO

7
7
14
26

.RECYC
B2

2
7

24
18

B3

73
61
38
30

L.
B4

19
26
24
27

GROWTH
AO

0
3
6
16

B2

2
10
21
23

CON.
B3

74
59
37
35

B4

24
28
35
26

T h e a d d i t i o n o f g r o w t h c o n s t r a i n t s a f f e c t s t h e s p e c i e s c o m p o s i -
t i o n m u c h m o r e s t r o n g l y in L a k e I J s s e l t h a n in a n y o t h a r c a s e . U s i n g
t h e n o m i n a l b a s e l e v e l o f 1 0 0 m g d r y w e i g h t p e r m 3 » t h e . o r d e r o f
i m p o r t a n c e o f t h e t w o d o m i n a n t b l u e - g r e e n a l g a l s p e c i e s i s c o m -
p l e t e l y r e v e r s e d . N o s p e c i e s c a n i n c r e a s e i t s b ï o m a s s s t r o n g l y
e n o u g h in o n e w e e k t o b e a t t h e t o t a l b i o m a s s o f a b l o o m o f o n l y
O s c I 1 l a t o r i a ( T a b l e 8 . 4 ) . A n i n c r e a s e in t h e b a s e l e v e l t o 2 5 0 m g
d r y w e i g h t p e r m 3 s u f f i c e s t o c h a n g e d o m i n a n c e b y t h e t n i d d l e o f t h e
y e a r a n d w i t h a b a s e l e v e l o f 5 0 0 » t h e y e a r l y a v e r a g e d c o m p o s i t i o n
a p p r o a c h e s t h e n o m i n a l o n e .

I n c o n t r a s t t o a l l o t h e r c a s e s » t h e r e i s o n l y o n e i m p o r t a n t 1 i m -
i t i n g f a c t o r ( e n e r g y ) in t h ï s c a s e . A s t h e n u m b e r o f s p e c i e s in t h e
b l o o m is e q u a l t o t h e n u m b e r o f l i m i t i n g c o n s t r a i n t s [ S e c . 2 . 1 ] ,
t h e blo o t n c o m p o s i t i a n o f t h e m o d e l w i l l b e m u c h m o r e s t a t i c c o m -
p a r e d w i t h a c a s e w h e r e v a r i o u s l i m i t i n g f a c t o r s a l t e r n a t e d u r i n g a
y e a r .

T h u s s o m e t i m e s t h e i n i t i a l c o n d i t i o n s d e t e r m i n e s p e c i e s d o m i -
n a n c e f o r a c o n s i d e r a b l e p e r i o d . T h i s i s a r a t h e r c o m m o n p h e n o m e n o n
in m o d e l s w i t h s o m e k i n d o f m e m o r y : o f t e n t h e y c o n v e r g e t o a p a r t i c -
u l a r s o l u t i o n u n d e r a b r o a d r a n g e o f i n i t i a l c o n d i t i o n s » b u t o c c a -
s i o n a l l y s m a l l v a r i a t i o n s h a v e l o n g l a s t i n g e f f e c t s . T h e
s e n s i t i v i t y o f t h e s p e c i e s c o m p o s i t i o n t o t h e i n i t i a l c o n d i t i o n s i s
o n e p o s s i b l e e x p l a n a t i o n f o r t h e o b s e r v e d d i f f e r e n c e s in d o m i n a n c e
in t h i s l a k e in d i f f e r e n t y e a r s ( S e c . 8 . 5 ] ,
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Table 8.4

Predicted relative s p e c i e s c o m p o s i t i o n (as p e r c e n t a g e of total dry
w e i g h t ) in Lake IJssel» 1976 in the n o m i n a l case and in three cases
with a d d i t i o n a l growth c o n s t r a i n t s but d i f f e r e n t b i o m a s s base lev-
els (mg dry w e i g h t per m 3 ) . S p e c i e s abbrev i at i ons are the satne as in
Table 8.3.

Case

Nomi nal
Growth Con,
Growth Con.
Growth Con.

B a s e l e v e l

500
250
100

AO

7
0
0
0

B3

73
55
43
0

B4

20
45
57

100
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9.SENSITIVITY ANALYSIS

9.1 INTRODUCTION

The number of universal and lake-specific inputs to BLDOM II is
so large that a complete sensitivity analysis of each individual
factor is impossiblei not to mention combinations of several f a c -
t o r s , H o w e v e r , during the development of the model more than just a
vague idea has emerged how it would react to certain c h a n g e s . Nith
these experiences in mind» we have set up a limited» yet r e p r e s e n -
tative series of runs to investigate the sensitivity of the m o d e l ,

Me have not included any results on perturbations of the species
or group dependent coefficients such as the stochiometric c o n -
stants» the efficiency curves» or the specific e x t i n c t i o n s , for
essentially three r e a s o n s :

1, The number of posstble combinations is too large.
2, The results strongly depend on the selected c a s e s .
3, The impacts on total biomass are moderate or even s m a l l .

Although the value of each individual coëfficiënt may be
uncertain» the entire set of BLOOM's ten species cover a
broad range of values [Sec. 8.6.2; Table A . 3 ; A . 4 ] .

We have selected the most important lake-specific inputs such as
the nutriënt concentrations» solar radiation and the depth» and
some universal inputs for example the remineralization and m o r t a l -
ity rate c o n s t a n t s . Except in the case of mortality» where a m i n i -
mum estimate is used by the m o d e l , Me have made one run with a
higher than nominal and one with a smaller than nominal v a l u e . We
have usually perturbed a factor to such extent that the results of
the model differ significantly from the nominal r e s u l t s . But we
have tried to keep each factor within reasonable limits. Only for
the depth and background extinction we have deliberately used more
extreme pertu r b a t i o n s to indicate the regional and seasonal v a r i -
ations in sensitivity.

The nominal nutriënt concentrations were only varied over a mod-
erately wide range because it is not the intention of this report to
investigate the possible impacts of specific sanitation
s t r a t e g i e s . For instance in a nutriënt removal study we would have
extended this range considerably and made more runs.

Me have selected five representative cases (two from Grote Rug
and three from the PAHN l a k e s ) , which strongly differ in total b i o -
mass» species composition and limiting f a c t o r s , The results for
each case are illustrated for three or four typical weeks in di f -
ferent periods of the year. Weeks were selected when Cl) the n o m i -
nal results of BLQOM II agreed well to the observations and (2)
bloom levels were highi although not at the peak for this period.

9.2 RESULTS

A l t h o u g h m a n y o f B L O O M ' s b a s i c e q u a t i o n s a r e r e l a t i v e l y s i m p l e
( e . g , t h e n u t r i ë n t e q u a t i o n s a r e l i n e a r ) , i t s r e a c t i o n t o a p e r -
t u r b a t i o n e v e n o f a s i n g l e f a c t o r is u s u a l l y n o n - l i n e a r . T o u n d e r -
s t a n d w h y w e s h a l l s t a r t w i t h a b r i e f s u m m a r y o f s o m e o f i t s b a s i c
c h a r a c t e r i s t i e s .
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B L O O M II s e l e c t s a m o n g ( n o r m a l l y ) t e n s p e c i e s t h a t p a r t i c u l a r
c o m b i n a t i o n o f s p e c i e s w h i c h h a s t h e h i g h e s t t o t a l b i o m a s s at t h e
p r e v a i l i n g c o n d i t i o n s . L i n e a r p r o g r a m m i n g ( L P ) is u s e d t o f i n d t h i s
o p t i m a l s o l u t i o n w h i c h c o n s i s t s of a s m a n y s p e c i e s a s t h e r e a r e
l i m i t i n g c o n s t r a i n t s . T h e p o t e n t i a l l i m i t i n g f a c t o r s ( c o n s t r a i n t s )
a r e t h r e e n u t r i e n t s » s o l a r e n e r g y a n d ( o p t i o n a l l y ) t h e g r o w t h
r a t e s . E a c h s p e c i e s w h i c h is n o t s e l e c t e d b y t h e m o d e l r e q u i r e s a
l a r g e r a m o u n t o f at l e a s t o n e c o n s t r a i n i n g f a c t o r t h a n a t l e a s t o n e
s p e c i e s in t h e b l o o m . H o w m u c h m o r e a n d o f w h a t , is n o t d e t e r m i n e d
b y B L O O M I I . E x c e p t in d e g e n e r a t e c a s e s » t h e r e is o n l y a s i n g l e
o p t i m u m b u t t h e t o t a l b ï o m a s s o f t h e s e c o n d b e s t s o l u t i o n c o u l d
j u s t a s w e l l b e 0 or 9 9 . 9 p e r c e n t o f t h e o p t i m u m s o l u t i o n , It c o u l d
b e l i m i t e d b y t h e s a m e c o n s t r a i n t s , o r ( p a r t l y ) b y o t h e r s a n d i t s
s p e c i e s c o m p o s i t i o n c o u l d b e s i m ï l a r t o t h e n o m i n a l c o m p o s i t i o n »
b u t a l s o c o m p l e t e l y d i f f e r e n t .

W h e n t h e v a l u e o f o n e c o ë f f i c i ë n t is m o d i f i e d » o n e » s o m e t i m e s
s e v e r a l c o n s t r a i n t s a r e c h a n g e d . F o r e x a m p l e a c h a n g e in t h e m o r -
t a l i t y r a t e c o n s t a n t a f f e c t s t h e p a r t i t i o n i n g o f n u t r i e n t s b e t w e e n
l i v e a n d d e a d p h y t o p l a n k t o n > b u t a l s o t h e l a v e l o f t h e e n e r g y c o n -
s t r a i n t s . S o m e p e r t u r b a t i o n s a f f e c t t h e a v a i l a b l e a m o u n t o f a c o n -
s t r a i n t ( n u t r i ë n t c o n c e n t r a t i o n s ) > o t h e r s a f f e c t t h e r e q u i r e d
a m o u n t s per u n i t o f p h y t o p l a n k t o n b i o m a s s ( s t o c h i o m e t r i c
c o n s t a n t s ) .

L e t u s f o r e x a m p l e c o n s i d e r w h a t m a y h a p p e n if w e c h a n g e t h e
a v a i l a b l e a m o u n t of a c o n s t r a i n t C . F r o m F i g . 2 . 1 it is i m m e d i a t e l y
o b v i o u s t h a t t h e r e a r e t h r e e p o s s i b l e s i t u a t i o n s :

1. C is t h e o n l y l i m i t i n g c o n s t r a i n t .
2 . C a n d at l e a s t o n e o t h e r f a c t o r a r e s i m u l t a n a o u s l y l i m i t -

i ng .
3 . C is n o t l i m i t i n g b u t o n e o r s e v e r a l o t h e r c o n s t r a i n t s .

A c h a n g e in t h e a v a i l a b l e a m o u n t o f C c a n c a u s e a t r a n s i t i o n f r o m
o n e s i t u a t i o n i n t o a n o t h e r i w h i c h w i l l o f t e n b e a c c o m p a n i e d b y a
p a r t i a l o r c o m p l e t e s h i f t in s p e c i e s c o m p o s i t i o n . H o w e v e r , t h i s is
n o t a l w a y s t h e c a s e . F o r e x a m p l e in t h e c o m p u t a t i o n s f o r L a k e
V e l u w e a n d L a k e W o l d e r w i j d » O s c i H a t o r i a is d o m i n a n t in t h e a u t u m n
a n d w i n t e r » a l t h o u g h t h r e e d i f f e r e n t c o n s t r a i n t s C n i t r o g e n » p h o s -
p h o r » a n d e n e r g y ) a r e l i m i t i n g in t u r n . On t h e o t h e r h a n d » c h a n g e s
in s p e c i e s c o m p o s i t i o n c a n o c c u r w i t h o u t a c h a n g e in l i m i t i n g cort-
s t r a i n t ( s ) .

B e c a u s e t h e r e a r e m a n y c o n s t r a i n t s a n d m a n y s p e c i e s in t h e m o d e l »
w e c a n n o t n e a r l y a l w a y s p r e d i c t w h a t i t s r e s p o n s e w ï l l b e t o a
c h a n g e in o n e c o n s t r a i n t . T h e r e f o r e w e s h a l l o n l y c o n s i d e r t h r e e
t y p i c a l e x a m p l e s : o n e w i t h a l i n e a r , o n e w i t h a n o n - l i n e a r a n d
w i t h o u t a n y r e s p o n s e . S u p p o s e w e d e c r e a s e t h e a v a i l a b l e a m o u n t o f C
b y n p e r c e n t . T h i s m a y b e t h e c a s e in a n u t r i ë n t r e m o v a l s t u d y .

F i r s t t h e t o t a l b i o m a s s w i l l a l s o d e c r e a s e b y n p e r c e n t if a n d
o n l y i f

1. C is t h e o n l y l i m i t i n g f a c t o r .
2 . O n e a n d t h e s a m e s p e c i e s r e m a i n s d o m i n a n t .

S e c o n d t h e t o t a l b i o m a s s w i l l n o t c h a n g e if

1. C is n o t l i m i t i n g i n i t i a l l y .
2 . C d o e s n o t b e c o m e l i m i t i n g ' w h e n t h e a v a i l a b l e a m o u n t is

r e d u c e d .
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This may h a p p e n for exatnple when the r e m o v a l of p h o s p h o r in a p r e s -
e n t l y e n e r g y or n i t r o g e n l i m i t e d lake is i n s u f f i c i e n t to make p h o s -
phor 1i mi ti ng .

Third the total b i o m a s s will c h a n g e by less than n p e r c e n t if a
bl o o m c o n s i s t s of two s p e c i e s limited by C and so m e o t h e r c o n -
s t r a i n t . In the f o l l o w i n g e x a m p l e a 30 p r e c e n t r e d u c t i o n in the
a v a i l a b l e a m o u n t of n i t r o g e n r e s u l t s in a r e d u c t i o n by less than 15
p e r c e n t in total b i o m a s s b e c a u s e the r e l a t i v e c o m p o s i t i o n of the
bl o o m i s a d j u s t e d .

Speci

1
2

es Stoch
coeffi

0
C

Opt

N
.1
.05

i mum

i om.
ei

0.
0.

LP

ent

P
005
0075

solut

Total

: i

b

1
1

Case

Avai 1
nutr i

N
00
00

on : x 1

i
x2

omass

1

ab

•

1
ent

.
s

=

p
6
6

e

1

9C
2C
IC

10
10
10

Nutr
1 i mi
max i

N
1000
2000

i ent
ted
mum

1
P

200
800

Max
of

i mum
one

spec i es

1000
800

Case 2: N reduced by 30%.

Spec i es Stoch i om.
coeffi c i ent

Availab Ie
nutri ent

Nutr i ent
1i mited
'maxi mum

Maximum
of one
spec i es

1
2

N
0.1
0,05

P
005
0075

N
70
70

P
6
6

N
700

1400

P
1200
800

700
800

Optimum LP solutiont x1 = 450
x2 n 500

Total biomass - 950

Comparing the results (Fig. A.18 through A.23)>
that the impact of many perturbation differ

it is obvious

1. Regionally: e.g. Grote Rug and Lake Wolderwijd are rela-
tively sensitive to phosphor; the Uakes Veluwe and Wol-
derwijd to nitrogeni Lake IJssel to energy.

2. Seasonally: e.g. in autumn the computat t ons for each lake
are relatively sensitive to changes in the energy con-
straints» and in spring to changes in the silicon con-



s i 1 i con is rel-
low near the end of
in summer Cnormal

are relatively

s t r a i n t . T h e r e s u l t s f o r R i n g 3 in 1 9 7 6 a r a o n l y s e n s i t i v e
t o n i t r o g e n in a s h o r t p e r i o d a r o u n d w e e k 3 2 .

T h e r e g i o n a l v a r i a t i o n s a r e e a s i l y e x p l a i n e d b y l o c a l d i f f e r -
e n c e s in e n v i r o n m e n t a l c o n d i t i ö n s . S o m e o f t h e s e a s o n a l v a r i a t i o n s
m a y b e e x p l a i n e d b y r a t h e r c o m m o n t r e n d s in n u t r i ë n t
c o n c e n t r a t i o n s . F o r e x a m p l e in m a n y l a k e s a v a i l a b l e
a t i v e l y h i g h in a u t u m n a n d w i n t e r » b u t e x t r e m e l y
s p r i n g . P h o s p h o r c o n c e n t r a t i o n s a r e o f t e n h i g h
a n d e x p l o s i v e b o t t o m f l u x e s ) » b u t n i t r o g e n l e v e l s
l o w in s u m m e r .

T h e l a r g e s e n s i t i v i t y o f a l l c a s e s t o p e r t u r b a t i o n w h i c h a f f e c t
t h e a v a i l a b i l i t y o f l i g h t e n e r g y ( s o l a r r a d i a t i o n » d e p t h » b a c k -
g r o u n d e x t i n c t i o n ) r e q u i r e s a n a d d i t i o n a l e x p l a n a t i o n . T h e l e v e l
o f s o l a r r a d i a t i o n is a s y m m e t r i c a l f u n c t i o n o f s e a s o n » b u t w a t e r
t e m p e r a t u r e l a g s o n e o r t w o m o n t h s b e h i n d w i t h a p e a k in J u l y a n d
A u g u s t r a t h e r t h a n J u n e a n d w i t h i t s y e a r l y m i n i m u m in F e b r u a r y o r
M a r c h . M e n c e t e m p e r a t u r e is h i g h r e l a t i v e t o s o l a r r a d i a t i o n in
a u t u m n » w h i c h is u n a d v a n t a g e o u s t o p h y t o p l a n k t o r ï c e l Is a s r e s p i r a -
t i o n a n d m o r t a l i t y d e p e n d m o r e s t r o n g l y o n t e m p e r a t u r e t h a n p r i m a r y
p r o d u c t i o n [ C h a p . 4 ] . T h e r e f o r e a t h i g h t e m p e r a t u r e s b u t l o w s o l a r
r a d i a t i o n l e v e l s » l o s s e s a r e h i g h r e l a t i v e t o g r o w t h .

F o r P O L A N O B i g e l o w e t a l . [ 1 9 7 7 ] e s s e n t i a l l y r e a c h e d t h e o p p o s i t e
c o n c l u s ï o n : h i g h t e m p e r a t u r e s f a v o r e d p h y t o p l a n k t o n g r o w t h . T h i s
d i f f e r e n c e is e a s i l y e x p l a i n e d » h o w e v e r » s i n c e t h e i r m o r t a l i t y
r a t e s w e r e s p e c i f i e d e x t e r n a l l y a s a f o r c i n g f u n c t i o n » b u t p r i m a r y
p r o d u c t i o n r a t e s d e p e n d e d o n t e m p e r a t u r e . H e n c e g r o s s p r o d u c t i o n
r a t e s i n c r e a s e d r e l a t i v e t o t h e ( 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 h
r i s i n g t e m p e r a t u r e s . T h e r e f o r e t h e n e t p r o d u c t i o n r a t e a l s o
i n c r e a s e d w i t h t e m p e r a t u r e .

Notice that in many cases blooms are sensit
factor» even if they are nominally limited by a
examples :

ve to more than one
single factor. Some

Lake

Ring 3
Veluwe
Wo lderwijd
IJssel

Year

1976
1976
1975
1976

Week

32
22
44
26

Sensi ti ve to:

N» P
N, P
P, N, I
P» I» N

Of t h e u n i v e r s a l c o e f f i c i e n t s w h i c h w e r e v a r i e d » t h e s e n s i t i v i t y
t o t h e r e m i n e r a l i z a t i o n r a t e c o n s t a n t s ( U [ ) p r o v e d t o b e m o d e r a t e l y
s m a l l . T h e i m p a c t o f a 5 0 p e r c e n t c h a n g e in u, v a l u e o f t h e l i m i t -
ing n u t r i ë n t is s i m i l a r t o a 2 0 p e r c e n t c h a n g e in i t s
c o n c e n t r a t i o n » w h i c h is s m a l l r e l a t i v e t o m e a s u r e m e n t e r r o r s .

W e h a v e i n c r e a s e d t h e w e e k l y m o r t a l i t y r a t e c o n s t a n t b y 5 0 p e r -
c e n t t o s t u d y t h e s e n s i t i v i t y o f t h e m o d e l to t h i s i m p o r t a n t p a r a m -
e t e r . N o t i c e t h a t t h e i n c r e a s e d m o r t a l i t y
e x c e p t i o n a l 1 y h i g h » b e c a u s e m a n y v a l u e s c o m p u t e d
m e a s u r e n t e n t s in G r o t e R u g a r e s t i l l h i g h e r C F i g . 4 .

r a t e s a r e n o t
front p r o d u c t i o n
6 ) . A c t u a l l y t h e

c u r v e f o r t h e 5 0 p e r c e n t i n c r e a s e d m o r t a l i t y r a t e s l o o k s l i k e a
l e a s t s q u a r e s f i t t h r o u g h t h e o b s e r v e d r a t e s .

T h e s e n s i t i v i t y t o t h i s p e r t u r b a t i o n is l a r g e . C o m p u t e d t o t a l
b i o m a s s e s a g r e e b e t t e r t o t h e m e a s u r e m e n t s w h e n t h e n o m i n a l r e s u l t s
o f B L O O M II w e r e t o o h i g h » b u t n o w t h e c o m p u t e d p e a k l e v e l s a r e
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( s o m e t i m e s c o n s i d e r a b l y ) b e l o w the o b s e r v a t i o n s . T h e r e is h a r d l y
any t i m e or s i t e s p e c i f i c v a r i a t i o n , b e c a u s e M a f f e c t s t h e d e t r i t u s
p o o l s i z e s of all n u t r i e n t s in a s i m i l a r w a y r e g a r d l e s s w h i c h of
t h e m is l i m i t i n g . O n l y in a u t u m n t h e r e is a s i g n i f i c a n t l y l a r g e r
r e d u c t i o n in t o t a l b i o m a s s t h a n in o t h e r p a r t s of t h e y e a r > b e c a u s e
b e s i d e s t h e ( u n s i g n i f i c a n t ) i n c r e a s e in t h e a m o u n t of d e a d c h l o r o -
p h y l l » the e n e r g y l i m i t e d s t e a d y s t a t e b i o m a s s e s a r e r e d u c e d c o n -
s i d e r a b l y m o r e t h a n in o t h e r p a r t s of t h e y e a r . T h i s is for t h e sa me
r e a s o n as p r e v i o u s l y e x p l a i n e d for t h e d e p t h and b a c k g r o u n d
ext i net i o n .
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10.CONCLUSIONS

10.1 OVERVIEU OF BLOOM II

Many different phytoplankton models existed when the WABASIM
project started in April 1977. Most of thera seetn to fall into two
categories:

1. Empirical relations of the Vollenweider type. These mod-
els try to relate the average chlorophyll (not biomass)
concentrat i on over a long period of time to a limited num-
ber of abiotic conditions Cmainly phosphor and the resi-
cjanca t i me ) .

2. Dynamic (dif ferentia l equatïon) models. These model
relate the total biomass of phytoplankton (or a feu groups
of phytoplankton species) to some abiotic conditions (al-
ways phosphor» usually also nitrogen and energy» sotne-
t i mes s i1icon ) .

Both types of models have certa'n disadvantages» which limit
their app1ïcabi1ity at least under the conditions which typify
Dutch eutrophic lakes. The empirical models are black boxes which»
as far as we know, have always failed to compute the chlorophyll
levels in Dutch lakes reasonably well. Usually the bloom sizes are
strongly under-predicted.

The results of dynamic models are rather mixed. In some cases the
computed chlorophyll levels agree well to the measurements> in oth-
er cases a fair agreement is only possible when important model
coefficients ure adjusted during calibration. For management pur-
poses there seem to be two structural problems:

1. The time-dependence of these models makes predictions of
objectionable blooms (sometimes extremely) sensitive to
the results in earlier periods when the bloom-sizes were
of no concern to a manager.

2. Ons of the essential characteristies of a bloom: its s p e -
cies composition» cannot be computed because there are
not enough data to include realistic species
(half-saturation constantsj Chap. 4 ) .

It was therefore decided in the WA3ASIM project to adopt a cora-
pletely different approach. Ne would construct a management model
to compute size» species composition and limiting factors of
objeetionabIe blooms. This model would be based upon the POLANO
Algae Bloom Model which was developed by the Rand Corporation for
the Qosterschelde sea estuary [Bigelow et al.» 1 9 7 7 ] . This model
Ccalled BLÖOM II) computés the maximum bloom-size consistent to the
prevailing biotic and abiotic conditions. The potential limiting
factors include the concentrations of essential nutrients» the
temperature» the solar intensity» the light climate in the water
etc. According to its objective the model may often compute phy-
toplankton levels which are higher than observed. However» the
model should be most accurate when it computés a bloom with an
objeetionable size or species composition according to certain
standards .

BLOOM II is rather unique among biological models in its using
Linear Progratnming as solution technique. Theoret i cally the
results of the model could be rather discontinuous because it is an
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e q u i l i b r i u m m o d e l , U s u a l l y » h o w e v e r » i t s r e s u l t s h a v e a r a t h e r
s m o o t h a p p e a r a n c e b e c a u s e t h e e x t e r n a l c o n d i t i o n s , w h i c h a r e f o r c -
i n g f u n c t i o n s t o t h e m o d e l ( t e n d t o c h a n g e s l o w l y d u r i n g a y e a r ,

E s s e n t i a l l y t h e r e a r e t w o s t e a d y s t a t e a s s u m p t i o n s : o n e f o r p h y -
t o p l a n k t o n g r o w t h a n d o n e f o r n u t r i ë n t r e c y c l i n g . T h e f i r s t m a y b e
r e a s o n a b l y j u s t i f i e d b y t h e p o t e n t i a l n e t g r o w t h r a t e s u n d e r v a r i -
o u s c o n d i t i o n s » b u t t h e l a t t e r is q u e s t i o n a b l e » a t l e a s t in r e l a -
t i v e l y c o l d p a r t s o f t h e y e a r . W i t h n u t r i e n t s a s f o r c i n g f u n c t i o n s »
h o w e v e r » t h e r e is l i t t l e a l t e r n a t ï v e for t h i s assumpti on,

T o e v a l u a t e i t s e q u i l i b r i u m a s s u m p t i o n s > B L O O M II w a s e q u i p p e d
w i t h n e w o p t i o n s t o u s e ( 1 ) a d y n a m i c n u t r i ë n t r e c y c l i n g s c h e m e »
( 2 ) a v a r ï a b l e t i m e - s t e p » a n d ( 3 ) t o a d d g r o w t h l i m i t i n g c o n -
s t r a i n t s t o t h e n o m i n a l s e t o f e q u a t i o n s , T h e r e s u l t s w i t h t h e
d y n a m i c n u t r i ë n t r e c y c l i n g a r e e s s e n t i a l l y s i m i l a r t o t h e n o m i n a l
r e s u l t s in n a t u r a ! l a k e s , i n d ï c a t i n g t h a t d e v i a t i o n s f r o m e q u i l i b -
r i u m d o n o t i n v a l i d a t e t h e o v e r a l l p e r f o r m a n c e o f t h e m o d e l .
S i g n i f i c a n t d e v i a t i o n s s o m e t i m e s o c c u r in t h e G r o t e R u g c a s e s » p a r -
t i c u l a r l y a t l o w t e m p e r a t u r e s in s p r i n g » w h ï c h a r e c o n t r i b u t e d t o
i r r e g u l a r i t i e s in n u t r i ë n t c o n c e n t r a t i o n s c a u s e d b y m a n a g e m e n t

in t h i s s t o r a g e r e s e r v o i r .

T h e a g r ^ e m e n t b e t w e e n o b s e r v a t t a n s a n d c o m p u t a t i o n s in t e r m s o f
b i o m a s s » l i m i t a t i o n s a n d c o m p o s i t i o n t e n d s t o b e b e t t e r in n a t u r a l
l a k e s t h a n in G r o t e R u g » a l t h o u g h ( l a r g e ) o v e r - p r e d i e t i o n s h a v e
b e e n o b t a i n e d f o r s o m e n a t u r a l l a k e s [ L o s e t a l . » 1 9 8 2 ] . P r o b a b l y
s o m e o r a l l o f t h e m a n a g e m e n t m e a s u r e s ( d o s i n g w i t h i r o n o r a l u m i -
n u m » i r r e g u l a r i n t a k e a n d w i t h d r a w a l o f w a t e r ) a f f e c t
p h y t o p l a n k t o n g r o w t h , T h e c o n s i s t e n t l y g r e a t d i f f e r e n c e in b i o m a s s
c o n c e n t r a t i o n s b e t w e e n t h e F e - d o s ed R i n g 1 ( n e v e r a s i g n i f i c a n t
b l o o m in f o u r y e a r s ) a n d t h e A l - d o s e d R i n g 2 ( s o m e b l o o m s e v e r y
y e a r » s o m e e x t r e m e l y h i g h ) i n d i c a t e s t h a t i n d e e d m a n a g e m e n t m e a s -
u r e s a r e i m p o r t a n t .

O p e r a t i o n o f B L O O M II is s t r a i g h t f o r w a r d a n d r e l a t i v e l y s i m p l e .
A f t e r i t s c a l i b r a t i o n » f u r t h e r a d j u s t m e n t s o f i t s u n i v e r s a l i n p u t s
c a n u s u a l l y b e a v o i d e d a s t h e m o d e l t e n d s t o g i v e g o o d o r e v e n
e x c e l l e n t r e s u l t s in m a n y n e w c a s e s . l t s s t r u c t u r e m a k e s it p a r t i c -
u l a r l y w e l l s u i t e d ( 1 ) f o r a s e n s i t i v i t y a n a l y s i s a n d ( 2 ) t o c o m -
p u t e t h e i m p a c t s o f m a n a g e m e n t s c e n a r i o s .

It h a s t h e a d v a n t a g e o v e r m o s t o t h e r ( d y n a m i c ) p h y t o p l a n k t o n m o d -
e l t h a t it m a y c h a n g e i t s s p e c i e s c o m p o s i t i o n u n d e r a l t e r n a t i v e
c o n d i t i o n s . T h u s t h e e x i s t i n g v a r i a t i o n s in p h y t o p l a n k t o n c o ë f f i -
c i ë n t v a l u e s is i m p l i c i t l y r e f l e c t e d in t h e r e s u l t s o f B L O O M I I .
T h i s c a n o n l y b e t h e c a s e in m o d e l s w i t h o n e o r a f e w s p e c i e s if t h e y
c a n v a r y t h e r a t e s o f i n t e r n a l p r o c e s s e s o r t h e v a l u e s o f i n t e r n a l
c o e f f i ei e n t s .

T h e c o m p u t e r p r o g r a m o f t h e m o d e l a l l o w s b o t h ' b a t c h ' a n d ' i n t e r -
a c t i v e ' p r o c e s s i n g . In t h e f i r s t c a s e t h e u s e r h a s n o c o n t r o l o v e r
t h e m o d e l o n c e a c o m p u t e r r u n h a s b e g u n . In a n i n t e r a c t i v e r u n h e
c a n t u r n e a c h o p t i o n o f t h e m o d e l ' o f f 1 o r ' o n ' » a n d c h a n g e t h e v a l -
u e o f p r a c t i c a l l y e a c h c o ë f f i c i ë n t . A f t e r t h e r e s u l t s h a v e b e e n
d i s p l a y e d o n a t e r m i n a l » t h e u s e r m a y r e f o r m u l a t e t h e p r o b l e m a n d
c o n t i n u e w i t h a n e w c o m p u t a t i o n . T h i s m o d e o f o p e r a t i o n is p a r t i c -
u l a r l y u s e f u l f o r c a l i b r a t i o n a n d s e n s i t i v i t y a n a l y s i s o f t h e
m o d e l » t o t e s t ( a l t e r n a t i v e ) h y p o t h e s i s » a n d t o e v a l u a t e m a n a g e -
m e n t s c e n a r i o s .

T h e p r o g r a m is e f f i c i ë n t a n d i n e x p e n s i v e . A n o r m a l r u n r e q u i r e s
b e t w e e n 30 a n d 5 0 s e c o n d s o f C P U o n t h e I B M 4 3 3 1 m o d e l 2 o f t h e D e l f t
H y d r a u l ï c L a b o r a t o r y » 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 2 . 5 t o 4 s e c o n d s
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of CPU on an IBM 37 0 / 1 6 8 . This range exists because (1) the number
of extinction intervals to be solved in a particular run depends on
the abiotic conditions (light regime) and (2) zoöplankton data are
not always available.

10.2 RECOMMENDATIONS FOR FUPTHER RESEARCH

The current version of the model has been rather successfully
applied to more than twenty different c a s e s . It is obvious that
many difficult problems have been solved adequately which makes the
model an important tooi to help managing eutrophic lakes. However»
several serious problems have not yet been (completely) solved.
Also various coëfficiënt values might be improved as new and better
data become a v a i l a b l e .

Perhaps the most important extension of the phytoplankton model
is the development of an integrated version of the nutriënt model
CHARON and BLOOM II. This 'coupled m o d e l ' is now operatïve at the
Delft Hydraulics Laboratory» but no results could be included in
this report. Unlike the stand-alone m o d e l s , the coupled model can
directly relate nutriënt and phytoplankton concentrations in a
lake to the nutriënt loadings.

Many high quality data both from the literature and especially
from Grote Rug were available when BLOOM II was developed, No
doubt» however* the model could still be improved if more data
became a v a i l a b l e . A laboratory investigation at the Micro b i o l o g -
ical Department of the Amsterdam University to relate net primary
production (PgmaxCT)» R ( T ) ( E(I»T)) of six important species to
several abiotic conditions (average light ïntensity» temperature?
day length) is in its reporting stage. The results of this study
may contribute strongly to the ability of the model to compute the
total biomass concentrations and particularly the competition
between different species of phy t o p l a n k t o n .

Bigelow et al. [1977] already stressed the importance to estimate
the natural mortality rate c o n s t a n t s . It would defïnitely improve
the model if we knew how to compute these for individual species and
if they could be related to more (a)biotic conditions than just
temper at ure.

There is consïderable uncertainty about the impacts of buoyancy
control in several phytoplankton s p e c i e s . We do not know exactly
how much the net growth rates Cor in the terms of our model: the
permissible extinction Kmaxï is increased relative to a situation
without buoyancy c o n t r o l . In the present model this increase was
established by calibration. Also it is uncertain why some species
for example H i crocvst i s wïth the ability to regulate theïr vertical
position in a column of water only seem to become dominant in some
lakes in some parts of the year. The importance of environmental
conditions e.g. wind is not very well known .

The present version of the model is restricted to homogeneous
bodies of water. However, one may want to apply the model to hydrau-
lically complex systems with for example differences in depth or a
residence time of only a few w e e k s .

The necessity to convert the primary output of the model in mg dry
weight of phytoplankton into chlorophyll adds a serious uncertain-
ty to the modei's results. It would be of great help if techniques
were developed Cl) to measure biomass directly» or (2) to compute
chlorophyll as a function of the physio logical state of a phy-
toplankton c e l ! .
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In G r o t e Rug the a n n u a l c o u r s e of the b a c k g r o u n d e x t i n c t i o n (Kb)
s h o w s little v a r i a t i o n s . M o r e o v e r a p p r o x ï m a t e l y the same v a l u e Is
e s t a b l i s h e d for each y e a r . U s u a l l y » h o w e v e r » the e x t i n c t i o n is not
m e a s u r e d in Dutch lakes» but the a v a i l a b l e e s t i m a t e s based upon the
Secchi disc v i s i b i l i t y s u g g e s t that Kb could vary s i g n t f i c a n t l y in
the c o u r s e of a y e a r . T h u s the p e r f o r m a n c e of BLQOM II could be
improved if we had some t e c h n i q u e to c o m p u t e the b a c k g r o u n d
e x t i n c t i o n as a f u n c t i o n of the ( a ) b i o t i c c o n d i t i o n s » p a r t i c u l a r l y
in lakes w h e r e e n e r g y and the g r o w t h r a t e s are i m p o r t a n t i i m i t i n g
f a c t o r s .

P r e s e n t l y z o ö p l a n k t o n s e e m s of little i m p o r t a n c e in e u t r o p h i c
D u t c h lakes» b e c a u s e most of them are d o m i n a t e d by p h y t o p l a n k t o n
s p e c i e s w h i c h do not b e i o n g to the p r e f e r r e d diet of z o ö p l a n k t o n .
M o r e o v e r the o b s e r v e d c o n c e n t r a t i ons in the only case w h e r e we have
d e t a i l e d data (Grote R u g ) seem too low c o m p a r e d with c o m p u t e d p h y -
t o p l a n k t o n l e v e l s to be a m a j o r r e g u l a t i n g f a c t o r . H o w e v e r »
z o ö p l a n k t o n could b e c o m e m u c h more i m p o r t a n t in the f u t u r e if p h y -
t o p l a n k t o n levels b e g i n to drop and p a r t i c u l a r l y if b l u e - g r e e n
algae lose their p o s i t i o n as the only q u a n t i t a t i v e l y i m p o r t a n t p h y -
t o p l a n k t o n g r o u p . T h u s it c o u l d b e c o m e n e c e s s a r y to e x t e n d BLOOM II
with a set of e q u a t i o n s to c o m p u t e z o ö p l a n k t o n levels and the
r e s u l t i n g g r a z i n g p r e s s u r e .
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