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ABSTRACT 

An ecological model of the phosphorus system is described. 
This model includes five phosphorus forms found in water, namely: 
phytoplankton-PI bacterial-PI dissolved inorganic-PI dissolved 
organic-P and nonliving particulate-PI and also three phosphorus 
forms in interstitial water: inorganic, organic and particulate 
phosphorus fractions. It is assumed that this model will be used 
as a tool for synthesizing and analyzing the phenomena of eutro- 
phication in Lake Balatonrs ecosystem. 

The purpose of this study was to obtain the best calibration 
between existing observation data on Lake Balaton from 1977 and 
model output. This is considered one of the important steps that 
must be carried out before application of the model for prediction 
and management purposes. A hypothesis of three seasonal phyto- 
plankton groups yielded model output that agreed reasonably well 
with the observation data for total-PI dissolved-PI dissolved 
organic and inorganic phosphorus, particulate organic-P and phyto- 
plankton chlorophyll "an in the water of the different basins 
in L a k e  Balaton. This provides indirect evidence that the 
model considered,is a reasonable representation of complex ecolog- 
ical processes in phosphorus transformations and phytoplankton 
dynamics in the lake. On the basis of simulation results for 1977, 
the phosphorus material flows and the turnover times of phosphorus 
fractions in the lake are evaluated. These data provide additional 
insights for understanding the conditions of phosphorus cycling and 
the eutrophic state of the basins within Lake Ealaton. 

- vii - 
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LWTHEMATICAL NODELING OF PHOSPHORUS 
TRANSFORAMTION I N  THE LAKE BALATON 
ECOSYSTEM 

A.V.  Leonov 

1 . INTRODUCTION 

Lake B a l a t o n  i s  a l a r g e  s h a l l o w  l a k e  i n  c e n t r a l  Europe .  I t  

is  s i t u a t e d  i n  t h e  w e s t e r n  p a r t  o f  Hungary a n d  h a s  a s u r f a c e  
2 a r e a  o f  a b o u t  6 0 0  km . I t  r e c e i v e s  d r a i n a g e  f rom a c a t c h m e n t  

a r e a  a l m o s t  t e n  t i m e s  l a r g e r  t h a n  t h e  water body i t s e l f ;  i .e .  

5 ,775  km2 ( v a n  S t r a t e n  e t  a l .  1 9 7 9 ) .  The l a k e  i s  75 kms l o n g  

and 8 kms wide .  The a v e r a g e  d e p t h  i s  a b o u t  3 meters a n d  o n l y  a 

small p o r t i o n  o f  t h e  l a k e  wnere  it i s  d i v i d e d  by  t h e  p e n i n s u l a  

o f  T ihany ,  d o e s  t n e  d e p t h  o f  t h e  l a k e  r e a c h  11-12 meters. Lake 

B a l a t o n  i s  a t y p i c a l  example o f  a w a t e r  body w i t h  d i f f e r e n t  

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

E u t r o p h i c a t i o n  and  t h e  phenomena c o n n e c t e d  w i t h  n u t r i e n t  

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

are i m p o r t a n t  l i m n o l o g i c a l  p rob lems  f o r  v a r i o u s  w a t e r  b o d i e s ,  

b o t h  s h a l l o w  and  d e e p .  These  problems r e s u l t  e n t i r e l y  f rom 

i n c r e a s e d  p r o d u c t i v i t y  a n d  a r e  c a u s e d  by a n  imba lanced  i n p u t  

o f  n u t r i e n t s  i n t o  t h e  w a t e r  f rom t h e  w a t e r s h e d .  I n  s h a l l o v  l aXes  

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

d e p e n d e n t  o n  t h e  s ed imen t -wa te r  i n t e r a c t i o n s ,  b e c a u s e  t h e  bo t tom 

s e d i m e n t  may b e  a d i r e c t  n u t r i e n t  s o u r c e  and  h a s  a s i g n i f i c a n t  

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



The n a t u r a l  s t a t 2  o f  e u t r o p h i c a t i o n  i s  d e p e n d e n t  o n  t h e  a g e  

of  t h e  w a t e r  body, i t s  g e o l o g i c a l  f e a t u r e s ,  and  h i s t o r i c a l  evo lu -  

t i o n .  The development  o f  e u t r o p h i c a t i o n  i s  d e f i n e d  by n u t r i e n t  

l e v e l s  a s  a  whole .  Human a c t i v i t i e s  i n v o l v i n g  t h e  w a t e r  body 

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

o f  e u t r o p h i c a t i o n .  I n  e v e r y  c a s e ,  t h e  deve lopment  o f  e u t r o p h i -  

c a k i o n  e n t a i l s  a  complex r e o r g a n i z a t i o n  o f  t h e  w a t e r - e c o l o g i c a l  

sys t em,  owing t o  t h e  d i s t u r b a n c e  o f  t h e  b a l a n c e  be tween t h e  

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

w i t h i n  t h e  sys tem.  

The e x i s t i n g  l e v e l  o f  knowledge and  a v a i l a b l e  q u a n t i t a t i v e  

i n f o r m a t i o n  c o n c e r n i n g  w a t e r  body e u t r o p h i c a t i o n  problems a r e  

l i m i t e d  and d o  n o t  answer  many q u e s t i o n s  c o n n e c t e d  w i t h  t h e  

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

G e n e r a l l y  s p e a k i n g ,  t h e  phenomenon is  s t i l l  n o t  c o m p l e t e l y  

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

p h i c a t i o n  problem a r e :  what  i s  t h e  c a u s e  o f  e x c e s s i v e  f e r t i l i -  

z a t i o n ,  and what  c a n  b e  done  t o  c o n t r o l  it (Lee  1 9 7 3 ) ?  

I t  i s  known t h a t  o f  a l l  t h e  b i o g e n i c  e l e m e n t s  which i n f l u e n c e  

a q u a t i c  l i f s ,  phosphorus  i s  t h e  key e l e m e n t  and  it is  c o n s i d e r e d  

a  ma jo r  r e a s o n  f o r  e u t r o p h i c a t i o n  i n  t h i s  l a k e  ( v a n  S t r a t e n  e t  a l .  * 
1 9 7 9 ) .  Ths R i v e r  Z a l a  e n t e r s  t h e  l a k e  a t  i t s  s o u t h w e s t e r n  p a r t  

and p r o v i d e s  a b o u t  50-75 p e r c e n t  o f  t h e  t o t a l  w a t e r  i n f l o w  ( ~ s $ k i  

e t  a l .  1979; van  S t r a t e n  e t  a l .  1979) ; it i s  t h e  p r i m a r y  s o u r c e  

of phosphorus  i n  t h e  Lake B a l a t o n  ecosys t em.  T h i s  r i v e r  m a i n l y  

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

w a s t e s  f rom a  t o t a l  a r e a  o f  a b o u t  2 , 6 2 2  km2 o f  t h e  R i v e r  Za la  

w a t e r s h e d .  O the r  i m ~ o r t a n t  t r i b u t a r i e s  e n t e r  t h e  l a k e  i n  i t s  cen-  

t r a l  p a r t .  The w a t e r  o u t f l o w  o f  Lake B a l a t o n ,  i s  r e g u l a t e d  by a  

s p e c i a l  g a t e  a t  t h e  n o r t h e a s t e r n  end o f  t h e  l a k e .  

The R i v e r  Z a l a  e n t e r s  Lake B a l a t o n  v i a  t h e  s h a l . 1 0 ~  K e s z t h e l y  

Bay and  t h e  e f f e c t  o f  t h e  r i v e r  i s  f e l t  n o t  o n l y  i n  t h e  bay  i t s e l f  

b u t  a l s o  i n  t h e  n e i g h b o r i n g  r e g i o n  o f  Lake B a l a t o n ,  i . e .  t h e  

S z i g l i g e t  B a s i n .  I n  t h e  l a s t  two b a s i n s  o f  t h e  l a k e ,  Szemes and 

S i 6 f o k ,  t h e  e f f e c t  o f  t h e  Z a l a  R i v e r  i s  q u i t e  low. A s  a  r e s u l t ,  

e u t r o p h i c  c o n d i t i o n s  d e c r e a s e  from t h e  s o u t h w e s t e r n  t o  t h e  n o r t h -  

e a s t e r n  end o f  t h e  l a k e .  

* 
The major  t r i b u t a r y  o f  Lake B a l a t o n  



The r o l e  o f  phosphorus i n  t h e  e u t r o p h i c a t i o n  o f  v a r i o u s  

water  b o d i e s  was d i s c u s s e d  i n  many r e p o r t s  ( B a r t s c h  1972; Lee 1973); 

P o r c e l l a  and Bishop 1 9 7 5 ) .  Phosphorus o c c u r s  i n  n a t u r a l  w a t e r s  i n  

a  v a r i e t y  o f  forms--both d i s s o l v e d  and p a r t i c u l a t e .  Biochemical  

t r a n s f o r m a t i o n  p r o c e s s e s  developed i n  w a t e r  e n v i r o a n e n t s  t e n d  t o  

c o n v e r t  phosphorus f r a c t i o n s  from one form t o  a n o t h e r .  Disso lved  

i n o r g a n i c  phosphorus i s  r e a d i l y  a v a i l a b l e  f o r  phy top lank ton  growth.  

I n  u n p o l l u t e d  w a t e r s ,  it e x i s t s  a t  a  l e v e l  which l i m i t s  p l a n t  

growth.  

The e a r l y  s t u d i e s  of  e u t r o p h i c a t i o n  and phosphorus  dynamics 

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

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

s imple  r e l a t i o n s h i p  between phosphorus l e v e l s  and e u t r o p h i c a t i o n  

indexes  ( S t e w a r t  and Rohl ich  1967; Vol lenweider  1968; Hutchinson 

1973) .  I n  t h e  p r e s e n t  s t u d y ,  it is  o b v i o u s i y  a  n e c e s s a r y  s t e p  

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

by a p p l y i n g  sys tems a n a l y s i s .  A t  t h e  same t i m e ,  it has  of  c o u r s e  

been n e c e s s a r y  t o  s e p a r a t e  t h e  d i r e c t  e f f e c t s  on e u t r o p h i c a t i o n - -  

s o  c a l l e d  man-made impaccs--from i n d i r e c t  e f f e c t s  and u n r e l a t e d  

f a c t o r s  which c a u s e  e c o l o g i c a l  v a r i a t i o n s  and have i m p o r t a n t  

consequences f o r  t h e  eco logy  o f  t h e  l a k e .  

During t h e  p a s t  few y e a r s ,  w a t e r  eutrophication a s  a l i n n o l o -  

g i c a l  problem h a s  become t h e  s u b j e c t  o f  many s p e c i a l  s t u d i e s  

u s i n g  mathemat ica l  models  o f  d i f f e r e n t  d e g r e e s  o f  complex i ty .  

The main purpose  of t h e s e  s t u d i e s  i s  t o  q u a n t i f y  impac t s  and 

a s s e s s  a l t e r n a t i v e  c o n t r o l  s t r a t e g i e s  i n  terms of  b i o g e n i c  e l e -  

ment b a l a n c e s  i n  v a r i o u s  w a t e r  b o d i e s .  

I n  t h e  Lake Ba la ton  c a s e  s t u d y  mathemat ica l  modeling i s  

c o n s i d e r e d  one  of  t h e  s u c c e s s f u l  methods of s t u d y i n g  t h e  e u t r o -  

p h i c a t i o n  of  Lake B a l a t o n  a t  a  c o m p a r a t i v e l y  e a r l y  s t a g e  o f  i t s  

d e v e l ~ p m e n t  and t o  o b t a i n  a  q u a n t i t a t i v e  a s s e s s m e n t  o f  t h i s  

phenomena. Some i m p o r t a n t  c h a r a c t e r i s t i c s  o f  t h e  w a t e r  body 

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

of  change of  t h e  q u a l i t y  o f  e u t r o p h i c  w a t e r s ,  may b e  e v a l u a t e d  

by s p e c i a l l y  c o n s t r u c t e d  modeis which shou ld  be  g e a r e d  t o  t h e  

l e v e l  of  d e t a i l  of  t h i s  problem. 



Thi s  r e p o r t  d e s c r i b e s  a model of phosphorus compound t r a n s -  

formations--an impor t an t  f a c t o r  when s t u d y i n g  t h e  e u t r o p h i c a t i o n  

i n  n a t u r a l  w a t e r s - - p a r t i c u l a r l y  i n  t h e  c a s e  of  Lake Ba la ton .  

Genera l ly  speak ing ,  t h i s  model is i n t ended  t o  s i m u l a t e  t h e  dynamics 

of phosphorus c y c l i n g  p r o c e s s e s  and r e p r e s e n t s  an e x c e s s i v e  growth 

o f  a q u a t i c  p l a n t  l i f e  a s  a consequence of  t h e  changes i n  q u a n t i t y  

o f  phosphate-phosphorus i n  t h e  wa t e r  body. 

Comparat ively s imple  phosphorus models used f o r  t h e  s t u d y  of  

e u t r o p h i c a t i o n  t a k e  i n t o  accoun t  a l i m i t e d  number o f  phosphorus 

forms, u s u a l l y  ' t o t a l  phosphorus o r  j u s t  two phosphorus f r a c t i o n s ,  

p a r t i c u l a t e  and d i s s o l v e d  phosphorus.  Models w i t h  a l i m i t e d  

number o f  phosphorus forms have been a p p l i e d  f o r  s t u d y i n g  less 

e u t r o p h i c  w a t e r ,  when sed iments  do n o t  e x e r t  a s i g n i f i c a n t  i n f l u -  

ence on phosphorus c y c l i n g  i n  t h e  w a t e r  (Lung e t  a l .  1 9 7 6 )  

However, a much b e t t e r  unde r s t and ing  o f  t h e  e x i s t i n g  r e l a t i o n -  

s h i p  between phosphorus i n p u t  t o  a w a t e r  body,and phosphorus t r a n s -  

fo rmat ion  p roce s se s  w i t h i n  it, may b e  a t t a i n e d  w i t h  t h e  h e l p  o f  mo- 

d e l s  c o n s t r u c t e d  on t h e  b a s i s  o f  s y n t h e s i s  o f  b i o l o g i c a l  and chemi- 

c a l  models. These t y p e s  o f  models i n c l u d e  s e v e r a l  phosphorus forms,  

chemical  a s  w e l l  a s  b i o l o g i c a l ,  and i n t e g r a t e  t h e  a v a i l a b l e  informa- 

t i o n  concern ing  t h e i r  behav ior  i n  w a t e r  b o d i e s .  By u s i n g  t h i s  t y p e  

o f  model, it i s  p o s s i b l e  t o  e x p l a i n  t h e  dynamics of  phosphorus i n  

t h e  ce l l s  o f  microorganisms and t o  c o n c e n t r a t e  on changes o f  each 

of t h e  chemical  forms of  phosphorus p r e s e n t  i n  t h e  wa t e r  and a l s o  

t h e  r a t e s  of  phosphorus i n t e r c h a n g e  between v a r i o u s  forms,  inc lud-  

i n g  b i o l o g i c a l  and chemical .  T h i s  t ype  of model i s  v e r y  u s e f u l  

f o r  s t u d y i n g  complex p roce s se s  o c c u r r i n g  w i t h  e u t r o p h i c a t i o n  

such a s  phosphorus r e l e a s e  from sediment  t o  wa t e r ,  phosphorus 

l oad ing  from a wa te r shed ,  phosphorus r e g e n e r a t i o n  by microorgan- 

i s m s ,  and s o  on.  An impor t an t  s t a g e  i n  unde r s t and ing  t h e  e u t r o -  

p h i c a t i o n  o f  Lake B a l a t o n , i s  t o  e s t a b l i s h  i n t e r a c t i o n s  which p l a y  

a s i g n i f i c a n t  r o l e  i n  phosphorus t r a n s f o r m a t i o n s ,  t h e  magnitudes of  

r a t e s  of  i n d i v i d u a l  t r a n s f o r m a t i o n  s t a g e s  i n  t h e  phosphorus 

c y c l e ,  and t o  e v a l u a t e  t h e  phosphorus m a t e r i a l  f lows i n  t h e  

l a k e ' s  ecosystem. 



2 .  CONCEPTS BEHIND THZ PHOSPHORUS TRANSFORElATION MODEL 

Phosphorus  i s  one  o f  t h e  m o s t  i m p o r t a n t  e l e m e n t s  i n  n a t u r a l  

w a t e r s .  I t s  p r e s e n c e  o f t e n  l i m i t s  t h e  deve lopmen t  o f  v a r i o u s  

mic roo rgan i sms  and  d e t e r m i n e s  t h e  r a t e s  o f  b i o c h e m i c a l  t r a n s f o r -  

m a t i o n  o f  o r g a n i c  m a t t e r .  The c o n c e n t r a t i o n  of  m i n e r a l  phosphorus  

compounds mus t  b e  c o n s i d e r e d  when examin ing  g e n e r a l  w a t e r  p rob lems  

s u c h  as q u e s t i o n s  o f  e u t r o p h i c a t i o n ,  p r i m a r y  p r o d u c t i o n ,  decompo- 

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

The main c h e m i c a l  compounds o f  t h e  phosphorus  s y s t e m  a r e  

d i s s o l v e d  o r g a n i c  a n d  i n o r g a n i c  p h o s p h o r u s ,  DOP and  DIP, r e s p e c -  

t i v e l y .  The phosphorus  components  i n c l u d e d  i n  t h e  c o m p o s i t i o n  

o f  p a r t i c u l a t e  m a t t e r  a r e  t h e  b i o m a s s e s  o f  mic roo rgan i sms  (.bac- 

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

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

f o r m a t i o n  o f  phosphorus  compounds. DIP i s  consumed by a l g a e  a n d  

b a c t e r i a  a n d  i s  t h e  mos t  i m p o r t a n t  b i o c h e m i c a l  component i n  

o r g a n i c  components  which  c o n s t i t u t e  t h e  b iomass  o f  l i v i n g  ce l l s .  

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

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

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

f u n c t i o n s  o f  t h e  o r g a n i s m s ,  e x c r e t i o n  o f  d i s s o l v e d  m i n e r a l  com- 

p o n e n t s  and o r g a n i c  phosphorus  o c c u r  t o g e t h e r  w i t h  t h e  f o r m a t i o n  

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

l i z e d  by h e t e r o t r o p h i c  b a c t e r i a  a n d  c a n  a l s o  b e  d i r e c t l y  a s s i m i -  

l a t e d  by p h y t o p l a n k t o n .  Accord ing  t o  wel l -documented  e v i d e n c e ,  

p r o t o z o a  and  z o o p l a n k t o n  p l a y  a n  i m p o r t a n t  r o l e  i n  t h e  t r a n s f o r m -  

a t i o n  o f  DOP (Watt a n 6  Hayes 1963)  . 
The r o l e  o f  b a c t e r i a  i s  e x t r e m e l y  i m p o r t a n t  i n  phosphorus  

t r a n s f o r m a t i o n .  T h e i r  u p t a k e  o f  m i n e r a l  phosphorus  may i n c r e a s e  

t h e  consumpt ion  o f  o r g a n i c  phosphorus  u n d e r  c e r t a i n  c o n d i t i o n s  

(Wat t  and  Hayes 1963; A j z a t u l l i n  and  Leonov 1 9 7 7 ) .  B a c t e r i a l  

t r a n s f o r m a t i o n  o f  o f  phosphorus  compounds may b e  g r e a t l y  a c c e l e -  

r a t e d  by t h e  p r e s e n c e  o f  p r e d a t o r s  ( G r i l l  and  R i c h a r d s  1 9 6 4 ; .  I n  

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

d e t r i t u s  i s  e s t a b l i s h e d  ( R a j e n d r a n  and  Venugopalan  1974)  . 



Thus phosphorus t r a n s f o r m a t i o n  o c c u r s  a s  a complex i n t e r a c -  

t i o n  between microorganisms and chemical  compounds, o f  which t h e  

r a t e s  o f  change and c h a r a c t e r  a r e  dependent  upon env i ronmenta l  

f a c t o r s .  

I n  p r a c t i c e ,  many schemes o f  phosphorus compound i n t e r a c -  

t i o n s  a r e  used f o r  ma themat ica l  modeling of  phosphorus t r a n s -  

f o r m a t i o n  i n  water. Some of  t h e  numerous schemes o f  phosphorous 

compound i n t e r a c t i o n s  used i n  p r a c t i c e  w e r e  c o n s i d e r e d  and d i s -  

c u s s e d  by Leonov ( 1 9 7 8 ) .  E c o l o g i c a l  models ,  which are  i n t e n d e d  

f o r  a p p l i c a t i o n  i n  s t u d i e s  of phosphorus t r a n s f o r r ~ ~ a t i o n s  and 

phosphorous c y c l i n g  as  a whole, i n c l u d e  d i f f e r e n t  t y p e s  o f  micro-  

o rgan i sms ,  such  a s  h e t e r o t r o p h i c  b a c t e r i a ,  p r o t o z o a ,  zoop lank ton ,  

and phy top lank ton .  

The c o n c e p t s  and t h e  model c o n s i d e r e d  h e r e  a r e  based on t h e  

p r e v i o u s  s t u d i e s  o f  phosphorus t r a n s f o r m a t i o n  p r o c e s s e s  i n  w a t e r  

envi ronments  (Leonov 1978) and a l s o  on  t h e  f i e l d  d a t a  of  measure- 

ments of  phosphorus  compounds o b t a i n e d  from i n t e r d i s c i p l i n a r y  

r e s e a r c h  i n  Hungary.* 

The g e n e r a l  phosphorus model might  be  u s e f u l l y  c o n s t r u c t e d  

a s  a n  i n t e r a c t i v e  phosphorus  compounds sys tem t h a t  i n v o l v e s :  

1 .  E c o l o g i c a l  responses--what  i s  t h e  impact  o f  phosphorus 
t r a n s f o r m a t i o n  on t h e  e u t r o p h i c a t i o n  phenomenon? 

2. ~ i o c h e m i c a l  mechanisms--how are t h e s e  r e s p o n s e s  produced? 

3 .  P r e d i c t i o n  power--how w i l l  t h e  e c o l o g i c a l  sys tem behave 
i n  t h e  p r e s e n t  and i n  t h e  f u t u r e ?  

The model a s  a whole must c o n s i d e r  t h e  phosphorus t r a n s f o r -  

mat ion  i n  t h e  w a t e r  and i n  t h e  sed iment ,  because  t h e  sediment-water  

i n t e r a c t i o n  is a n  i m p o r t a n t  f a c t o r  i n  t h e  ecosys tem o f  Lake B a l a t o n  

(van S t r a t e n  e t  a l .  1979) .  The model compartments ,  o r  s t a t e  v a r i -  

a b l e s  and t h e i r  i n t e r a c t i o n s ,  i n d i c a t e d  by a r rows ,  a r e  shown i n  

F i g u r e  1 .  

*A group o f  Hungarian s p e c i a l i s t s  p r e s e n t e d  t o  IIASA a wide 
s e t  o f  f i e l d  o b s e r v a t i o n s  made from 1972 t o  1978. 





The main compounds t aken  i n t o  account  i n  t h e  model a r e :  

1 .  d i s s o l v e d  i n o r g a n i c  phosphorus,  D I P ;  

2 .  d i s s o l v e d  o r g a n i c  phosphorus,  DOP; 

3 .  phosphorus i n  phytoplankton,  F; 

4 .  phosphorus i n  h e t e r o t r o p h i c  b a c t e r i a ,  B; 

5. non- l iv ing  p a r t i c u l a t e  phosphorus,  PD. 

A l l  o f  t h e s e  phosphorus fonns a r e  i n  mg P/R i n  t h e  model. Dissolv-  

ed  oxygen, O2 w i th  c o n c e n t r a t i o n  mg 02/R, is  a l s o  i n t roduced  i n  t h e  

sys tem modeled a s  one of t h e  impor tan t  c h a r a c t e r i s t i c s  o f  wa t e r  

q u a l i t y .  

The major p roces se s  t h a t  p l a y  a  s i g n i f i c a n t  r o l e  i n  wa t e r  eco- 

system f u n c t i o n i n g ,  p a r t i c u l a r l y  i n  phosphorus t r a n s f o r m a t i o n  

a r e :  

1 . phytoplankton production and nutr ient  uptake which a r e  charac-  
t e r i z e d  by a f u n c t i o n  o f  t empe ra tu r e ,  l i g h t ,  and D I P  
con t en t :  

2 .  bacterial  production which i s  temperature-dependent  and i s  
an impor tan t  s t e p  of  DOP t r a n s f o r m a t i o n  and D I P  regener-  
a t i o n ;  

3 .  metabolic excretion of DOP and DIP by phytoplankton and b a c t e r -  
i a ,  r e s p e c t i v e l y ;  

4 .  nonpredatorial mortali ty of  bacteria and plytoplankton which i s  an 
impor tan t  mechanism of  phosphorus cyc l ing :  

5 .  decomposition of nonliving pa12ticuZate phosphorus i n  t h e  l a k e  
wa te r ,  is  an impor t an t  s t a g e  o f  phosphorus t r a n s f o r m a t i o n  
i n  t h e  r e l e a s e  o f  chemical  energy s t o r e d  i n  d e t r i t u s ;  

6 .  oqgen  conswnption due t o  t h e  r e s p i r a t i o n  of  phytoplankton 
and h e t e r o t r o p h i c  b a c t e r i a ,  and a l s o  o q g e n  exchange through 
t h e  a i r - w a t e r  i n t e r f a c e  and by p h o t o s y n t h e t i c  p roduc t i on ,  
a r e  impor tan t  p r o c e s s e s  which r e g u l a t e  t h e  oxygen c o n t e n t  
i n  t h e  wa te r  body. 

Lake Bala ton be ing  sha l low,  average  c o n c e n t r a t i o n s  o f  a l l  com- 

pounds i n  t h e  model d i s c u s s e d  a r e  t aken  for each b a s i n .  



The f i r s t  v e r s i o n  o f  t h e  model c o n s i d e r e d  a homogenous ~ h y t o -  

p lank ton  p o p u l a t i o n  i n  t h e  w a t e r ,  w i t h o u t  s u b d i v i d i n g  i n d i v i d u a l  

groups  o f  s p e c i e s  (Leonov 1 9 8 0 ) .  L a t e r  on ,  changes  w e r e  i n t r o -  

duced i n t o  t h e  model i n  o r d e r  t o  t a k e  i n t o  accoun t  t h e  p o s s i b l e  

v a r i a t i o n  o f  phy top lank ton  i n  t i m e  and s p a c e .  The r o l e  o f  zoo- 

p l a n k t o n  i s  c o n s i d e r e d  un impor tan t  i n  phosphorus c y c l i n g ,  and i n  

t h e  e u t r o p h i c a t i o n  of  Lake Ba la ton  (van S t r a t e n  e t  a l .  1 9 7 9 ) .  

Sediment-water  i n t e r a c t i o n s  a r e  a  v e r y  i m p o r t a n t  mechanism 

i n  t h e  e c o l o g i c a l  sys tem o f  Lake B a l a t o n ,  i n  t h e  r e g u l a t i o n  o f  

n u t r i e n t  c o n t e n t ,  and p o s s i b l e  en r ichment  o f  t h e  w a t e r  body by 

DIP. T h e r e f o r e ,  it was d e c i d e d  t o  i n c l u d e  i n  t h e  model i n d i v i -  

d u a l  phosphorus forms i n  t h e  i n t e r s t i t i a l  w a t e r .  These a r e :  

1. d i s s o l v e d  i n o r g a n i c  phosphorus i n  i n t e r s t i t i a l  w a t e r ,  DIPs; 

2 .  d i s s o l v e d  o r g a n i c  phosphorus i n  i n t e r s t i t i a l  w a t e r ,  DOPs; 

3 .  n o n l i v i n g  p a r t i c u l a t e  phosphorus i n  sed iment ,  PDS. 

C o n c e n t r a t i o n s  o f  a l l  phosphorus f r a c t i o n s  i n  sediment  a r e  t a k e n  i n  

mg P/2. 

The p r i n c i p a l  mechanisms o f  b e n t h i c  phosphorus t r a n s f o r m a t i o n  

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

from w a t e r  and t h e  consequent  phosphorus t r a n s f o r m a t i o n s  from par-  

t i c u l a t e  t o  d i s s o l v e d  phosphorus forms,  f i r s t  t o  DOPS and t h e n  t o  

DIP i n  t h e  i n t e r s t i t i a l w a t e r  of  t h e  seGiment. Th i s  approx imat ion  i s  
S 

n e c e s s a r y  f o r  a  s i m p l e r  r e p r e s e n t a t i o n  o f  phosphorus t r a n s f o r m a t i o n  

i n  t h e  sed iments  w i t h  l i m i t e d  d a t a  a b o u t  p r o c e s s e s  and  phosphorus 

compound c o n t e n t  i n  sed iments .  The t y p e  o f  sed iments  i n  Lake 

Ba la ton  a r e  assumed t o  be  s i m i l a r  i n  d i f f e r e n t  s e c t i o n s  o f  t h e  

l a k e ,  and  t o  c o n s t i t u t e  a  homogeneous l a y e r .  K i n e t i c  r e a c t i o n s  

c o n t r o l  t h e  r a t e s  o f  phosphorus t r a n s f o r m a t i o n  and oxygen c y c l i n g  

i n  t h e  w a t e r  and t h e y  a r e  f u n c t i o n s  o f  exogenous v a r i a b l e s ,  

such  a s  t e m p e r a t u r e .  The r a t e  a t  which a l l  r e a c t i o n s  p roceed  i s  

c o n t r o l l e d  by l o c a l  c o n c e n t r a t i o n s  of  t h e  s t a t e  v a r i a b l e s .  

The k i n e t i c  e q u a t i o n s  a p p l i e d  i n  t h e  model a r e  d e s i g n e d  t o  

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

t h e  phosphorus t r a n s f o r m a t i o n ,  such  a s  phy top lank ton  p r o d u c t i o n  

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

t o  t h e  DOP c o n t e n t  and d e g r a d a t i o n  of  n o n l i v i n g  p a r t i c u l a t e  phos- 

phorus t o  DOP and t h e  e f f e c t  o f  a l l  phosphorus t r a n s f o r m a t i o n  



p r o c e s s e s  on t h e  d i s s o l v e d  oxygen c y c l e .  The model c o n s i s t s  of a  

se t  of d e t e r m i n i s t i c  d i f f e r e n t i a l  e q u a t i o n s  d e s c r i b i n g  t h e  dynamics 

of  a l l  model compartments f o r  a  one-year p e r i o d  of  t i m e ,  w i t h  inde-  

pendent  phosphorus i n p u t s  f o r  each  segment o f  Lake B a l a t o n .  

For i n c r e a s i n g  t h e  p r e d i c t i v e  and e x p l a n a t o r y  power of  t h e  

phosphorus t r a n s f o r m a t i o n  model d i s c u s s e d  h e r e ,  it was d e c i d e d  

t o  c o n s i d e r  t h e  ec'osystem a s  a  s e l f - o p t i m i z i n g  and s e l f - ~ r g a -  

n i z i n g  s y s t e m  f o l l o w i n g  P a r k e r  (1972) and  S t r a s k r a b a  (1 9 7 7 ) .  

I n  o r d e r  t o  do t h i s ,  i t  i s  assumed t h a t  i n  comparison w i t h  o t h e r  

p r o c e s s e s ,  n u t r i t i o n  i s  a  b a s i c  mechanism which is  an a d a p t i v e  

b i o l o g i c a l  f u n c t i o n  o f  any organism. T h i s  i n c r e a s e s  t h e  r e a l i s m  

of  t h e  mathemat ica l  model i n  t h e  d e s c r i p t i o n  o f  t r a n s f o r m a t i o n  

p r o c e s s e s  of chemica l  compounds and c r o p h i c  i n t e r r e l a t i o n s h i p s  i n  

r e l a t i o n  t o  env i ronmenta l  changes .  

A d e t a i l e d  d e s c r i p t i o n  of  t h e  m o d e l ' s  n o n l i n e a r  e q u a t i o n s  

a r e  t h e  r e s u l t  of  a  complex k i n e t i c  r e a c t i o n  which i s  p r e s e n t e d  

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

3 .  MATHEMATICAL FORMULATION 

The w a t e r  a r e a  o f  Lake B a l a t o n  is s u b d i v i d e d  i n t o  j number 

of s e c t o r s  c h a r a c t e r i z e d  by s p e c i f i c  c o n c e n t r a t i o n s  o f  phosphorus 

compounds, phy top lank ton  l e v e l s  and phosphorus l o a d i n g  r a t e s .  

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

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

i n  t h e  w a t e r  ecosys tem of Lake Ba la ton  (van  S t r a t e n  e t  a l .  1 9 7 9 ) .  

Each s e c t o r  w i t h i n  t h e  l a k e  h a s  volume V and i s  r e p r e s e n t e d  
j 

d u r i n g  modeling a s  a  comple te ly  mixed sys tem,  s i m i l a r  t o  a  

s t i r r e d  t a n k  r e a c t o r .  The model b a s i n s  a r e  coup led  h o r i z o n t a l l y  

by a d v e c t i v e  t r a n s p o r t  ( F i g u r e  2 )  . 
The model i t s e l f  i s  c o n s t r u c t e d  on t h e  b a s i s  o f  mass conserva-  

t i o n  p r i n c i p l e s  f o r  each  model compartment which i s  g i v e n  by a  s e t  

of  coup led  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s .  The g e n e r a l  form o f  

t h e  model e q u a t i o n  i s :  



i i s  number of basins 
V j  is  volume of each basin 

Qinj and Qoutj are characteristics of net water advective transport 
Ci i s  concentration of specific constituents 

+ input of Ci by water flow; +output of Ci by water flow 
---+ input of Ci by precipitation; 
- - -+ input of Ci from external ---*output of Pg by sedimentation 

sources; 

Figure 2. Subdivision of Lake Balaton by basins (a) and schematic presentation for calculat- 
ing the concentration distributions 



where 
0 

Ci and Ci 

Q i n .  * Q o u t  . *  and Q 
I 3 P r  

'ir i s  DOP and DIP 

a r e  t h e  c o n c e n t r a t i o n s  o f  p a r t i c u l a r  com- 
pounds i n  t h e  bas in  under  c o n s i d e r a t i o n  
and former  b a s i n s ,  r e s p e c t i v e l y  ( i n  mg/ll) ; 

are i n p u t ,  o u t p u t  f low rates and p r e c i p i t a -  
t i o n  r a t e s ,  r e s p e c t i v e l y  ( a l l  m3/day) ; 

c o n c e n t r a t i o n s  i n  r a i n  w a t e r  ( i n  mg P / R ) ;  

i s  t h e  sum of  t h e  r e a c t i o n  rates o f  biochem- 
i ca l  p r o c e s s e s  t a k e n  i n t o  a c c o u n t  i n  t h e  
model Cmg/R-day) ; 

is  t h e  d i r e c t  phosphorus l o a d i n g  rate from 
a l l  e x t e r n a l  s o u r c e s  (mg P/R-day). 

Thus, phosphorus compounds may b e  i n c r e a s e d  o r  d e c r e a s e d  i n  con- 

c e n t r a t i o n  by b iochemica l  r e a c t i o n s ,  p h y s i c a l  a d v e c t i v e  t r a n s p o r t  

and phosphorus l o a d i n g .  Oxygen may be  t a k e n  up o r  produced i n  

c o n j u n c t i o n  w i t h  b iochemica l  t r a n s f o r m a t i o n ,  and i s  t r a n s f e r r e d  

by physicochemical  r e a c t i o n  p r o c e s s e s .  

The g e n e r a l  form o f  t h e  model e q u a t i o n  shows t h a t  t h e  mass 

b a i a n c e  of a l l  model compartments and t h e  phosphorus system a s  a  
whole w i l l  be r e g u l a t e d  by r a t e s  o f  b iochemica l  r e a c t i o n s  and 

l o a d i n g s .  The e f f e c t  o f  hyarodynamical  p r o c e s s e s  on  t h e  r a t e s  o f  

mass b a l a n c e  changes  i s  c o n s i d e r e d  i n  t h e  s i m p l e s t  way. I t  means 

t h a t  among a l l  nydi-odynamical p r o c e s s e s  o n l y  t h e  a d v e c t i v e  t r a n s -  

p o r t  of s u b s t a n c e s  i s  t a k e n  i n t o  a c c o u n t  i n  t h e  g i v e n  model on  

a  long-term b a s i s .  

3 .1 .  Phytoplankton 

The mass b a l a n c e  of  phytoplankton-phosphorus i n  t h e  model, 

i s  p r e s e n t e d  by t h e  e x p r e s s i o n  r e l a t i n g  t h e  i n s t a n t a n e o u s  r a t e s  

of n u t r i e n t  up take .  m e t a b o l i c  e x c r e t i o n  and m o r t a l i t y .  I t  a l s o  
t a k e s  i n t o  accoun t  t h e  e f f e c t  of  w a t e r  t r a n s f e r .  Thus. t h e  t o t a l  
e q u a t i o n  i s :  

dF d t  = (UPF - LF - MF)F + (Qin/V) F O  - [Q,,~/v) F 

no t  g r ~ u t h  i n p x t  39 o i~cput  by 
water flou water fZm ( 2 )  



where 

UPF, LEI  and ME a r e  s p e c i f i c  r a t e s  o f  u p t a k e ,  exc re -  

t i o n  and m o r t a l i t y  of  phy top lank ton  

( a l l  d a y - ' ) ,  whose phy top lank ton  b io-  

mass F, is p r e s e n t e d  a s  i t s  phosphorus 

c o n t e n t  ( i n  mg P/R) ; 

F 0  i s  phy top lank ton  c o n c e n t r a t i o n  i n  t h e  

a d j a c e n t  "ups t ream" s e c t o r  o f  t h e  l a k e  

(mg P /R) ;  o t h e r  p a r a m e t e r s  a r e  men- 

t i o n e d  above.  

Most o f  t h e  e u t r o p h i c a t i o n  models developed p r e v i o u s l y ,  u s e  

t h e  c l a s s i c a l  Monod k i n e t i c  p r i n c i p l e s  f o r  d e s c r i p t i o n  of n u t r i e n t  

up take  by phy top lank ton  (Nelson 1971) .  There  a r e  a l s o  a t t e m p t s  

t o  d e s c r i b e  n u t r i e n t  phy top lank ton  u p t a k e  a s  a  f u n c t i o n  o f  i n t r a -  

c e l l u l a r  n u t r i e n t  l e v e l  (Nyholm 1978) .  The p r e s e n t  model i s  con- 

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

c o n s i d e r i n g  t h e  q u e s t i o n  o f  n u t r i t i o n  f o r  p l a n k t o n  o rgan i sms ,  

Sushchenya (1973) found t h a t  a s  food c o n c e n t r a t i o n  i n c r e a s e d ,  t h e  

i n c r e a s e d  q u a n t i t y  of  food consumed was less t h a n  e x p e c t e d ,  g i v i n g  

a  p r o g r e s s i v e  d e c r e a s e  i n  up take  r a t e .  The r e l a t i o n  between t h e  

q u a n t i t y  of  n u t r i e n t s  consumed by p l a n k t o n  p e r  u n i t  o f  t i m e  and 

food c o n c e n t r a t i o n ,  have a  tendency t o  b e  a s y m p t o t i c .  A number of 

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

phy top lank ton  (Finenko and Krupatkina-Anikina 1974; S t r a s k r a b a  

39773 a s  w e l l  a s  zooplankton organisms (Sushchenya 1973) .  

The h y p o t h e s i s  used h e r e  i s  t h a t  t h e  s p e c i f i c  up take  r a t e  o f  

D I P  by p h y t o p l a n k t o n  depends on t h e  phosphorus  c o n t e n t  i n  ~ h y t o -  

s l a n k t o n  ce l ls  and i n  t h e  w a t e r  envi ronment .  A r a t i o  o f  i n t r a -  

c e l l u l a r  phosphorus c o n t e n t  i n  p h y t o p l a n k t o n  t o  a v a i l a b l e  DIP  

c o n t e n t  i n  t h e  w a t e r ,  r e g u l a t e s  t h e  t o t a l  s p e c i f i c  up take  r a t e  o f  

DIP  by phy top lank ton ,  when t e m p e r a t u r e  and l i g h t  c o n d i t i o n s  a r e  

o p t i m a l .  Thus, t h e  e q u a t i o n  f o r  t h e  s p e c i f i c  up take  r a t e  of D I P  

by phy top lank ton  is  f o r m u l a t e d  a s :  

UP, = K i  ' 'TF ' R~~ 
r 

1 + F  
6 DIP  



where 

K1 i s  t h e  maximum u p t a k e  ra te  of  D I P  by phyto-  
- 1  p l a n k t o n  (day  ) ;  

RTF and RIF a r e  c o e f f i c i e n t s  f o r  c o r r e c t i o n  o f  t h e  maxi- 

mum u p t a k e  ra te  f o r  t e m p e r a t u r e  and  l i g h t  

c o n d i t i o n s ,  r e s p e c t i v e l y  (nondimens ional  

p a r a m e t e r s  ) ; 

B i s  t h e  c o e f f i c i e n t  of  s u b s t r a t e  c o n v e r s i o n  

p e r  u n i t  b iomass  (nondimens ional  p a r a m e t e r ) .  

A c t u a l l y ,  e q u a t i o n  ( 3 )  shows t h a t  a t  o p t i m a l  t e m p e r a t u r e  and  

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

e x i s t s  a n  u p t a k e  r a te  d e f i n e d  by phosphorus  c o n t e n t  i n  t h e  water 

envi ronment .  A t h r e e  d i m e n s i o n a l  g r a p h  ( F i g u r e  3 )  shows t h a t  

c u r v e s  o f  u p t a k e  ra te  by p h y t o p l a n k t o n  a t  o p t i m a l  t e m p e r a t u r e  

and l i g h t ,  remain  o f  t h e  same s h a p e  f o r  e a c h  l e v e l  o f  p h y t o p l a n k t o n  
b iomass ,  b u t  s t e e p n e s s  o r  c o n f i g u r a t i o n  o f  t h e s e  c u r v e s  i s  r e g u l a t e d  

by r a t i o  F/B D I P .  A s imi l a r  t h r e e  d i m e n s i o n a l  g r a p h  w a s  a l s o  

r e f e r r e d  t o  by F inenko  (19781 f o r  a d s o r p t i o n  o f  i n o r g a n i c  phos- 

phorus  by a l g a e ,  a t  d i f f e r e n t  p h o s p h a t e  c o n c e n t r a t i o n s  i n  t h e  medi- 

um and ce l ls ,  on t h e  b a s i s  o f  e x p e r i m e n t a l  d a t a  p r o v i d e d  by Fuhs 

e t  a l e  (1971 ) . Thus, e q u a t i o n  (31 is  a m o d i f i c a t i o n  o f  t h e  

c l a s s i c a l  Monod a p p r o a c h  i n  which ,  i n s t e a d  o f  t h e  M i c h e a l i s  c o n s t a n t s ,  

t h e  p h y t o p l a n k t o n  b iomass  i n  phosphorus  u n i t s  i s  used .  Mar (1976)  

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

t h e  low l e v e l  o f  n u t r i e n t s ,  i n  a d i s c u s s i o n  o f  Micheal is-Menten con- 

s t a n t s .  Bierman and Richa rdson  (1976) used  t h e  same e q u a t i o n  

s t r u c t u r e  f o r  model in9  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  i n  S a g i -  

naw Bay, Lake Huron. 

F o r  l a c k  o f  a  b e t t e r  a s s u m p t i o n ,  it is assumed i n  t h e  f i r s t  

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

a c t i v i t y  i s  24-26 ' ,  and t h a t  p h y t o p l a n k t o n  a c t i v i t y  a t  a low temper- 

a t u r e ,  c l o s e  t o  O'C, d e c r e a s e s  by  f i v e  t i m e s .  T h i s  a s s u m p t i o n  

i s  i n  r e a s o n a b l e  agreement  w i t h  a v a i l a b l e  i n f o r m a t i o n  a b o u t  

p h y t o p l a n k t o n  a c t i v i t y  i n  Lake B a l a t o n  d u r i n g  w i n t e r  (Herodek 

and 0 lLh  1 9 i 3 ) .  The r a t e  r e d u c t i o n  f a c t o r ,  RTF, i s  c a l c u l a t e d  

i n  t h e  model i n  a c c o r d a n c e  w i t h  dependence  shown i n  F i g u r e  4a 

u s i n g  t h e  e x p r e s s i o n  (Leorlov 1 9 8 0 ) :  





T E M P E R A T U R E  IN D E G R E E S  O F  CELSIUS 

Figure 4. Rate cl~aracteristics as a function of  temperature 

a. uptake rate reduction factor for phytoplankton, 
b. uptake rate reduction factor for bactciria 
c. rate constant of decomposition of llrlnlivi~lg particulate phosphorus t o  DOP: lines 1 and 2 

are constructed on  equation (24) and (24a), respectively. 



where 

T is water temperature in O C .  

Nonoptimal light conditions reduce the specific uptake rate, UPF. 

The effect of light on phytoplankton growth has been studied by 

various authors, namely by Steele (1 962) , Vollenweider (1 965) , 
and Jassby and Platt (1976). The results of these studies have 

been presented in comparatively simple mathematical equations used 

in various mathematical models of water ecological systems (Di Toro 

et al. 1971). The same principles were used in the given model. 

The functional form for the effect of light, RIF,is given by a 

similar expression to that applied by Di Toro et al. (1371): 

where 

where 

h is the depth that is considered in the nodel 

as constant, and equal to 0.5 m; 

I is daily average light intensity in 

(cal/cm2-day) ; 

I is the optimal light intensity that is assumed 
opt 2 

to be equal 350 caljcm -day; 

Ke 
is the extinction coefficient. 

Although it is known that magnitudes of extinction coef- 

ficient in Basins 11-IV in a large degree depends on tne sus- 

pended solid concentration (vali Strateri 1980a) , this fact is 



n o t  t a k e n  i n t o  a c c o u n t  i n  a g i v e n  model. The e x t i n c t i o n  c o e f -  

f i c i e n t  i s  c a l c ~ l a t e d  a s  a  f u n c t i o n  of  phy top iank ton  c o n c e ~ ~ t r s -  

t l o n  u s i n g  t h e  f o l l o w i n g  e x p r e s s i o n :  

- K~ - K~ + K~ * ~ h l  " a "  (8 

Ke h a s  u n i t s  m-' ; K and K b  a r e  c o n s t a n t s ;  c h l o r o p h y l l  " a "  has  a  
u n i t s  pg/R and i t s  v a l u e  i s  r e c a l c u l a t e d  from phy top lank ton  

phosphorus u s i n g  a  s i m p l e  r a t i o :  

pg Chl "aU/R = y mg P/R (9 

where 

y i s  a  c o n s t a n t  s t o i c h i o m e t r i c  c o e f f i c i e n t .  

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

f o l l o w i n g  Golterman (1975) i s  g i v e n  by: 

( t  - 2 8  now tpeak 1 
I = Imax h  [ l + c o s  f  I 

where 

Imax i s  maximum l i g h t  i n t e n s i t y ;  

tnow i s  c u r r e n t  t i m e  o f  day i n  h o u r s ;  

tpeak i s  t i m e  o f  maximum l i g h t  i n t e n s i t y  (12 o ' c l o c k ) ;  

f  i s  p h o t o p e r i o d  i n  hours.  

Values  o f  Imax a r e  c a l c u l a t e d  from: 

where 

I i s  mean d a i l y  l i g h t  i n t e n s i t y .  a v  

The f o r m u l a t i o n  o f  t h e  phy top lank ton  e x c r e t i o n  r a t e  LF, i s  t h e  

r e s u l t  o f  a  p r e v i o u s  s t u d y  (Leonov 1978) . The e x c r e t i o n  r a t e  i s  

c o n s i d e r e d  t o  b e  a  f r a c t i o n  o f  t h e  s p e c i f i c  up take  r a t e  o f  n u t r i -  

e n t s  by phy top lank ton :  

where 

r i s  t h e  coefficientrepresentingthe f r a c t i o n  F 
o f  e x c r e t i o n  o v e r  up take .  



I t  i s  assumed t h a t  t h i s  f r a c t i o n  i s  n o t  c o n s t a n t ,  and i t  aepends  

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

n u t r i e n t  u p t a k e  d e s c r i b e d  by e q u a t i o n  ( 3 ) .  Thus,  t h e  e x c r e t i o r  

r a t e  expression i s  g i v e n  by: 

where 

a ,  and  a 2  a r e  c o e f f i c i e n t s  w i t h  t h e  d i m e n s i o n s  o f  t h e  d a y s .  

E q u a t i o n  ( 1 3 )  shows t h a t  t h e  s p e c i f i c  e x c r e t i o n  r a te  i s  d e f i n e d  by  

t h e  term ( 1 - a l / a 2 )  a t  l i m i t e d  n u t r i e n t  c o n t e n t  when t h e  s p e c i f i c  

u p t a k e  r a t e  i s  low. When t h e  DIP c o n t e n t  i s  n o t  l i m i t e d ,  t h e  f r a c -  

t i o n  o f  e x c r e t i o n  depends  on  v a l u e s  o f  s p e c i f i c  u p t a k e  r a t e ,  and 

t h i s  dependence  i s  a s y m p t o t i c .  T h e r e f o r e ,  t h e  f i r s t  t e r m  o f  equa-  

t i o n  (13 )  i s  p r e s e n t e d  by  t h e  Monod e x p r e s s i o n .  

For  d e s c r i b i n g  p h y t o p l a n k t o n  m o r t a l i t y  %, t h e  h y p o t h e s i s  u sed  

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

n u t r i e n t s  by  p h y t o p l a n k t o n ,  a r e  f a c t o r s  which  r e g u l a t e  t h e  ra te  o f  

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

T h e r e f o r e ,  t h e  e x p r e s s i o n  f o r  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  i s  

g i v e n  by : 
v ,  F 

where 

v1 i s  c o n s t a n t  [ (mg P / Q ) - '  ( d a y ) - 2 ]  

T h i s  e q u a t i o n  shows t h a t  when food  i s  a b u n d a n t ,  i . e .  t h e  s p e c i f i c  

u p t a k e  r a t e  i s  h i g h  and  t h e  l e v e l  of b iomass  i s  low,  t h e n  s u r v i v a l  

o f  p h y t o p l a n k t o n  i s  h i g h  and  t h e  b iomass  o f  p h y t o p l a n k t o n  h a s  a 

t e n d e n c y  t o  i n c r e a s e .  When food  i s  l i m i t e d ,  t h e  s p e c i f i c  u p t a k e  

r a t e  i s  low, t h e n  s u r v i v a l  i s  low and  b iomass  d e c r e a s e s .  Thus ,  

i n c r e a s e d  m o r t a l i t y  mus t  o c c u r  when n u t r i e n t  c o n t e n t  i s  l i m i t e d .  

The c o n s t a n t  v, r e g u l a t e s  t h i s  i n t e r a c t i o n .  A t h r e e - d i m e n s i o n a l  

g r a p h  i l l u s t r a t e s  t h i s  dependence  ( F i g u r e  5 ) .  





TWO t h r e e - d i m e n s i o n a l  g r a p h s  shown i n  F i g u r e  6 i l l u s t r a t e  

a  complex dependence  be tween  t h e  r a t e  o f  p h y t o p l a n k t o n  p r o d u c t i o n  

and  p h y t o p l a n k t o n  b iomass  a n d  n u t r i e n t  level  ( F i g u r e  6 a )  and temp- 

e r a t u r e  and l i g h t  ( F i g u r e  6 b ) .  These  p l o t s  a r e  c o n s t r u c t e d  

u s i n g  e q u a t i o n s  (3-14)  a t  t h e  f o l l o w i n g  v a l u e s  o f  c o n s t r a i n t s :  

K 1  = 2; a = 0.057 ,  a2  = 0.G75; v l  = 0.08; Ke = 1.7;  B = 1. 1 
P l o t s  a r e  v e r y  s i m i l a r  t o  t h o s e  p r e s e r i t e d  by  S t r a s k r a b a  ( 1 9 7 8 ) ,  

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

p h y t o p l a n k t o n  p h o t o s y n t h e s i s .  

3 .2 .  B a c t e r i a  

The e q u a t i o n  f o r  b a c t e r i a l  k i n e t i c s  is  a n a l o g o u s  t o  t h a t  

u sed  f o r  p h y t o p l a n k t o n :  

dB - - - 
d t  ( U P B  - LB - M B )  B (Qin/v) B O  - (Qout/v) B 

n e t  growth input  by output by 
water flow v a t e r  flow 

where  

UPB, LB and  Mg a r e  s p e c i f i c  u p t a k e ,  e x c r e t i o n  

and  m o r t a l i t y  r a t e s  o f  h e t e r o -  

t r o p h i c  b a c t e r i a ,  whose b a c t e r i a l  

b i o m a s s ,  B, i s  e x p r e s s e d  a s  i t s  

phosphorus  c o n t e n t  i n  mg P/R. 

B 0  i s  b a c t e r i a l  c o n c e n t r a t i o n  

i n  t h e  u p s t r e a m  b a s i n  o f  t h e  l a k e  

The same a s s u m p t i o n s  as f o r  p h y t o p l a n k t o n  were u s e d  f o r  t h e  

f o r m u l a t i o n s  o f  t h e s e  terms f o r  h e t e r o t r o p h i c  b a c t e r i a .  T h e r e f o r e ,  

t h e  s p e c i f i c  r a t e s  o f  u p t a k e ,  e x c r e t i o n  and  m o r t a l i t y  are g i v e n  by 

e q u a t i o n s  s i m i l a r  i n  s t r u c t u r e  t o  t h o s e  f o r  p h y t o p l a n k t o n .  These 

e q u a t i o n s  ( 1  6- 19 )  a r e  p r e s e n t e d  i n  T a b l e  1 . 
I t  i s  assumed t h a t  t h e  maximum a c t i v i t y  o f  h e t e r o t r o p h i c  

b a c t e r i a  o c c u r s  a t  2 2 - 2 5 3 ~  (Leonov 1 9 7 9 ) .  J u s t  t h e  same v a l u e s  



Figure 6. Complex dependence of rate of phytoplankton production on environ- 
mental factors such as nutrient level (a) and temperature and light (b). 
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of  t empkra tu re  i s  obse rved  i n  Lake Ba la ton  d u r i n g  summer when 

b a c t e r i a  is  most  a c t i v e  ( O l 5 h  1969) and t h e  i n t e n s i v e  s e l f -  

p u r i f y i n g  a b i l i t y  of Lake B a l a t o n  wa te r  i s  found (Ol$h i 969) . 
The f o l l o w i n g  e q u a t i o n  i s  used i n  t h e  model t o  d e s c r i b e  t h e  

t e m p e r a t u r s  i n f l u e n c e  on b a c t e r i a  growth a c c o r d i n g  t o  t h e  depen- 

dence  shown i n  F i g u r e  4b: 

where 

T i s  t e m p e r a t u r e  i n  O C .  

3 . 3 .  Other  Phosphorus Compounds 

The major  phosphorus compounds i n  t h e  w a t e r  environment  

i n c l u d e d  i n  t h e  model,  a r e  n o n l i v i n g  d i s s o l v e d  o r g a n i c  phosphorus 

!DOP) and d i s s o l v e d  i n o r g a n i c  phosphorus (DIP)  ( F i g u r e  1 ) .  The 

mechanisms o f  phosphorus t r a n s f o r m a t i o n s  c o n s i d e r  t h e  s t a g e  o f  

b a c t e r i a l  consumption o f  DOP a n  i m p o r t a n t  s t e p  f o r  DIP  f o r m a t i o n ,  

because  b a c t e r i a  e x c r e t e  DIP i n t o  t h e  w a t e r .  The p h y t o p l a n k t o n  

t a k e  up DIP, and t h i s  s t a g e  i s  one  o f  t h e  s o u r c e s  o f  DOP which i s  

e x c r e t e d  by phy top lank ton  d u r i n g  metabolism. The second s o u r c e  o f  

DOP i s  t h e  s t a g e  o f  n o n l i v i n g  p a r t i c u l a t e  phosphorus t r ans fo rma-  

t i o n  which is  assumed t o  b e  a  f i r s t - o r d e r  r e a c t i o n  w i t h  a  temper- 

atr:re-dependent r a t e  c o e f f i c i e n t .  Nonl iv ing  p a r t i c u l a t e - P ,  PD, 

i n c l u d e s  d e t r i t a l  o r g a n i c  phosphorus and o t h e r  suspended m a t e r i a l  

of  d i f f e r e n t  o r i g i n .  D e t r i t a l  o r g a n i c '  phosphorus c o n s i s t s  o f  

p a r t i c u l a t e  compounds produce$ by phy top lank ton  and b a c t e r i a .  

The s i n k  o f  n o n l i v i n g  p a r t i c u l a t e  phosphorus i n c l u d e d  i n  t h e  form- 

u l a t i o n  i s  s e d i m e n t a t i o n .  Thus, t h e  e q u a t i o n s  used f o r  d e s c r i p -  

t i o n  o f  D I P ,  3 0 P ,  and PD t r a n s f o r m a t i o n s  a r e :  

bacter ia l  p h y t ~ -  exter-  sediment 
excre t ion  plankton nal re  lease 

uptake input; 

inp7ct zzith. inplct b y  water output b? uatgr 
ra in fa  l l flow flow 



de tZT i  tus  phy to- bacterial  externa l 
&nay plankton uptukz input 

excretion 

+ (apr/v) DOP, + ( c ) ~ ~ / v )  D O P O  - (Q,,, /v) DOP 

input wi th  input by water output bu wa5er 
raiizfa Z l f f ZDJ 

d P ~  - -  
d t  - M F w F + M B - B - K 3  P D - s  1  P~ 

phytoplank- bacterial  &cay net  sedimen- 
ton mortu l i  t y  t a t i on  
mortali ty 

0 
t C Z j  + (Qin /Vl  PD - (Qout/V) PD 

externul input by output by 
.ivrput water f low water Flow 

where 

K 3  and S ,  a r e  r a t e  c o e f f i c i e n t s  f o r  n o n l i v i n g  

p a r t i c u l a t e  phosphorus  d e c o m p o s i t i o n  

a n d  s e d i m e n t a t i o n  ( b o t h  day- ' ) : 
C Z , ,  C Z 2  and C Z 3  are i n p u t  rates o f  DOP, D I P  and  PD i n t o  

t h e  l a k e ,  f rom a l l  e x t e r n a l  s o u r c e s  

( a l l  mg P/R-day) ; 

S2 i s  f i r s t - o r d e r  r a t e  o f  DIP i n p u t  f rom 

s e d i m e n t  (day- ')  : 

DIPr and DOPr a r e  c o n c e n t r a t i o n s  o f  phosphorus  forms 

i n  r a i n  w a t e r  (mg P/R) .  

Decompos i t ion  o f  n o n l i v i n g  p a r t i c u l a t e  phosphorus  t o  DOP 

i s  a t e m p e r a t u r e - d e p e n d e n t  p r o c e s s  ( Z i s o n  e t  a l .  1 9 7 a )  and  

t h e r e f o r e ,  i n  t h e  g i v e n  model ,  t h e  r a t e  c o n s t a n t  o f  t h i s  p r o c e s s ,  

K 3 ,  i s  r e g u l a t e d  by  t e m p e r a t u r e .  I n  i n i t i a l  s i m u l a t i o n  r u n s  

(Leonov 1380)  a l i n e a r  r e l a t i o n s h i p  w a s  u s e d  f o r  t e m p e r a t u r e  

c o r r e c t i o n  o f  t h e  f i r s t - o r d e r  r a t e  c o e f f i c i e n t ,  K3:  

where  

T i s  w a t e r  t e m p e r a t u r e  i n  O C ;  

( T I  and K 3 ( 0 ° )  
a r e  t h e  r e a c t i o n  rates a t  T and  O'C.  



For  K e s z t h e l y  3 a y  b a s i n ,  a  good a p p r o x i m a t i o n  was a r r i v e d  

a t  w i t h  K 3 ( 0 ~ )  = 0.0005 day- '  (Leonov 1980)  . However, t h e  v a l u e  of  

K 3 ( 0 ° )  f o r  o t h e r  b a s i n s  o f  Lake B a l a t o n  (where i n p u t  o f  p a r t i c u l a t e  

phosphorus  from t h e  w a t e r s h e d  is  much l o w e r )  d i d  n o t  g i v e  s a t i s -  

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

b e  more i n t e n s i v e  ( a t  l e a s t  5-10 t i m e s )  when t h e  t e m p e r a t u r e  i s  

more t h a n  1 5 ' ~ .  

I n  t h e  n e x t  s t e p  o f  model e x a m i n a t i o n ,  a l i n e a r  e q u a t i o n  

( 2 4 )  i n  t h e  model was changed  t o  a n  e x p o n e n t i a l  e q u a t i o n  ( 2 4 a )  : 

F i g u r e  J c  shows t h a t  v a l u e s  of  K3 c a l c u l a t e d  u s i n g  e q u a t i o n  ( 2 4 )  

and ( 2 4 a ) ,  a r e  p r a c t i c a l l y  s i m i l a r  f o r  t e m p e r a t u r e s  o f  0 - 1 2 ' ~ .  

When t h e  t e m p e r a t u r e  i s  h i g h e r  t h a n  1 2 ' ~ ~  t h e  v a l u e s  o f  R j  c a l c u -  

l a t e d  by e q u a t i o n  ( 2 4 a )  a r e  e x p o n e n t i a l l y  i n c r e a s e d .  The p a r a m e t e r s  

of e q u a t i o n  ( 2 4 a )  were  c h o s e n  a f t e r  s e v e r a l  s i m u l a t i o n  r u x s  arid a  

compar ison  o f  mode l ing  r e s u l t s  w i t h  a v a i l a b l e  o b s e r v a t i o n  d a t a .  

3 .4 .  Oxygen 

D i s s o l v e d  oxygen c o n t e n t  i n  t h e  w a t e r  i s  d e f i n e d  by s imul -  

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

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

Thus,  t h e  e q u a t i o n  f o r  t h e  dynamics o f  d i s s o l v e d  oxygzn is:  

reaerat ion  b a c t e r i a l  
r e s p i r a t i o n  

- h2 LF F + ( Q ~ ~ / v )  020 - Q O u t  0, 

phytopZankton inpu t  by ot?tput by 
r e s p i r a t  icn water jZou cater flow 

(25  



where 

O 2  and  020 a r e  t h e  c o n c e n t r a t i o n s  o f  oxygen i n  t h e  b a s i n  under  

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

r e s p e c t i v e l y  (mg 02/k)  ; 

K 4  i s  t h e  f i r s t - o r d e r  r a te  c o n s t a n t  o f  a t m o s p h e r i c  - 1 
r e a e r a t i o n  [day ) ; 

h and h  are s t o i c h i o m e t r i c  c o e f f i c i e n t s ;  I 2 
0 2 S a t  is  oxygen c o n c e n t r a t i o n  a t  s a t u r a t i o n  l e v e l c m g  0  / k ) :  2  

g 1  i s  a r e g u l a t i o n  p a r a m e t e r .  

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

i s  a t e m p e r a t u r e - d e p e n d e n t  p a r a m e t e r .  E x p o n e n t i a l  t e m p e r a t u r e  

dependence  is u s e d  i n  t h i s  model f o r  t e m p e r a t u r e  c o r r e c t i o n  o f  

th is  c o n s t a n t :  

1 .05 (T- 20)  
K4 (TI = K4[20° )  

where 

T  i s  t e m p e r a t u r e  i n  d e g r e e s  c e n t i g r a d e ;  

K4 (20 ) 
i s  t h e  r a t e  a t  2 0 ' ~ ;  

1 .05  i s  t e m p e r a t u r e  c o e f f i c i e n t .  

P h o t o s y n t h e t i c  p r o d u c t i o n  o f  oxygen ,  i s  c o n s i d e r e d  h e r e  t o  

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

i . e . ,  t o  a  s p e c i f i c  u p t a k e  r a t e ,  UPF. C o e f f i c i e n t  g  i s  a  r egu -  1 
l a t o r  o f  p h o t o s y n t h e s i s  and  it i s  e q u a l  t o :  

f o r  d a y l i g h t  h o u r s  

g 1  0  f o r  n i g h t t i m e  h o u r s  

where 

92 
i s  a  s t o i c h i o m e t r i c  c o e f f i c i e n t  i . e . ,  r a t i o  o f  

oxygen t o  p h y t o p l a n k t o n  phosphorus .  

The c o n c e n t r a t i o n  o f  oxygen i n  t h e  w a t e r  a t  s a t u r a t i o n  l e v e l ,  

i s  g i v e n  by t h e  p o l y n o m i a l  t e m p e r a t u r e  f u n c t i o n  (L. Wang and 

Wang Mu-Hao 1 9 7 6 ) :  



where 

T is temperature in degrees centigrade. 

3.5. Phosphorus Compounds in Sediment 

The mechanisms of phosphorus transformations in sediment 

assumed by the model include the input of nonliving particulate 

phosphorus by sedimentation, and the consequent transformation 

of phosphorus from the particulate form to dissolved forms (first 

to DOP and then to DIP). Typical processes are biochemical oxi- 

dation and decomposition of sedimented particulate phosphorus 

material, oxidation and reduction of associated inorganic compounds, 

chemical and physical adsorption, precipitation and dissolution 

of phosphorus to and from mineral forms (Williams and Fayer 1972) . 
However, the theoretical background and kinetics of most of these 

reactions have still been incompletely studied. It seems justi- 

fiable to consider phosphorus transformation in sediment in a 

simplified form. 

In the model, first-order kinetic terms have been adopted 

to describe the sedimentation of particulate phosphorus from 

water into the sediment-water interface, the transformation of 

sedimented particulate phosphorus first to DOP and then to DIP 

and the release of DIP from the sediment into the water. The mech- 

anisms of phosphorus transformation which contributed to the 

model, are presented in the following equations: 

where 

s and s2 are mentioned above (see equations (23! 
1 

and (23); 



s3  and s 4  a r e  f i r s t - o r d e r  t e m p e r a t u r e - d e p e n d e n t  

r a t e  c o n s t a n t s  o f  t r a n s f o r m a t i o n s  o f  

PDs t o  DOPs and  DOPs t o  DIPs, r e s p e c -  
-11 t i v e l y  (day , 

C Z 4  i s  t h e  r a te  bf  DOP c o n s e r v a t i o n  i n  t h e  

s e d i m e n t  (mg P/R - d a y )  . 
The e x p o n e n t i a l  t e m p e r a t u r e  dependence  shown by  e q u a t i o n  ( 2 6 )  

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

t e m p e r a t u r e  c o r r e c t i o n  o f  s3 and  s4 .  

4 .  DATA BASE 

A d e t a i l e d  a n a l y s i s  o f  a l l  t h e  a v a i l a b l e  d a t a  r e q u i r e d  f o r  

s i m u l a t i n g  phosphorus  compounds a n d  p h y t o p l a n k t o n  dynamics  i n  

r e l a t i o n  t o  t h e  e u t r o p h i c a t i o n  p rob lem was made by van S t r a t e n  

e t  a l .  (1  979)  f o r  d i f f e r e n t  b a s i n s  o f  t h e  l a k e .  The p r e s e n t  reprt 

c o n t a i n s  o n l y  a  b r i e f  d e s c r i p t i o n  o f  t h e  d a t a  c o l l e c t e d  i n  1977. 

A l l  t h e  e x i s t i n g  d a t a  a t  IIASA o n  Lake B a l a t o n  may b e  sub-  

d i v i d e d  i n t o  t h r e e  g r o u p s :  

1 .  P h y s i c a l ,  m e t e o r o l o g i c a l  and  h y d r o l o g i c a l  d a t a .  

2 .  T r i b u t a r y  stream i n f l u e n c e  a n d  w a t e r s h e d  n u t r i e n t  
l o a d i n g  d a t a .  

3. Open w a t e r  p h o s p h o r u s ,  n i t r o g e n  and  p h y t o p l a n k t o n  d a t a .  

These  d a t a  h a v e  b e e n  c o m p u t e r i z e d  a t  I IASA's  computer  c e n t e r .  

Data from t h e  f i r s t  and  s e c o n d  g r o u p s  w e r e  u s e d  i n  s i m u l a t i o n  r u n s  

as d i r e c t  i n p u t  c h a r a c t e r i s t i c s  t h a t  r e g u l a t e  t h e  ra tes  o f  c h a n g e  

o f  a l l  p r o c e s s e s  c o n s i d e r e d  by t h e  model .  

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

d a i l y  measurements  o f  water t e m p e r a t u r e ,  s o l a r  r a d i a t i o n ,  photo-  

p e r i o d  and  a l s o  w a t e r  b a l a n c e  c h a r a c t e r i s t i c s .  The v a r i a t i o n s  

of  d a i l y  a v e r a g e  wat,er t e m p e r a t u r e ,  s o l a r  r a d i a t i o n  and  photo-  

p e r i o d  f o r  1977 ,  a r e  shown is  F i g u r e  7 .  The w a t e r  b a l a n c e  d a t a  

f o r  e a c h  b a s i n  i n  F i g u r e s  8-11, t o g e t h e r  w i t h  t h e  f u n c t i o n a l  r e l a -  

t i o n s h i p  r c p r e s e n t e d  by t h e  model  i s  u s e d  i n  c o m p u t a t i o n .  Water  

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

r a t e s  o f  t h e  R i v e r  Z a l a ,  mon th ly  a v e r a g e  i n p u t - o u t p u t  f l o w  r a t e s ,  

and  p r e c i p i t a t i o n  r a t e s  f o r  a l l  b a s i n s  o f  Lake B a l a t o n .  The 

volumes  o f  e a c h  b a s i n  a r e  p r e s e n t e d  i n  T a b l e  2 .  
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Figure 7. Variation of daily averqge values of water temperature, solar radiation, 
and photoperiod for Lake Balaton in 1977. 
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Figure 8. Water balance data for 1977, Lake Balaton, Basin I. 
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Fiyure 9. Water balance data for Lake Balaton, 1977, Basin ll. 
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Figure 11. dater balance data for 1977, Lake Balaton, Basin IV. 
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Figure 12. Fluctuations of phosphorus concentration in River Zala discharge in 1977. 



-36- 

Table 2. Lake Balaton basin volumes. 

The second group of data includes information on external 

phosphorus loads which is one of the most important quantitative 

factors in model application. In the case of Lake Balaton, these 

loads originate from domestic sewage, industrial wastewater, runoff 

from agriculture and forest land, and direct precipitation on 

the lake surface (Jolankai 1979). Weekly measurements of phos- 

phorus concentrations for 1977, namely total phosphorus, ortho- 

phosphate-phosphorus, and phytoplankton-phosphorus* at the mouth 

of the main tributary, are shown in Figure 12. Concentrations 

of DIP and DOP in the rainfall were assumed to be equal to 0.1 

and 0.06 mg P/R, respectively.** Together with the water balance 

data presented above, these phosphorus concentrations allowed 

inclusion of the direct effect of the River Zala discharges and 

precipitation on the water quality of Lake Balaton for 1377. 

Basins 

Volume, m 3 

Quantitative information on the contributions of other 

nutrient sources mentioned above is incomplete. These are only 

tentative estimates of present total and available phosphorus 

loads in Lake Balaton (van Straten et al. 1979). They allow 

one to take into consideration the longitudinal distributions of 

the non-point source pollution and sewage input into the basins 

and also indicate that part of the total phosphorus load may 

be considered as being available for phytoplankton growth. 

Table 3 includes estimates of phosphorus loads for 1977 

(in mg P/R), that are used for the simulation of phosphorus 

transformations. 

I 

82. lo6 

*Values'of phytoplankton-phosphorus were recalculated from results 
of a few measurements of phytoplankton chlorophyll "a" concentra- 
tion (pg/R) using a constant stoichiometric coefficient y=2128 in 
equation (11). 
**Calculated by S. Herodek ( 1  979) . 

I1 

413.10 6 

I11 

600. lo6 

IV 

802. lo6 



T a b l e  3. Annual  phosphorus  l o a d s  Cmg P/R) o f  d i f f e r e n t  Lake 

B a l a t o n  b a s i n s ,  1977. 

River Zala load. 

The t h i r d  g r o u p  o f  d a t a  i n c l u d e s  t h e  measurements  o f  phos-  

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

p o i n t s  o f  Lake B a l a t o n .  D i s s o l v e d  i n o r g a n i c  phosphorus  o r  o r t h o -  

phospha te -phosphorus  ( P o 4 ) ,  t o t a l  d i s s o l v e d  phosphorus  (TDP), 

p a r t i c u l a t e  i n o r g a n i c  phosphorus  (P IP I* ,  a n d  t o t a l  p h o s p h o r u s  ( T P ) ,  

are d i r e c t l y  measu red  compounds o f  t h e  phosphorus  s y s t e m .  Con- 

z e n t r a t i o n s  o f  t h e s e  phosphorus  forms  measured  i n  v a r i o u s  p o i n t s  
o f  Lake B a l a t o n  i n  1977 were a v e r a g e d  f o r  e a c h  b a s i n  c o n s i d e r e d  i n  

mode l ing  ( v a n  S t r a t e n  e t  a l .  1979)  and  t h e s e  c a l c u l a t e d  v a l u e s  

a r e  p r e s e n t e d  i n  T a b l e  4. C o n c e n t r a t i o n s  o f  t h e  r e m a i n i n g  

phosphorus  compounds were c a i c u 1 , a t e d  from t h o s e  d i r e c t l y  measured :  

I 

1.  D i s s o l v e d  o r g a n i c  p h o s p h o r u s ,  DOP=TDP-PO4; 

2. P a r t i c u l a t e  p h o s p h o r u s ,  PP=TP-TDP; 

3.  P a r t i c u l a t e  o r g a n i c  p h o s p h o r u s ,  POP=PP-PIP. 

I 
I11 I I V  

P a r t i c u l a t e - P  

Or thophosphate-P  

D i r e c t  & i n d i r e c t  
sewage PO4-P 

T o t a l  P- load 

These  v a l u e s  of phosphorus  compounds, i n  mg P/R c a l c u l a t e d  

f o r  d i f f e r e n t  b a s i n s  o f  Lake E a l a t o n ,  are p r e s e n t e d  i n  T a b l e  5 .  

1 .037  

A v a i l a b l e  measurements  of c h l o r o p h y l l  "a" i n  vg/R a v e r a g e d  
f o r  v a r i o u s  b a s i n s  o f  t h e  w a t e r  body,  a r e  p r e s e n t e d  i n  T a b l e  6. 

.019 
I 

. 6 t  ; .12  

P h y t o p l a n k t o n  a n d  phosphorus  compound c o n c e n t r a t i o n s  f rom t h e  

t h i r d  g r o u p  o f  d a t a  were u s e d  f o r  compar i son  w i t h  mode l ing  

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

e n t  b a s i n s  o f  Lake B a l a t o n .  

. 4 t  

.09 

* T h i s  phosphorus  f r a c t i o n  is  n o t  t a k e n  i n t o  a c c o u n t  i n  t h e  model 
c o n s i d e r e d  h e r e .  

- 

.044 

- I - 

1.09 , . I 6 4  

.031 

.068 

.037 

, 055  
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Table 5. Values of phosphorus compound concentrations in mg/PR calculated as differences of the 
main phosphorus forms for different Lake Balaton basins, 1977. 

days 

since 

1st 

Jan. 

74 

87 

88 

108 

109 

143 

164 

193 

220 

298 

326 

Dissolved organic phospho- 
rus, DOP 

Total particulate phos- 
phorus, TPP 

I 

.020 

.008 
- 
- 0  15 
- 
.022 

-036 

.023 

.019 

.023 

.019 
-- 

Particulate organic phos- 
phorus, POP 

I11 

.010 

.005 

.004 

.005 

.005 

.015 

.016 

.012 

.012 

.014 

.OlO 

I1 

.010 

.005 
- 
.007 
- 

.019 

.018 

,022 

.015 

.023 

.012 

-- 

IV 

.009 
- 
.006 
- 
.004 

.016 

.010 

.009 

-007 

.015 

.007 

- 

I 

.047 

.066 

- 
.060 
- 
.069 

-032 

.066 

.059 

.051 

.053 

- -- - - - - 
I 

.042 

.05 1 
- 
.044 

- 
.062 

.024 

.047 

.051 

.044 

.045 

- 
I1 

.046 

.041 

- 
.058 
- 
-041 

.038 

,053 

.032 

.045 

.047 

- 
I11 

.026 

.028 

.I20 

.049 

.031 

,018 

,012 

.033 

.020 

.028 

.030 

I11 

.021 

.022 

.07 1 

.037 

.025 

.012 

.007 

.026 

.015 

.022 

.025 

I1 

.041 

.032 

- 
.048 

- 
.032 

.031 

.041 

.025 

.039 

.039 

- -- -- 
IV 

.018 

- 
.073 

- 
.030 

.011 

.011 

.021 

-018 

.010 

.015 

IV 

.013 

- 
.045 

- 
.027 

.004 

.008 

.015 

.016 

.005 

.010 



T a b l e  6. Measurements of  c h l o r o p h y l 1 " a "  i n  ug/L f o r  d i f f e r e n t  

Lake B a l a t o n  b a s i n s ,  1 9 7 7 .  

B a s i n s  

I1 I I11 

days  
s i n c e  

J a n u a r y  
1 s t  

74 

7  5  

8 7  

88  

108  

1 0 9  

1 4 9  

1 5 7  

1 6 4  

1 7 2  

186  

1 9 3  

200  

228 

249  

26 3  

2  70 

284  

298  

326  1 



5 .  SIMULATION RESULTS 

The model p a r a m e t e r s  and  c o e f f i c i e n t s  d e s c r i b e d  above ,  t o g e t h -  

er w i t h  phosphorus  l o a d i n g  r a t e s ,  w a t e r  t e m p e r a t u r e ,  s o l a r  r a d i -  

a t i o n  and  w a t e r  b a l a n c e  measurements  a r e  n e c e s s a r y  i n p u t  d a t a  f o r  

t h e  g i v e n  model .  The s p e c i i i c a t i o n  o f  t h e  model p a r a m e t e r s ,  and 

compar i son  o f  s i m u l a t i o n  r e s u l t s  w i t h  f i e l d  o b s e r v a t i o n  d a t a ,  

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

r e s u l t s  i n  a p p l i c a t i o n  o f  t h e  g i v e n  model f o r  a n a l y s i s  o f  phos- 

p h o r u s  compound and  p h y t o p l a n k t o n  dynamics  i n  1977 f o r  t h e  mos t  

p o l l u t e d  a r e a  o f  Lake Ba la ton - -Kesz the ly  Bay, w e r e  p r e s e n t e d  and  

d i s c u s s e d  i n  a  s p e c i a l  r e p o r t  (Leonov 1 9 8 0 ) .  I n  t h e  p r e s e n t  con-  

t e n t , p r a c t i c a l l y  t h e  same v a l u e s  f o r  t h e  r a t e  c o n s t a n t s  a r e  u sed  

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

dynamics  i n  d i f f e r e n t  b a s i n s  o f  t h e  l a k e .  

A compar i son  o f  t h e  g i v e n  model c a l c u l a t i o n s  and  1977 d a t a  f o r  

phosphorus  compounds and  c h l o r o p h y l l  " a " ,  are shown i n  F i g u r e s  

13-16 f o r  b a s i n s  I t h r o u g h  I V ,  r e s p e c t i v e l y .  Observed  v a l u e s  of 

phosphorus  and c h l o r o p h y l l  " a "  c o n c e n t r a t i o n s  a r e  shown i n  t h e s e  

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

P a r t i c u l a t e  o r g a n i c  phosphorus  (shown by  s i m u l a t i o n  c u r v e s )  i n -  

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

The Runge-Kutta-4 method was used t o  s o l v e  t h e  d i f f e r e n t i a l  

e q u a t i o n s  w i t h  a  c o n s t a n t  t i m e  s t e p  e q u a i  t o  0 .1  d a y .  The oxygen 

c y c l e  i n  t h e  w a t e r  body,  and phosphorus  t r a n s f o r m h t i o n  i n  s e d i -  

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

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

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

compounds i n  Lake B a l a t o n  b a s i n s  o n  t h e  f i r s t  d a y  o f  J s n u a r y ,  

1977, and v a l u e s  o f  t h e  k i n e t i c  p a r a m e t e r s  u s e d  f o r  t h e  s e t  o f  

model r u n s  i n  F i g u r e s  1 3 - i 6 ,  a r e  l i s t e d  i n  T a b l e  7 .  The concen-  

t r a t i o n  o f  phosphorus  compounds i n  T a b l e  7  w e r e  r e c e i v e d  by  

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

( v a n  S t r a t e n  e t  a l .  1 9 7 9 ) .  The o r d e r  o f  m a g n i t u d e s  o f  k i n e t i c  

p a r a m e t e r s  p r e s e n t e d  i n  'Table 7  w a s  e s t i m a t e d  p r e v i o u s l y  (Leonov 

1 9 8 0 ) .  A s  T a b l e  7  shows, t h e  s i m i l a r  v a l u e s  o f  k i n e t i c  p a r a -  

merers e x c l u d i n g  t h e  maximum u p t a k e  r a t e  f o r  phy top iank to r i  ( K 1 )  
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Figure 13. Comparison between model output (cuwes) and field data (points). 
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and e x t i n c t i o n  c o e f f i c i e n t  ( K a )  wzre used f o r  s i m u l a t i o n  

o f  phosphorus dycamics i n  Lake Ba la ton  b a s i n s .  The a n a l y s i s  

o f  e x i s t i n g  d a t a  o n  Lake Ba la ton  s t u d i e s  i s  t h e  b a s i s  o f  t h e  

s u g g e s t i o n  t h a t  v a l u e s  o f  K 1  and Ka may b e  t a k e n  a s  changeab le  

pa ramete r s  f o r  d i f f r e n t  Lake B a l a t o n  b a s i n s .  A v a i l a b l e  i n f o r -  

mat ion  on Lake B a l a t o n  shows t h a t  t h e  compos i t ion  of  phyto- 

p l a n k t o n  s p e c i e s  and pny top lank ton  a c t i v i t y  a r e  q u i t e  d i f f e r e n t  

i n  v a r i o u s .  p a r t s  o f  Lake B a l a t o n  (Herodek 1977) .  G e n e r a l l y ,  

Bas in  I is c h a r a c t e r i z e d  by t h e  b i g g e s t  number o f  phy top lank ton  

s p e c i e s ,  w h i l e  t h e  lowest s p e c i e s  number w e r e  obse rved  i n  Bas in  

I V  (Tamas 1969, 1972, 1975) . ~ c c o r d i n g  t o  t h i s ,  t h e  phyto- 

p l a n k t o n  a c t i v i t y  i s  a b o u t  t h r e e  (Herodek and Tamas 1975) t o  

e i g h t  (Herodek and Tamas 1974) t i m e s  h i g h e r  a t  Kesz the ly  Bay 

t h a n  a t  Tihany.  I t  was a l s o  obse rved  t h e  s p a t i a l  h e t e r o g e n e i t y  

o f  some o f  t h e  p h y s i c a l ,  chemica l ,  and b i o l o g i c a l  i n d e x e s  o f  

w a t e r  q u a l i t y  a l o n g  t h e  Lake B a l a t o n  a x i s  o r  from Bas in  I t o  

Bas in  I V  ( B e l l a  1 9 5 3 ) .  Taking i n t o  a c c o u n t  t h e  f a c t  t h a t  t h e  

c o n c e n t r a t i o n s  of  DIP i n  v a r i o u s  p a r t s  o f  Lake Ba la ton  a r e  a b o u t  

0.004-0.006 mg P/2  and phy top lank ton  l e v e l s  a v e r a g e s  3-4 t i m e s  

h i g h e r  i n  Bas in  I t h a n  Bas in  I V  (van S t r a t e n  e t  a l .  1 9 7 9 ) ,  i t  

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

between t h e  phy top lank ton  and DIP i n  each  o f  t h e s e  b a s i n s .  

I n  o n e ' s  t u r n  t h i s  may s e r i o u s l y  e f f e c t  t h e  c o n d i t i o n s  and 

r a t e s  o f  phosphorus c y c l i n g  i n  v a r i o u s  p a r t s  o f  Lske B a l a t o n .  

According t o  model s t r u c t u r e ,  p a r a m e t e r s  K1 and Ka may b e  con- 

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

phy top lank ton  and phys ica l -chemica l  p r o p e r t i e s  o f  w a t e r  i n  t h e  

Lake Ba la ton  ecosys tem.  

Another set of  i n p u t  d a t a  f o r  model r u n s  t a k e s  i n t o  a c c o u n t  

t h e  s f f e c t  o f  t n e  River  Zala  on  t h e  Lake B a l a t o n  ecosys tem and 

i n c i u d e s  t h e  c o n c e n t r a t i o n s  of  main phosphorus f r a c t i o n s ,  t o t a l  

phosphorus ,  o r t h o p h o s p h a t e ,  and phytoplankton-phosphorus  i n  t h e  

River  Zala d i s c h a r g e  w a t e r  ( F i g u r e  1 2 ) .  On t h e  b a s i s  of  t h e s e  

d i r e c t  measurements of  phosphorus c o n c e n t r a t i o n s  t h e  c o n t e n t s  

of  n o n l i v i n g  p a r t i c u l a t e  phosphorus i n  t h e  d i s c h a r g e  w a t e r  were 

c a l c u l a t e d  a s  d i f f e r e n c e s  between t o t a l  phosphorus ,  o r thophos -  

p h a t e ,  and phytoplankton-phosphorus .  



According t o  a v a i l a b l e  d a t a  t h e  River  Zala  h a s  an  expressed  

i n f l u e n c e  011 t h e  h e t e r o t r o p h s  number i n  K e s z t h e l y  Bay (Olbh 197S) .  

Becuase t h e r e  i s  no d a t a  a b o u t  b a c t e r i a l  biomass i n  u n i t s  o f  

phosphorus,  t h e  c o n c e n t r a t i o n  of b a c t e r i a l  phosphorus i n  t h e  

River  Zala d i s c h a r g e  w a t e r  was assumed t o  b e  c o n s t a n t  d u r i n g  t h e  

y e a r  and e q u a l  t o  4 .1  o - ~  my P / t .  The c o n c e n t r a t i o n  o f  DOP i n  

t h i s  d i s c h a r d g e  w a t e r ,  because  r h e  i n f o r m a t i o n  i s  a b s e n t ,  was 

assunled t o  be n e y l i g i b i y  low. The n e x t  se t  o f  i n p u t  d a t a  i n c l u d e s  

t h e  r a t e s  of e x t e r n a l  phosphorus l o a d s .  The a p p l i c a t i o n  of  annua l  

a v e r a g e  r a t e s  o f  e x t e r n a l  P-load i n  p r e l i m i n a r y  model c a l c u l a t i o n s  

showed t h a t  t h e g i v e n m o d e l  a s w e l l  a s o t h e r  models  (van S t r a t e n  198313) 

can  n o t  d e s c r i b e  t h e  many d e t a i l s  o f  phy top lank ton  dynamics i n  

1977. T h e r e f o r e ,  a  q u e s t i o n  was r a i s e d  which s e a s o n a l  p a t t e r n  

o f  e x t e r n a l  P-load s h o u l d  b e  i n  model s i m u l a t i o n  r u n s  t o  r e p r e -  

s e n t  t h e  obse rved  dynamics of  phosphorus compourlds and phyto-  

p l a n k t o n  i n  d i f f e r e n t  b a s i n s  o f  Lake B a l a t o n .  A f t e r  s e v e r a l  

s i m u l a t i o n  r u n s  t h e  s e a s o n s 1  p a t t e r n  of  e x t e r n a l  P-load t h a t  

g i v e  r e a s o n a b l e  agreement  w i t h  o b s e r v a t i o n  i n  a l l  b a s i n s  

( F i g u r e  13-16) was e v a i u a t e d .  The r a t e s  of  e x t e r n a l  P-load 

used f o r  s i m u l a t i o n  r u n s  d i s c u s s e d  now a r e  p r e s e n t e d  i n  Tab le  6 .  

A s  f o i l o w s  from T a b l e  8  t h e  t o t a l  annua l  P-load v a l u e s  f o r  each 

b a s i n  a r e  c l o s e  t o  e s t i m a t e s  of  phosphorus l o a d i n g  f o r  1377 

( T a b l e  3 ) .  

Sed imenta t ion  is  one  o f  t h e  main p r o c e s s e s  which r e g u l a t e s  

phosphorus c y c l i n g  i n  t h e  l a k e .  I n  t h e  g i v e n  model,  i t  i s  assumed 

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

phorus .  One o f t h e  purposes  of  t h e  s i m u l a t i o n  r u n s  was t o  e s t i m a t e  

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

Lake Ba la ton  and t o  c a l c u l a t e  t h e  n e t  f l u x  of  n o n l i v i n g  p a r t i c u -  

l a t e  phosphorus from t h e  w a t e r  t o  t h e  sed iment .  I n  an  e a r l i e r  

r e p o r t  (Leonov 1 9 8 0 ) ,  t h e  s e d i m e n t a t i o n  r a t e  was t r e a t e d  a s  a  

t i m e - v a r i a b l e  pa ramete r .  A s i g n i f i c a n t  f l u c t u a t i o n  o f  t h e  par-  

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

of t i m e  t e s t i f i e s  t o  t h i s  (Tab les  4 and 5 ) .  

I n  t h e  g i v e n  approach ,  t h e  s e d i m e n r a t i o n  r a t e  i s  d e f i n e d  

according t o  t h e  e c o l o g i c a l  model c o n s i d e r e d  h e r e ,  b u t  n o t  accor -  

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





approach  i s  m o t i v a t e d  p r i m a r i l y  by t h e  l a c k  o f  v i a b l e  a l t e r n a t i v e s  

a b o u t  t h e  s e d i m e n t a t i o n  o f  phosphorus  compounds, a l t h o u g h  t h e r e  

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

i n  Lake B a l a t o n  o n  t h e  b a s i s  o f  d a t a  on  t h e  dynamics o f  suspended  

s o l i d s  and wind s p r e a d  (Somly6dy 1 9 8 0 ) .  I n  t h i s  p a p e r  f o r  p u r p o s e  

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

whole,  may b e  c h a r a c t e r i z e d  by month ly  a v e r a g e  r a t e  v a l u e s ,  a l -  

though r a t e s  o f  s e d i m e n t a t i o n  i n  l a k e s  f r e q u e n t l y  e x h i b i t  v a r i a -  

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

w a t e r  dynamics ,  wind o r  l o c a l  m o d i f i c a t i o n s  by b a t h y m e t r i c  f e a -  

t u r e s  ( S l y  1 9 7 8 ) .  I n  r e a l i t y ,  t h e s e  p r o c e s s e s  w i l l  i n t e r f e r e  

w i t h  s e d i m e n t a t i o n  and r e s u s p e n d  t h e  d e p o s i t s  f rom t h e  bo t tom 

s e d i m e n t s  c o  t h e  w a t e r .  

A s  a m a t t e r  o f  f a c t ,  p a r a m e t e r  s i n  e q u a t i o n  ( 2 3 ) ,  which 1  
d e s c r i b e s  t h e  s e d i m e n t a t i o n  r a te ,  r e f l e c t s  a t  t h e  l eas t ,  t h e  n e t  

e f f e c t  o f  two s i m u l t a n e o u s  p r o c e s s e s ,  namely s e d i m e n t a t i o n  and 

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

terms, it i s  n e c e s s a r y  t o  c o n s i d e r  t h e  hydrodynamics o f  t h e  l a k e  

and t h e  e f f e c t  o f  wind on  t h e  r e s u s p e n s i o n  o f  s e d i m e n t .  T h e r e f o r e ,  

i n  t h e  g i v e n  model,  p a r a m e t e r  s i s  e x t r e m e l y  u n c e r t a i n .  I t  i s  1  
d i f f i c u l t  t o  b e  s u r e  w h e t h e r  o r  n o t  a  c o r r e l a t i o n  w i t h  p h y s i c a l  

phenomena, s u c h  a s  wind ,  can  b e  o b t a i n e d ,  and  it i s  n o t  c l e a r  how 

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

The y e a r l y  c o u r s e  o f  a v e r a g e  month ly  n e t  s e d i m e n t a t i o n  r a t e s  

used  i n  t h e  s i m u l a t i o n  r u n s  c o n s i d e r e d  now, i s  shown i n  F i g u r e  17 .  

The p a t t e r n  o f  n e t  s e d i m e n t a t i o n  r a t e s  i n  Lake B a l a t o n  b a s i n s  were 

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

m e n t a t i o n  r a t e s  w e r e  u s e d  f o r  B a s i n s  I11 and I V  and t h e  o r a e r  o f  

s e d i m e n t a t i o n  r a t e  v a l u e s  f o r  B a s i n  I11 i s  i n  ag reemen t  w i t h  

r a t e s  e v a l u a t e d  by Somly6dy ( 1  980)  . 
The magni tude  o f  s e d i m e n t a t i o n  r a t e s  f o r  B a s i n  I e x c l u d i n g  

t h e  p e r i o d  o f  May a r e  4 t o  5 t i m e s  h i g h e r  t h a n  f o r  a a s i n s  I1 and 

111, r e s p e c t i v e l y .  A s  r e s u l t s  o f  phosphorus  o b s e r v a t i o n s  i n  Lake 

B a l a t o n  show, t h e  c o n c e n t r a t i o n  o f  p a r t i c u l a t e  phosphorus  i n  Ba- 

s i n  I d u r i n g  May, 1977, h a s  i n c r e a s e d .  A t  t h e  same t i m e  i n p u t  o f  

p a r t i c u l a t e  phosphorus  by t h e  R i v e r  Z a l a  d i s c h a r g e  w a t e r  h a s  





d e c r e a s e d  abou t  5  t i m e s  i n  comparison wi th  t h o s e  i n  A p r i l  ( T a b l e  

1 2 ) .  The biomass of  l i v i n g  m a t t e r  i n  May, 1977, d i d  n o t  i n c r e a s e  

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

of  0.06 mg P / t .  T h e r e f o r e  t h e  a n a l y s i s  of  t h e  p r o c e s s e s  i n  t h e  

model shows t h a t  o n l y  t h e  d e c r e a s i n g  n e t  s e d i m e n t a t i o n  r a t e  i n  * 

May can  i n c r e a s e  t h e  c o n c e n t r a t i o n  of p a r t i c u l a t e  phosphorus  

i n  t h i s  p e r i o d  i n  Bas in  I ,  and t h e r e  i s  no o t h e r  p o s s i b i l i t y  

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

i n  May. A f t e r  s e v e r a l  c a l c u l a t i o n s  it was found t h a t  t h e  low n e t  

s e d i m e n t a t i o n  rate,  0.005 day- ' ,  i n  comparison w i t h  v a l u e s  f o r  

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

i n  May, 1977, i n  Bas in  I ( F i g u r e  1 3 ) .  

The s i m i l a r  t i m e  p a t t e r n  o f  n e t  s e d i m e n t a t i o n  r a t e s ,  a s  f o r  

Bas in  I ,  was used f o r  s i m u l a t i o n  o f  phosphorus dynamics i n  Bas in  

I1 ( F i g u r e  1 7 ) .  I n  F i g u r e  1 4  t h e  low s e d i m e n t a t i o n  r a t e  i n  May 

appeared  t o  b e  s a t i s f a c t o r y ,  t o  d e s c r i b e  t h e  dynamics of  p a r t i -  

c u l a t e  phosphorus i n  Bas in  11. 

For B a s i n s  1 1 1 - I V  t h e  r a t e s  o f  n e t  s e d i m e n t a t i o n  i n  p r i n c i p i e  

w e r e  l o w e s t  and t h e y  f l u c t u a t e d  around 0.02 day-' . I n  t h e  f i r s t  

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

was used f o r  Bas ins  1 1 1 - I V .  However, i n  a t t e m p t  t o  d e s c r i b e  

t h e  dynamics of  a l l  phosphorus f r a c t i o n s  ( i n c l u d i n g  t h e  p a r t i -  

c u l a t e  phosphorus i n  Bas in  1 1 1 - I V )  a s  c l o s e  a s  p o s s i b l e  t o  

o b s e r v a t i o n s ,  it  was found t h a t  r a t e s  of  n e t  s e a i m e n t a t i o n  i n  

May-June must  b e  2-3 t i m e s  h i g h e r  t h a n  0.02 day-' because  

t h e  c o n c e n t r a t i o n  of  p a r t i c u l a t e  phosphorus i n  t h e s e  months 

were l o w e s t  i n  B a s i n s  1 1 1 - I V .  I n  accordance  w i t h  t h e  model 

s t r u c t u r e  t h i s  f a c t  i s  d i f f i c u l t  t o  e x p l a i n  because  t h e  s e d i -  

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

one  parameter  ( s l )  i s  i n d e p e n t  on  o t h e r  f a c t o r s .  However, some 

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

o f  n e t  s e d i m e n t a t i o n  r a t e s  i n  B a s i n s  I - I V  may b e  s u g g e s t e d .  

F i r s t ,  t h e r e  i s  a  d i f f e r e n t  e f f e c t  of  sed iment  i n  B a s i n s  I - I V  

on t h e  phosphorus c o n t e n t  i n  w a t e r  t a k i n g  i n t o  a c c o u n t  t h e  

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

B a l a t o n  sediment  (Pony i  e t  a l .  1972 and L i t e r s t h y  e t  a l .  1981) 

a l t h o u g h  on t h e  b a s i s  o f  o n e  f i e l d  s u r v e y  by Dobolyi  ( 1 9 8 0 ) ,  he 



c o n c l u d e d  t h a t  t h e r e  i s  a  s l i g h t  change  i n  s e d i m e n t  phosphc rus  

c o n c e n t r a t i o n  i n  v a r i o u s  p a r t s  o f  Lake B a l a t o n .  The second  

p o s s i b l e  e x p l a n a t i o n  i s  t h e  d i f f e r e n c e  o f  wind a c t i o n  o n  t h e  

exchange  p r o c e s s e s  i n  s ed imen t -wa te r  i n t e r f a c e  ( I IASA' s  d a t a  

o n  wind shows d i f f e r e n c e s  i n  v a r i o u s  p a r t s  o f  Lake B a l a t o n ) .  

For  example ,  T a b l e  9  shows s t a t i s t i c a l l y  a n a l y z e d  d a t a  o n  wind 

b a s e d  o n  a v e r a g e d  s p e e d s  and  f r e q u e n c i e s  o f  v a r i o u s  p a r t s  o f  

Lake B a l a t o n .  

T a b l e  9 .  Wind s p e e d  f r e q u e n c i e s  ( X )  and  a v e r a g e  wind s p e e d s  
i n  d i f f e r e n t  p a r t s  o f  Lake B a l a t o n ,  May, 1977. 

I n  a n  a t t e m p t  t o  f i n d  a  c o r r e l a t i o n  be tween  wind d a t a  a n d  

B a s i n s  

K e s z t h e l y  

Szemes 

S i 6 f o k  

s e d i m e n t a t i o n  r a t e s  u s e d  f o r  phosphorus  t r a n s f o r m a t i o n  mode l ing  

i n  1977,  o n e  ser ie  o f  wind d a t a  f o r  S i 6 f o k  a v a i l a b l e  a t  IIASA 

f o r  t h i s  y e a r  was s t a t i s t i c a l l y  a n a l y z e d .  T a b l e  10 c o n s i s t s  o f  

t h e  r e s u l t s  o f  t h i s  a n a l y s i s .  The r a n g e  o f  raw wind d a t a  w a s  

b a s e d  o n  speed  and  d i r e c t i o n .  The f r e q u e n c y  d i s t r i b u t i o n s  o f  

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

f o r  e a c h  rnonth o f  1977. P l o t s  o f  e m p i r i c a l  d a t a  i n  F i g u r e  1 8  

skiow scme d e p e n d e n c i e s  be tween  mon-thly wind f r e q u e n c i e s  o f  a  

c e r t a i n  s p e e d ,  and  mon th ly  s e d i m e n t a t i o n  rates  u s e d  f o r  mode l ing  

phosphorus  t r a n s f o r m a t i o n  i n  B a s i n  I .  F i g u r e  1 8  shows t h a t  some 

f r e q u e n c i e s  o f  wind s p e e d  g i v e  more o r  less good c o r r e l a t i o n s  

w i t h  s e d i m e n t a t i o n  r a t e s  o n  a  m o n t h l y  b a s i s .  O b v i o u s l y ,  t h e s e  

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

m a t i o n  of  s e d i m e n t a t i o n  r a t e s  b a s e d  o n  wind d a t a .  

I n  t h e  r e s u l t s  o f  s i m u l a t i o n  r u n s  p r e s e n t e d  i n  F i g u r e s  13-16, 

t h e  h y p o t h e s i s  o f  o n e  p h y t o p l a n k t o n  p o p u l a t i o n  was u s e d .  A s  a  

who le ,  t h i s  h y p o t h e s i s  a l l o w s  us  t o  d e s c r i b e  q u i t e  s a t i s f a c t o r i l y ,  

t h e  p h y t o p l a n k t o n  g rowth  i n  r e l a t i o n  t o  t h e  n u t r i e n t  c o n t e n t  i n  

d i f f e r e n t  b a s i n s  o f  Lake B a l a t o n .  I n  B a s i n  I ,  s i m u l a t i o n  r e s u l t s  

of  p h y t o p l a n k t o n  c h l o r o p h y l l  " a "  v a l u e s  d u r i n g  t h e  summer months ,  

a r e  t w o  t i m e s  h i g h e r  t h a n  measured  c h l o r o p h y l l  " a "  c o n c e n t r a t i o n s  
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T a b l e  1 0 .  Wind f r e q u e n c i e s  b a s e d  on  s p e e d  and  d i r e c t i o n  f o r  e a c h  
month o f  1977  ( n e a s u r e m e n t  a t  S i6 fo ) r )  . 
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( F i g u r s  1 3 ) .  The d i f f e r e n c e  i n  c o n d i t i o n s  f o r  p h y t o p l a n k t o n  i n  

B a s i n s  I and  11, i s  t h a t  t h e  R i v e r  Z a l a  p r o v i d e s  a  c o n t i n u o u s  DIP 

i n p u t  d u r i n g  t h e  e n t i r e  y e a r  i n  B a s i n  I ,  w h i l e  DIP c o n t e n t s  i n  

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

p h y t o p l a n k t o n  g rowth .  For  B a s i n s  I11 and I V ,  a  i o w  n u t r i e n t  

l e v e l  i s  e s p e c i a l l y  marked d u r i n g  t h e  summer months .  

The modei p r e s e n t e d  i n  t h i s  r e p o r t ,  a l l o w s  u s  t o  check  t h e  

d i f f s r e n t  h y p o t h e s e s  conce rned  w i t h  t h e  p e c u l i a r i t i e s  o f  phyto-  

p l a n k t o n  g rowth  i n  Lake B a l a t o n ,  i n  o r d e r  t o  a r r i v e  a t  a b e t t e r  

model a p p r o x i m a t i o n  o f  p h y t o p l a n k t o n  dynamics  f o r  B a s i n  I as t h e  

mos t  i m p o r t a n t  p a r t  o f  t h e  e n t i r e  l a k e .  I t  i s  a  well-known 

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

months ,  w h i l e  b l u e - g r e e n  a l g a e  a r e  a b u n d a n t  d u r i n g  t h e  summer 

months ( v a n  S t r a t e n  e t  a l .  1 9 7 9 ) .  The p r i n c i p a l  d i f f e r e n c e  o f  

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

t i v e l y  l o w  l e v e l  o f  c h l o r o p h y l l  " a "  (Vijros 1 9 7 9 ) .  A mixed 

p h y t o p l a n k t o n  p o p u l a t i o n  may b e  g e n e r a t e d  d u r i n g  t h e  autumn months 

(Herodek 1 9 7 9 ) .  Thus ,  i n  t h e  s i m u l a t i o n  r u n s ,  a n  a t t e m p t  was made 

t o  d e s c r i b e '  p h y t o p l a n k t o n  dynamics  i n  1977,  u s i n g  t h e  h y p o t h e s e s  

o f  two and t h r e e  s e a s o n a l  p h y t o p l a n k t o n  g r o u p s .  The main  

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

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

t h e  v a r i o u s  n u t r i e n t  r e q u i r e m e n t s .  I n  t h e  g i v e n  model ,  t h e  effect 

o f  t e m p e r a t u r e  o n  p h y t o p l a n k t o n  deve lopmen t ,  is  d e s c r i b e d  by pa ra -  

meter RTF i n  e q u a t i o n  (41,  w h i l e  t h e  n u t r i e n t  r e q u i r e m e n t s  o f  

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

t h e  term t h a t  d e s c r i b e s  t h e  s p e c i f i c  r a t e  o f  p h y t o p l a n k t o n  mor- 

t a l i t y  i n  e q u a t i o n  ( 1 4 ) .  

T a b l e  1 1  i n c l u d e s  t h e  i n f o r m a t i o n  a b o u t  t h r e e  model e x p e r i -  

ments  which  a r e  examined i n  t h e  h y p o t h e s e s  men t ioned  above .  

R e s u l t s  of t h e s e  model e x p e r i m e n t s  a r e  p r e s e n t e d  i n  F i g u r e  19 .  

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

were u s e d .  

I n  t h e  h y p o t h e s i s  o f  one  p h y t o p l a n k t o n  p o p u l a t i o n  ( F i g u r e s  

1 3 - 1 6 ) ,  t h e  e x p o n e n t i a l  t e m p e r a t u r e  f u n c t i o n  and  c o n s t a n t  f o r  

t h e  whole  y e a r  v a l u e  o f  v l  = 0 . 2 ,  were u s e d  ( T a b l e  1 1 ,  F i g u r e  19a) .  



T a b l e  11 .  Model E x p e r i m e n t s  f o r  e x a m i n i n g  t h e  I ~ y p o t h e s e s  c o n n e c t e d  w i t 1 1  p t l y t o p l a n k t o n  

d e v e l o p m e n t  i n  Lake B a l a t o n  ( f o r  F i q u r e  1 9 ) .  

N u t r i e n t  R e q u i r e m e n t s  
( v l  

H y p o t h e s e s  c o n c e r n i n g  I N *  I t h e  number o f  p h y t o -  
p l a n k t o n  s p e c i e s  

.- - I V. = 0 . 2  f o r  0-365 d a y s  I 

T e m p e r a t u r e  F u n c t i o n  

( R ~ ~ )  

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

I .  

( f o r  F i g u r e  1 9 b )  

v 1  = 0 . 2  f o r  0-365 d a y s  

- - 

I; 
two v1  = 0 . 2  f o r  0-120 d a y s  

p o p u l a t i o n s  v1 = 0 . 5  f o r  120-240 d a y s  
days v1 = 0 . 2  f o r  240-365 d a y s  

( f o r  F i g u r e  1 9 c ;  

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

( f o r  F i g u r e  1 9 d )  

days 

0  I -  
8.5 11.5 26 T'C 

f o r  

V ,  = 0 . 2  f o r  0-120 d a y s  

v 1  = 0 . 5  f o r  120-240 d a y s  

v  = 0 . 2  f o r  240-365 d a y s  
1  
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Figure 19. Results of modeling experiments for examination of hypotheses about 

phytoplankton development in Lake Balaton, Keszthely Bay, 1977. 
(To Table 10) a. from Fig. 13; b. run 1, c. run 2, d. run 3. 



I n  t h e  n e x t  c a l c u l a t i o n ,  a  "two t empera tu re -peaks  f u n c t i o n "  sug- 

g e s t e d  by van S t r a t e n  ( 1 9 7 9 ) ,  was used f o r  a  d e s c r i p t i o n  o f  

d i f f e r e n t  t e m p e r a t u r e  e f f e c t s  on  two phy top lank ton  g roups .  Th i s  

f u n c t i o n  i s :  

where 

w i s  t h e  h e i g h t  o f  t h e  f u n c t i o n  peak i n  r ange  0-1; 
S 

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

phy top lank ton  groups  ; and 

T is t h e  c u r r e n t  t e m p e r a t u r e  o f  w a t e r .  

Th i s  e q u a t i o n  is  used f o r  each phy top lank ton  group. The 

shape  o f  t h e  c u r v e  t h a t  may be  d e s c r i b e d  by e q u a t i o n  (32)  i s  

shown i n  Tab le  11. During m o d e l i n g ,  it was reproduced  by t h e  

f o l l o w i n g  pa ramete r  v a l u e s :  w = 0.45; Tcr = 1 1 . 5 ° ~  and 
S 

T  
o p t  

= 8 . 5 ' ~  f o r  f i r s t  phy top lank ton  group and ws = 1.0;  

Tcr = 2 9 ' ~ .  T = 2 6 ' ~  f o r  t h e  second phy top lank ton  group.  
o p t  

I n  t h e  f i r s t  model exper iment ,  t h e  bi-modal tzmperat-.ure 

f u n c t i o n  was used i n s t e a d  o f  t h e  e x p o n e n t i a l  f u n c t i o n .  The r e s u l t s  

o f  t h i s  exper iment  a r e  shown i n  F i g u r e  19b. The d i f f e r e n c e s  

i n  c o n c e n t r a t i o n  o f  DIP and c h l o r o p h y l l  " a "  d u r i n g  (see F i g u r e s  

19a and 19b) 0-240 d a y s ,  a r e  n o t  v e r y  g r e a t .  A comparison o f  

t h e s e  f i g u r e s  shows t h a t  a t  t h e  b e g i n n i n g  o f  t h e  y e a r  (0-50 d a y s )  

t h e  c o n c e n t r a t i o n  o f  DIP is  1.5-2 t i m e s  h i g h e r  ( F i g u r e  19b) , 
because  phy top lank ton  d e v e l o p  s lowing  d u r i n g  t h i s  p e r i o d ,  and 

l a t e r  (50-240 d a y s )  t h e  DIP c o n c e n t r a t i o n s  a r e  p r a c t i c a l l y  t h e  

same. 

I t  must be  n o t e d  t h a t  t h e  bi-modal t e m p e r a t u r e  f u n c t i o n  

made it p o s s i b l e  f o r  t h e  phy top lank ton  t o  respond s e n s i t i v e l y  

t o  t e m p e r a t u r e  f l u c t u a t i o n  from one day t o  a n o t h e r  i n  t h e  
w i n t e r - s p r i n g  p e r i o d .  Phy top lank ton  o s c i l l a t i o n s  i n  t h e  40-110 

day p e r i o d  a r e  t h e  r e s u l t s  of  changing t e m p e r a t u r e  c o n d i t i o n s  

( F i g u r e  7 ) .  

The bi-modal t e m p e r a t u r e  f u n c t i o n  d e s c r i b e s  t h e  d e c r e a s i n g  

RTF i n  t h e  t e m p e r a t u r e  r a n g e  1 0 - 1 3 ° ~  which c o r r e s p o n d s  t o  t h e  

end o f  s p r i n g  and it i s  assumed t h a t  c h l o r o p h y l l  " a "  concen- 

t r a t i o n s  w i l l  d e c r e a s e  i n  t h a t  p e r i o d  i n  comparison t o  t h e  



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

A c t u a l l y ,  t h e  p h y t o p l a n k t o n  l e v e l  i s  d e c r e a s e d  t o  14 mg c h l " a U / E  

i n  t h e  b e g i n n i n g  o f  May, however,  it rema ins  on t h i s  l e v e l  f o r  

a s h o r t  t i m e  in te rva l - -120-130 days  ( F i g u r e  1 9 b ) .  Model ing 

r e s u l t s  show t h a t  i n c r e a s i n g  c h l o r o p h y l l  " a "  c o n c e n t r a t i o n s  a f t e r  

t h e  130 th  d a y ,  c o i n c i d e s  w i t h  t e m p e r a t u r e  i n c r e a s e s  up  t o  1 5 ' ~  and  

h i g h e r .  

Fo r  t h e  autumn months (240-330 d a y s ) ,  t h e  d i f f e r e n c e s  i n  

s i m u l a t i o n  r e s u l t s  and  d a t a  p r e s e n t e d  i n  F i g u r e  19a and  19b ,  

are more s i g n i f i c a n t  t h a n  f o r  t h e  e a r l i e r  months .  A c t i v i t y  o f  

p h y t o p l a n k t o n  is s h a r p l y  d e c r e a s e d  b e c a u s e  t h e  t e m p e r a t u r e  d r o p s  

t o  1 1 - 1 4 ' ~  i n  t h e  autumn months.  A s  a  r e s u l t  o f  t h i s ,  d u r i n g  

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

h i g h e r  t h a n  measured  DIP c o n c e n t r a t i o n s ,  by  4-5 t i m e s .  When 

t e m p e r a t u r e  r e a c h e s  8 - 9 ' ~  (end o f  November t o  b e g i n n i n g  o f  Decem- 

b e r ) ,  t h e  model shows t h a t  t h e  p h y t o p l a n k t o n  g e n e r a t e  a t h i r d  

peak o f  c h l o r o p h y l l  "a" .  

A f t e r  a compar ison  o f  the r e s u l t s  p r e s e n t e d  i n  F i g u r e  19a  

and  F i g u r e  19b ,  it i s  p o s s i b l e  t o  come t o  some c o n c l u s i o n s  con- 

c e r n i n g  t h e  a p p l i c a t i o n  of t h e  bi-modal t e m p e r a t u r e  f u n c t i o n :  

1 .  I t  makes p h y t o p l a n k t o n  s e n s i t i v e  t o  t e m p e r a t u r e  f l u c -  
t u a t i o n s  i n  w i n t e r ,  s p r i n g  and  autumn months;  

2. I t  d o e s  n o t  change  t h e  h i g h  l e v e l  o f  p h y t o p l a n k t o n  i n  
summer months;  

3.  I t  forms a n  u n r e a l i s t i c a l l y  h i g h  c o n c e n t r a t i o n  o f  DIP 
i n  a u t &  months;  

4 .  I t  g i v e s  a t h i r d  peak  o f  c h l o r o p h y l l  " a "  a t  t h e  end  
o f  November t o  t h e  b e g i n n i n g  o f  December. 

I n  t h e  s e c o n d  model e x p e r i m e n t ,  it w a s  s u g g e s t e d  t h a t  

n u t r i e n t  r e q u i r e m e n t s  o f  summer p h y t o p l a n k t o n  must  b e  h i g h e r  t h a n  

p h y t o p l a n k t o n  from o t h e r  s e a s o n a l  g roups .  T h e r e f o r e ,  c o e f f i c i e n t  
v  f o r  t n e  summer p e r i o d ,  w a s  t a k e n  t o  b e  2.5 times h i g h e r  t h a n  1  
t h a t  f o r  o t h e r  months ( T a b l e  1 1 )  . 

The r e s u l t s  o f  model e x p e r i m e n t  2  a r e  p r e s e n t e d  i n  F i g u r e  1 9 ~ -  

A compar ison  o f  F i g u r e s  19b and  19c shows t h a t  summer p h y t o p l a n k t o n  
l e v e l s  come c l o s e r  t o  measured  c h l o r o p h y l l  " a "  c o n c e n t r a t i o n s  i n  



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

g r o u p s  ( F i g u r e  1 9 c ) .  T h i s  h y p o t h e s i s  p r a c t i c a l l y  d o e s  n o t  change  

t h e  c o n c e n t r a t i o n  f l u c t u a t i o n  o f  DIP d u r i n g  t h e  summer p e r i o d .  I t  

is a lso c l e a r  t h a t  b i -modal  t e m p e r a t u r e  f u n c t i o n s  c a n  n o t  g i v e  a  

good a p p r o x i m a t i o n  f o r  t h e  autumn months .   his s u g g e s t s  i n  a c c o r -  

dance w i t h  a l l  a s s u m p t i o n s  t h a t  mixed phy top iank to r l  p o p u l a t i o n  i n  

autumn r u s t  have  o t h e r  t e m p e r a t u r e  d e p e n d e n c i e s .  

I n  t h e  t h i r d  model e x p e r i m e n t ,  t h e  e x p o n e n t i a l  t e m p e r a t u r e  

f u n c t i o n  w a s  u s e d  f o r  autumn months  ( T a b l e  1 0 ) .  The r e s u l t s  o f  

t h i s  model e x p e r i m e n t  are p r e s e n t e d  i n  F i g u r e  19d. They show a 

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

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

b a s i n  o f  Lake B a l a t o n  t h a t  have  d i f f e r e n c e s  i n  t e m p e r a t u r e  depen-  

d e n c e s  and  n u t r i e n t  r e q u i r e m e n t s ,  g . i v e s  quite a n  a c c u r a t e  model 

r e p r e s e n t a t i o n  o f  phosphorus  compounds and  c h l o r o p h y l l  d a t a  measured  

i n  3977. 

T h i s  h y p o t h e s i s  was u s e d  f o r  mode l ing  phosphorus  t r a n s f o r -  

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

o f  Lake B a l a t o n .  The r e s u l t s  o f  s i m u l a t i o n  are p r e s e n t e d  i n  

F i g u r e s  20-23 f o r  B a s i n  I t h r o u g h  I V ,  r e s p e c t i v e l y .  They show 

t h a t  a  t h r e e  p h y t o p l a n k t o n  g r o u p  h y p h o t h e s i s  g i v e s  a good r e p r o -  

d u c t i o n  o f  o b s e r v e d  phosphorus  compounds and  p h y t o p l a n k t o n  dynamics  

f o r  1977 i n  a l l  t h e  b a s i n s  c o n s i d e r e d .  

6 .  ANALYSIS OF PHOSPHORUS TRANSFOPSJIATION PATHWAYS 

S i n c e  t h e  model p e r m i t s  c o m p u t a t i o n  o f  t h e  dynamics  o f  

phosphorus  compounds i n  1977 ( F i g u r e s  20-231, c o n s i d e r a b l e  i n s i g h t  

i n t o  t h e  e c o s y t e m  b e h a v i o r  may b e  g a i n e d  b y  s t u d y i n g  t h e  phosphorus  

t r a n s f o r m a t i o n  f l o w s  i n  v a r i o u s  b a s i n s  o f  t h e  l a k e .  From a n  e c o l o g -  

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

f o r  a  q u a n t i t a t i v e  a s s e s s m e n t  o f  phosphorus  t r a n s f o r m a t i o n s  i n  t h e  

l a k e ' s  e c o s y s t e m :  p h o s p h o r u s - l o a d i n g ,  p a r t i c u l a t e  phosphorus  

s e d i m e n t a t , i o n  a n d  o x i d a t i v e  t r a n s f o r m a t i o n  t o  DOP, a n d  

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

A q u a n t i t a t i v e  a s s e s s m e n t  o f  t h e s e  p r o c e s s e s  i s  t h e  b a s i s  fo r  

u n d e r s t a n d i n g  t h e  i n t e r n a l  phosphorus  c y c l i n g  i n  t h e  l a k e  and  

t h e  e u t r o p h i c a t i o n  o f  t h i s  water body.  



Figure 20. Comparison between model output (curves) and field data (points). Lake Balaton, 1977, 
Basin I - Hypothesis of three phytoplankton groups. 
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Figure 21. Comparison between model output (curves) and field data (points). Lake Balaton. 1977, 
Basin I I  - Hypothesis of three phytoplankton groups. 
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Figure 22. Comparison between model output (curves) and field data (points). Lake Salaton, 1977, 
Basin I l l  - Hypothesis of three phytoplankton groups. 
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Figure 23. Comparison between model output (curves) and field data (points). Lake Balaton, 1977, 
Basin I V  - Hypothesis of three phytoplankton groups. 
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T h i s  s e c t i o n  o f  t h e  r e p o r t  i n c l u d e s  an  a n a l y s i s  o f  t h e  main 

phosphorus  t r a n s f o r m a t i o n  f l o w s  w i t h i n  Lake B a l a t o n  t h a t  a r e  e v a l -  

u a t e d  by t h e  model.  

6 .1 .  Phosphorus  Loading  

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

f rom e x t e r n a l  s o u r c e s  a r e  t h e  main p r o c e s s e s  c o n s i d e r e d  by t h e  
model i n  t h e  t o t a l  phosphorus  l o a d i n g  o f  d i f f e r e n t  Lake ~ a l a t o n  

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

f rom a  q u a n t i t a t i v e  p e r s p e c t i v e  f o r  e a c h  b a s i n .  

T a b l e  12 shows t h e  mon th ly  amounts o f  phosphorus  fo rms  e n t e r -  

i n g  t h e  l a k e  w i t h  w a t e r  d i s c h a r g e d  by t h e  R i v e r  Z a l a .  T h i s  i n f o r -  

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

e f f e c t  o f  t h e  R i v e r  Za la  o n  t h e  Lake B a l a t o n  ecosys t em.  A s  s i~own 

i n  T a b i e  12 d u r i n g  J a n u a r y - A p r i l  1977, most  o f  t h e  phosphorus  

i . e .  55-78 p e r c e n t  e n t e r s  t h e  l a k e  i n  p a r t i c u l a t e  form.  The r o i e  

o f  d i s s o l v e d  i n o r g a n i c  phosphorus  i n  t h e  R i v e r  Z a l a  d i s c h a r g e  

water, becomes s i g n i f i c a n t  f rom May a l t h o u g h  t h e  a c t u a l  c o n t r i -  

b u t i o n  o f  DIP is  s l i g h t l y  changed i n  a l l  months.  The r o l e  o f  

o t h e r  phosphorus  forms  i n  w a t e r  d i s c h a r g e d  from t h e  R i v e r  Za la  

may be  c o n s i d e r e d  o f  lesser i m p o r t a n c e  from a  q u a l i t a t i v e  p e r -  

s p e c t i v e .  

The a n n u a l  i n p u t  o f  p a r t i c u l a t e - P  and DIP by R i v e r  Za la  w a t e r  

f low compr i sed  o f  t h e  t o t a l  56.5 p e r c e n t  and 39.2 p e r c e n t  r e s p e c -  

t i v e l y ,  w h i l e  t h e  annua l .  i n p u t  o f  phy top lank ton-P  and b a c t e r i a l -  

phosphorus ,  are e s t i m a t e d  t o  be  e q u a l  t o  4.2 p e r c e n t  and 0.1 p e r -  

c e n t ,  r e s p e c t i v e l y .  T o t a l  a n n u a l  P - i n p u t  i n  1977 from R i v e r  Za la  

t o  Lake B a l a t o n  i s  e q u a l  t o  0 .99 mg P/R. 

T a b l e  13  c o n t a i n s  i n f o r m a t i o n  which  a l l o w s  a n  estimate t o  

be  made o f  t h e  r o l e  o f  w a t e r  t r a n s f e r  i n  P - load ing  i n  a l l  t h e  

b a s i n s .  T h e r o l e  o f  t h e  R i v e r  Z a l a ' s  w a t e r  f l ow i s  v e r y  i m p o r t a n t  i n  

P - load ing  o f  B a s i n  I.  However, i n  o t h e r  b a s i n s ,  t h e  w a t e r  f l o w  i n  

t h e  l a k e  t r a n s f e r s  s i g n i f i c a n t l y  smaller amounts  o f  P: j u s t  0.05 

mg P/R i n  Bas in  11, and 0 .013  mg P/R i n  B a s i n  I V .  

I n  t h e  s p r i n g  and autumn 34-64 p e r c e n t  o f  phosphorus  i s  
t r a n s f e r r e d  by w a t e r  f l o w  from o n e  b a s i n  t o . a n o t h e r  i n  p a r t i c u l a t e  
form. During t h e  summer months ,  t h e  r o l e  o f  DOP i n  phosphorus  
t r a n s f e r  becomes i m p o r t a n t  and w a t e r  f l o w  t r a n s f e r s  f rom 31 p e r c e n t  
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t o  41 p e r c e n t  of P  i n  t h e  form of  DOP. Phytoplankton-P i s  e v i d e n t l y  

t r a n s f e r r e d  by w a t e r  f low t o  a l l  t h e  b a s i n s  d u r i n g  t h e  y e a r .  

T h e r e f o r e ,  s i g n i f i c a n t l y  less P  is  t r a n s f e r r e d  by w a t e r  f low i n  t h e  

form o f  DIP and b a c t e r i a l - p h o s p h o r u s .  

F i g u r e  24 shows t h e  monthly dynamics i n  1977 o f  DOP- and DIP- 

i n p u t s  due t o  p r e c i p i t a t i o n  i n  t h e  d i f f e r e n t  b a s i n s .  Annual i n p u t s  

o f  DOP by p r e c i p i t a t i o n  a r e  e q u a l  t o  0.0163, 0.0123, 0.0109 and 

0.01 mg P/R f o r  Bas in  I th rough  I V ,  r e s p e c t i v e l y .  Annual i n p u t s  

o f  DIP a r e  0.0271, 0.0204, 0.0182 and 0.0166 mg P/L f o r  Bas in  I 

th rough  I V ,  r e s p e c t i v e l y .  

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

p r e c i p i t a t i o n  and e x t e r n a l  s o u r c e s  i n  t o t a l  P- loading o f  b a s i n s ,  

i s  e s t i m a t e d  i n  Tab le  14. A s  shown, t h e  r o l e  o f  w a t e r  t r a n s f e r  

i n  t o t a l  P- loading i s  d e c r e a s e d  from Bas in  I t o  Bas in  I V ,  w h i l e  

t h e  r o l e  of  p r e c i p i t a t i o n  is  i n c r e a s e d .  I n p u t  o f  phosphorus from 

e x t e r n a l  s o u r c e s  i s  t h e  main p r o c e s s  i n  P- loading f o r  Bas ins  11, 

I11 and I V .  

Tab le  14. Role o f  i n d i v i d u a l  p r o c e s s e s  i n  P - load ing  Lake B a l a t o n  
b a s i n s ,  1977. 

Bas in  

I 

I1 

I11 

I V  

T o t a l  

p- load 
mg Pii 

1.12408 

0.30260 

0.13828 

0.09366 

P r o c e s s e s  i n  P - load ing  

E x t e r n a l  S o u r c e s  w a t e r  t r a n s f e r  

m q  P /R 

0.0905 

0.21902 

0.07504 

0.054 

P r e c i p i t a t i o n  

,g P/L  

0.99014* 

0.05091 

0.03418 

0.01302 

E K  
8.0 

72.4 

54.3 

57.7 

mg P/e 

0.04344 

0.03267 

0.02906 

0.02664 

88.1 

16.8 

24.7 

13.9 

per -  
t 

3.9 

10.8 

21.0 

28.4 





6.2 Composition and Trans fo rmat ion  o f  P a r t i c u l a t e  Phosphorus 

The p a r t i c u l a t e  o r g a n i c  phosphorus i n  t h e  l a k e  has  t h r e e  main 

components, namely phy top lank ton ,  b a c t e r i a  and d e t r i t u s .  An 

a n a l y s i s  o f  s i m u l a t i o n  r e s u l t s  shows t h a t  t h e  t o t a l  amount of  par-  

t i c u l a t e  o r g a n i c  phosphorus ,  i n  d i f f e r e n t  b a s i n s  of  Lake Ba la ton  

i n  1977, v a r i e d  by a f a c t o r  of 3-5. The model d i s c u s s e d  h e r e  

a l l o w s  one t o  g e t  d i r e c t  e s t i m a t e s  o f  t h e  f r a c t i o n s  of l i v i n g  and 

n o n l i v i n g  p a r t i c u l a t e  o r g a n i c  m a t t e r .  

C a l c u l a t i o n s  show t h a t  l i v i n g  p a r t i c u l a t e  phosphorus comprise ,  

on an a v e r a g e ,  20-40 p e r c e n t  of  t h e  t o t a l ,  and t h a t  t h i s  i n c r e a s e s  

up t o  60-70 p e r c e n t  i n  p e r i o d s  o f  a c t i v e  development  of phytoplank- 

t o n  and b a c t e r i a .  The p r o p o r t i o n  o f  phytoplankton-phosphorus  t o  

b a c t e r i a l - p h o s p h o r u s  i s  n o t  c o n s t a n t  d u r i n g  t h e  y e a r :  phy top lank ton  

phosphorus dominates  i n  t h e  w i n t e r  and s p r i n g , a n d  d u r i n g  t h i s  p e r i o d  

it c o n t r i b u t e s  85-95 p e r c e n t  o f  t h e  t o t a l  p a r t i c u l a t e  ( l i v i n g )  

phosphorus.  The r o l e  o f  b a c t e r i a  becomes e s s e n t i a l  i n  t h e  summer 
and a u t m  when b c c t e r i a  make up 40-65 p e r c e n t  o f  l i v i n g  phosphorus 

n a t t e r .  

6.2.1 Nonliving Particulate Phosphorus a n d  its Decomposition 

When making a q u a n t i t a t i v e  s t u d y  o f  phosphorus t r a n s f o r m a t i o n ,  

l i v i n g  a s  w e l l  a s  dead p a r t i c u l a t e  m a t t e r  have t o  be t a k e n  i n t o  

accoun t .  T h i s  i s  because  a  major  p o r t i o n  o f  p a r t i c u l a t e  o r g a n i c  

phosphorus i s  composed o f  dead o r g a n i c  m a t t e r  o r  d e t r i t u s ,  which 

i n  f a c t  makes up 60-80 p e r c e n t  o f  t h e  t o t a l  p a r t i c u l a t e  phosphorus 

f o r  most o f  t h e  y e a r .  J u s t  d u r i n g  t h e  summer months, when 

organisms a r e  most a c t i v e  i n  t h e i r  development ,  t h e  r o l e  o f  

d e t r i t u s  i n  p r o v i d i n g  t h e  p a r t i c u l a t e  phosphorus pool  d e c r e a s e s  

a s  much a s  30-40 p e r c e n t .  T a b l e  15 c o n s i s t s  of  q u a n t i t i e s  o f  

dead p a r t i c u l a t e  phosphorus c o n t r i b u t e d  by v a r i o u s  p r o c e s s e s .  

A l l  t h e  p r o c e s s e s  may be s u b d i v i d e d  i n t o  e x t e r n a l  and i n t e r n a l .  

The v e r y  g r e a t  q u a n t i t y  of  n o n l i v i n g  p a r t i c u l a t e  phosphorus i n  

Bas in  I r e s u l t s  from t h e  River  Zala  d i s c h a r g e .  The e f f e c t  of  t h i s  

s o u r c e  i s  even more prominent  i n  w i n t e r  and s p r i n g .  For exam- 

p l e ,  i n  B a s i n  I, 65.3 p e r c e n t  o f  t h e  t o t a l  pool  o f  n o n l i v i n g  

p a r t i c u l a t e  phosphorus i s  provided by i n p u t  from t h e  River  

Zala d i s c h a r g e  w a t e r  ( T a b l e  15)  i n  s p r i n g .  According t o  

a ssumpt ions  made, t h e  i n p u t  of  r lonl iv ing  p a r t i c u l a t e - P  from 

t h e  watershed a r e a  and g e n e r a l l y  from e x t e r n a l  s o u r c e s ,  combine 
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t o  c o n t r i b u t e  10-20 p e r c e n t  o f  t h e  t o t a l  p a r t i c u l a t e  phosphorus 

a n n u a l l y  i n  Bas ins  1 1 - I V .  The r o l e  o f  t h i s  s o u r c e  i s  v e r y  s m a l l  

d u r i n g  t h e  summer months--only 1.4-3.8 p e r c e n t  o f  phosphorus 

i n p u t  i s  p rov ided  by i t ,  w h i l e  t h e  most s i g n i f i c a n t  q u o t a  of 

phosphorus i s  p rov ided  by i n t e r n a l  s o u r c e s  f o r  most o f  t h e  y e a r .  

Phytoplankton m o r t a l i t y  and b a c t e r i a l  m o r t a l i t y  a r e  t a k e n  i n t o  

accoun t  i n  t h e  model a s  t h e  main i n t e r n a l  s o u r c e s  o f  p a r t i c u l a t e  

m a t t e r .  Phytoplankton m o r t a l i t y  p r o v i d e s  36-40 p e r c e n t  o f  par -  

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

model. The role  of  t h i s  p r o c e s s  is  v e r y  s i g n i f i c a n t  i n  t h e  s p r i n g  

(Tab le  15)  i n  comparison w i t h  o t h e r  s o u r c e s .  B a c t e r i a l  m o r t a l i t y  

c o n t r i b u t e s  most p a r t i c u l a t e  phosphorus i n  t h e  summer-autumn 

p e r i o d ,  namely 35-62 p e r c e n t ,  t o  d i f f e r e n t  b a s i n s  o f  Lake Ba la ton .  

Dead o r g a n i c  phosphorus i s  an  i m p o r t a n t  s o u r c e  o f  DOP, t h e r e -  

f o r e  it may be c o n s i d e r e d  one o f  t h e  most i m p o r t a n t  ene rgy  s o u r c e s  

f o r  b a c t e r i a .  Q u a n t i t a t i v e  e s t i m a t e s  o f  amounts o f  d e t r i t u s  

which decompose t o  DOP a r e e s s e n t i a l  f o r  a  b e t t e r  u n d e r s t a n d i n g  o f  

t h e  r o l e  of suspended o r g a n i c  m a t t e r  i n  t h e  t r a n s f o r m a t i o n  c y c l e s  

of p h o s p h o r u s .  Such e s t i m a t e s  w e r e  a r r i v e d  a t  by c a l c u l a t i o n s  made 

d u r i n g  ' t h e  a n a l y s i s  o f  s i m u l a t i o n  r e s u l t s  of  phosphorus t r ans fo rma-  

t i o n s  i n t h e  d i f f e r e n t  b a s i n s  of t h e  l a k e .  The d a t a  d e r i v e d  from 

t h i s  a n a l y s i s  a r e  summarized month by month i n  Tab le  16.  

The decomposi t ion  o f  n o n l i v i n g  p a r t i c u l a t e  phosphorus is  a 

tempera ture-dependent  p r o c e s s ,  t h e r e f o r e ,  i t s  r o l e  i n  phorphorus  

t r a n s f o r m a t i o n  i n  t h e  January-Apr i l  p e r i o d  when t e m p e r a t u r e  i s  

l o w ,  i s  ex t remely  s m a l l .  The e f f e c t  o f  t h i s  p r o c e s s  may be con- 

s i d e r e d  - i m p o r t a n t  i n  t h e  May-September per iod--about  0-05-0.06 

mg P/R i n  each  month d u r i n g  t h i s  p e r i o d  had been t r ans fo rmed  from 

d e t r i t u s  t o  DOP,in Bas ins  I and 11. C o n t r i b u t i o n s  o f  t h i s  p r o c e s s  

i n  Bas ins  I11 and I V  a r e  0.01-0.04 mg P / t ,  f o r  t h e  same p e r i o d .  

T o t a l  annua l  c o n t r i b u t i o n s  o f  n o n l i v i n g  p a r t i c u l a t e  phosphorus 

decomposi t ion  t o  DOP a r e  p r a c t i c a l l y  s i m i l a r  i n  B a s i n s  I and 

I1 ( T a b l e  1 6 ) ,  w h i l e  i n  B a s i n s  I11 and I V  t h e y  a r e  t w o  t i m e s  l ower .  

6 .2 .2  S e d i m e n t a t i o n  o f  N o n l i v i n g  P a r t i c u l a t e  Phosphorus  

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

t h e  major  ones  i n  t h e  r e g u l a t i o n  o f  phosphorus c o n t e n t  i n  t h e  w a t e r .  



Table 16.  Monthly contributions of detritus decomposition to 
DOP in mg P / R  in Lake Balaton basins, 1 9 7 7  (simula- 
tion). 

- 

Months 

I 

I1 

I11 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

XI1 

Annual flow 

of PD to DUP 

Basins 

IV 

.oooo 

.0001 

.0004 

.0009 

.0107 

.0161 

.0234 

.0234 1 I 

.0253 I 

.0093 
1 
I 
I 

.0029 i 

.0001 I 
I 

.I104 

I11 

.oooo 

.0001 

.0007 

.0032 ' 

.0127 

.0207 

.0266 

.0294 

.0366 

.0138 

.0043 

.0003 

.I462 

I 

.oooo 
,0004 

.0023 

.0023 

.0497 

.0561 

,0624 

.0548 

.0613 

,0138 

.0043 

.0003 

.3075 

I1 

.oooo 
,0002 

.0021 

.0020 

.0330 

.0545 

.0603 

.0572 

.0676 

.0203 

,0063 

.0001 

.3034 



Q u a n t i t a t i v e  e s t i m a t e s  o f  phosphorus  which h a s  s e t t l e d  i n t o  t h e  

s e d i m e n t  are i m p o r t a n t .  They a r e  a  key  f a c t o r  i n  t h e  i n t e r p r e t a -  

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

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

problems.  

I n  t h e  model r e s u l t s  c o n s i d e r e d ,  estimates o f  phosphorus  

l o s s e s  i n  s e d i m e n t  w e r e  made f o r  e a c h  b a s i n  on a  month ly  b a s i s .  

These estimates are g i v e n  i n  T a b l e  17. The l a r g e s t  amount 

o f  p a r t i c u l a t e  phosphorus  had  s e t t l e d  i n  B a s i n  I ,  w h i l e  t h e  t o t a l  

a n n u a l  phosphorus  l o s s e s  i n  B a s i n s  I1 and I11 and I V  a r e  4, 8,  

and  11 t i m e s  l ower  t h a n  i n  B a s i n  I .  A s  a f u r t h e r  compar i son ,  

it i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  p e r c e n t a g e s  o f  a n n u a l  phospho- 

r u s  l o s s  by s e d i m e n t a t i o n  show a p p r o x i m a t e l y  t h e  same v a l u e s :  

75%,  78%,  79% and 83% from a t o t a l  phosphorus  l o a d  f o r  B a s i n  

I t h r o u g h  I V ,  r e s p e c t i v e l y .  

The c o m p o s i t i o n  of  t o t a l  phosphorus  which s e t t l e d  i n t o  

s e d i m e n t  i s  c h a n g e a b l e  d u r i n g  t h e  y e a r .  I n  w i n t e r ,  t h e  suspended  

material e n t e r i n g  Lake B a l a t o n  v i a  t h e  r i v e r  domina te s .  I n  

s p r i n g ,  summer and  autumn, d e t r i t u s g e n e r a t e d  by b i o c h e m i c a l  pro- 

cesses i n  t h e  l a k e ,  i s  t h e  predom.inant  t y p e  o f  p a r t i c u l a t e  

phosphorus  t h a t  se t t les  i n t o  t h e  s e d i m e n t .  

6 . 3 .  B a c t e r i a l  Phosphorus  T r a n s f o r m a t i o n  

The mechanisms o f  phosphorus  c y c l i n g  i n  t h e  water e n v i r o n -  

ment t o  a  l a r g e  d e g r e e  depends  on  b a c t e r i a l  a c t i v i t y .  A t  t h i s  

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

f i c a n c e  i n  phosphorus  t r a n s f o r m a t i o n  p r o c e s s e s  i n  t h e  l a k e  is  

d e s i r a b l e .  I n  t h e  g i v e n  model ,  t h e  r o l e  o f  b a c t e r i a  i n  phospho- 

r u s  c y c l i n g  is  t a k e n  i n t o  a c c o u n t  i n  p r o c e s s e s  o f  DOP u p t a k e ,  

DIP e x c r e t i o n  and d e t r i t u s  f o r m a t i o n .  I t  i s  i n t e r e s t i n g  t o  

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

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

ra tes  i n  d i f f e r e n t  b a s i n s  o f  Lake B a l a t o n .  These  a s s e s s m e n t s  a r e  

p r e s e n t e d  i n  T a b l e  1 8 .  A t o t a l  a n a l y s i s  o f  s i m u l a t i o n  r e s u l t s ,  

show t h a t  b a c t e r i a  t a k e  up a  s i g n i f i c a n t  p a r t  o f  phosphorus  a s  

DOP i n  t h e  summer and s t a r t  o f  a u t u n ~ n ,  when w a t e r  t e m p e r a t u r e  

i s  c l o s e  t o  t h e  optimum f o r  b a c t e r i a l  a c t i v i t y .  The model 

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



Table 17. Monthly losses to sediments of particulate phosphorus 
(mg P/%) for Lake Balaton basins, 1977 (modeling). 

Months 

I 

I1 

I11 

IV 

V 

VI 

VI I 

VIII 

IX 

X 

XI 

XI1 

Annual 

P- 
losses 

Basins 

I 

0.0528 

0.1665 

0.1033 

0.1608 

0 .0011 

0.0542 

0.0457 

0 .0480 

0 .0590 

0 .0404 

0 .0609 

0.0494 

0 .8422 

I11 

0.0013 

0.0030 

0.0049 

0 .0133 

0 .0166  

0.0089 

0 .0032 

0 .0041  

0 .0073  

0.0200 

0 .0313 

0.0145 

0 .1085 

I I 

0.0039 

0 .0156 

0.0224 

0.0349 

0.0008 

0.0121 

0.0108 

0 .0120 

0 .0200 

0.0439 

0.0263 

0 .0320 

0 .2347 

IV 

0.0010 

0 .001 8  

0 .0029 

0 .0095  

0 .0141 

0 .0070 

0 .0026 

0 .0033  

0 .0049 

0 .0132 

0 .0075 

0 .0097 

0 .0775 



Table 18. Assessments of bacterial phosphorus transformations 
(mg P/%) in Lake Balaton basins, 1977. 

Basin 

I 

I1 

I11 

IV 

Season 

Spring 

Summer 

Autumn 

Annual 

Spring 

Summer 

Autumn 

Annual 

Spring 

Summer 

Autumn 

Annual 

Spring 

Surnme r 

Autumn 

Annual 

DOP 
uptake 

.0270 

.2402 

.I344 

.4084 

.0288 

.2180 

.I270 

.3804 

.0215 

.0973 

.0709 

.I941 

.03 78 

,0772 

.0504 

.3 487 

DIP 
excretion 

.0306 

.0938 

,0520 

.I584 

.0113 

.0845 

.0484 

.I466 

.0087 

.0367 

.0266 

.0732 

.0070 

.0290 

.0187 

.0558 

Detrital 
formation 

.0087 

.I340 

,. 0898 
.2383 

.0096 

.I290 

.0881 

.2327 

.0076 

.0596 

,0503 

.I214 

.0061 

.0472 

.0368 

.0929 



by Oi6h ( 1 9 6 9 a ; 1 9 7 4 ) .  H e  found  a  maximuin number o f  h e t e o t r o p h s  

a t  t h e  end of  summer and b e g i n n i n g  o f  autumn f o r  d i f f e r e n t  p a r t s  

o f  Lake B a l a t o n .  A c c o r d i n g l y ,  t h e  s i m u l a t i o n  r e s u l t s  i n  t h i s  

p e r i o d ,  t h e  b a c t e r i a  h a s  t h e  h i g h e s t  b lomass  a b o u t  0.012-0.015 mg 

P/R and t h e y  t a k e  up  0.12-0.24 mg P/R-month i n  B a s i n s  1-11. The 

b a c t e r i a l  a c t l v i t y  i n  p h o s p h o r u s  t r a n s f o r m a t i o n  i s  2-3 t i m e s  

lower  i n  B a s i n s  1 1 1 - I V ;  i n  surmner and  a t  t h e  b e g i n n i n g  o f  autumrl 

t h e i r  DOP u p t a k e  i s  0.05-0.1 mg P/R-month w h i l e  t h e i r  b i o m a s s e s  

a r e  a b o u t  0.005-0.007 mg P/R i n  t h e s e  b a s i n s .  C o r r e s p o n d i n g  

a n n u a l  b a c t e r i a l  u p t a k e  o f  DOP i s  0.38-0.41 mg ? / R  i n  B a s i n s  

1 1 1 - I V .  B a c t e r i a l  DOP u p t a k e  i s  e s t i m a t e d  t o  b e  e q u a l  t o  85X, 

95%,  97%,  and  99% o f  t o t a l  DOP i n p u t s  f rom a l l   he s o u r c e s  con- 

s i d e r e d  i n  B a s i n s  I ,  11, 111, and  I V ,  r e s p e c t i v e l y .  

The release o f  d i s s o l v e d  phosphorus  as i n o r g a n i c  o r t h o p h o s -  

p h a t e ,  d u e  t o  t h e  metabol ism o f  b a c t e r i a ,  i s  e q u a l  t o  37-40 p e r -  

c e n t  o f  t h e  t o t a l  b a c t e r i a l  u p t a k e  o f  phosphorus  i n  a n  o b s e r v e d  

r a n g e  o f  DOP c o n c e n t r a t i o n s  i n  Lake B a l a t o n  b a s i n s .  I n  a q u a n t i -  

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

DIP l e v e l s  i n  t h e  w a t e r  body. I n  B a s i n  I ,  t h e  a n n u a l  b a c t e r i a l  

e x c r e t i o n  o f  DIP i s  e s t i m a t e d  t o  b e  e q u a l  t o  24 p e r c e n t  o f  t h e  

t o t a l  DIP i n p u t  f rom a l l  s o u r c e s .  Dur ing  June-September ,  t h e  

b a c t e r i a l  DIP e x c r e t i o n  i n  t h i s  b a s i n  is e v e n  comparab le  t o  DIP 

i n p u t  f rom t h e  R i v e r  Zala. I n  o t h e r  b a s i n s ,  t h e  ro le  o f  b a c t e r i a l  

e x c r e t i o n ,  c o n t r i b u t i n g  t o  t h e  o v c r a i l  b a l a n c e  o f  DIP, i s  h i g h e r ,  

and  it i s  e s t i m a t e d  t o  b e  e q u a l  t o  52-57 p e r c e n t .  

M o r t a l i t y  o f  b a c t e r i a  i s  a  main f a c t o r  i n  r e g u l a t i n g  b a c t e r -  

i a l  b iomass  l e v e l s  i n  t h e  a b s e n c e  o f  p r e d a t o r s .  I t  i s  e s t i m a t e d  

t o  b e  e q u a l  t o  a b o u t  32-35 p e r c e n t  o f  t h e  t o t a l  phosphorus  u p t a k e  

by b a c t e r i a  i n  t h e  s p r i n g .  ~ h u s ,  t h e  q u o t a  is  i n c r e a s e d  t o  56-73 

p e r c e n t  i n  t h e  summer-autumn p e r i o d  i n  a l l  t h e  b a s i n s .  

  he dynamics  o f  c a l c u l a t e d  b a c t e r i a l  n e t  p r o d u c t i o n  rates  

f o r  a l l  t h e  b a s i n s  i s  shown i n  F i g u r e  25.  I t  was found  t h a t  

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

DOP c o n c e n t r a t i o n  c h a n g e s .  Dur ing  J a n u a r y - A p r i l ,  a l l  t h e  

p r o c e s s e s  i n  b a c t e r i a l  m e t a b o l i s m s  a r e  b a l a n c e d  and  t h e  

b a c t e r i a l  n e t  p r o d u c t i o n  r a te  is  v e r y  c l o s e  t o  z e r o .  B a c t e r i a l  

u p t a k e  of  DOP b e g i n s  t o  b e  n o t i c e a b l e  a s  o f  May. Approx ima te ly  

a t  t h e  end  of May, b a c t e r i a l  n e t  p r o d u c t i o n  r e a c h e s  t h e  maximum 
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Figure 25. Dynamics of bacterial net production in different basins of Lake Balaton, 1977. 



l e v e l  a t t a i n a b l e .  T h i s  is  due  t o  i n c r e a s i n g  w a t e r  t e m p e r a t u r e .  

These v a l u e s  i n  t h e  peak  p e r i o d ,  a r e  e q u a l  t o  1-2 mg P/R-day i n  

v a r i o u s  b a s i n s .  

I n  t h e  Ju ly-September  p e r i o d ,  t h e  e f f e c t  o f  b a c t e r i a  on  

phosphorus  t r a n s f o r m a t i o n  i s  v e r y  n o t i c e a b l e :  t h e  month ly  u p t a k e  

o f  DOP i s  0.07-0.08 mg P/R (Bas in  1-11) and 0.03-0.04 mg P/R 

(Bas in  1 1 1 - I V ) ;  t h e y  e x c r e t e  0.01-0.03 mg P/R a s  D I P  and  t h e y  

form 0.02-0.05 mg P/R a s  d e t r i t a l  phosphorus  i n  a l l  b a s i n s  f o r  

t h e  p e r i o d  o f  t h e  y e a r  ment ioned .  An a n a l y s i s  o f  b a c t e r i a l -  

phosphorus  t r a n s f o r m a t i o n  shows t h a t  d u r i n g  t h e  summer, j u s t  

10-20 p e r c e n t  o f  t o t a l  phosphorus  t a k e n  up i s  used  by b a c t e r i a  

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

i s  e s p e c i a l l y  s i g n i f i c a n t - f o r  t h e  ma in tenance  o f  p h y t o p l a n k t o n  

p r o d u c t i o n  i n  summer and autumn, when DIP i n p u t  f rom t h e  w a t e r -  

shed  a r e a  i s  r e d u c e d  t o  15-25 p e r c e n t  o f  t h e  t o t a i .  Thus 

a l t h o u g h  t h e  model r e s u l t s  a s  a  whole c o n f i r m  a  c o n c l u s i o n  

o f  OlAh ( 1969a;  1974)  a b o u t  s l i g h t  s p a t i a i  d i f f e r e n c e s  o f  

b a c t e r i a l  numbers,  it a l s o  show q u a n t i t a t i v e l y  t h e  b a c t e r i a l  

f u n c t i o n a l  d i f f e r e n c e s  i n  phosphorus  t r a n s £  e r  m o t i o n  i n  d i f  - 
f e r e n t  Lake B a l a t o n  b a s i n s .  

6 .4 .  P h y t o p l a n k t o n  Phosphorus  T r a n s f o r m a t i o n  

One o f  t h e  key f a c t o r s  o f  water body e u t r o p h i c a t i o n  i s  t h e  

dynamics o f  p h y t o p l a n k t o n  w i t h  r e l a t i o n  t o  p r o c e s s e s  o f  phos- 

phorus  t r a n s f o r m a t i o n , i n  t i m e  and s p a c e .  P h y t o p l a n t k o n  g rowth  

i n  water i s  c o n t r o l l e d  by t h e  combined i n f l u e n c e  o f  t e m p e r a t u r e ,  

l i g h t  and n u t r i t i o n .  Only t h r o u g h  a q u a n t i t a t i v e  estimate o f  

a l l  t h e  p r o c e s s e s  d e f i n i n g  p h y t o p l a n k t o n  me tabo l i sm and  c o n t r o l  

o f  i t s  growth  i s  it p o s s i b l e  t o  a s s e s s  a n d  p r e d i c t  t h e  l a k e  

s y s t e m ' s  r e s p o n s e s  t o  a wide  r a n g e  o f  s t a t e  v a r i a b l e  c h a n g e s  i n  

c o n c e n t r a t i o n .  Some q u a n t i t a t i v e  a s s e s s m e n t s  o f  p h y t o p l a n k t o n  

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

t h i s  r e p o r t .  T a b l e  1 9  c o n s i s t s  o f  q u a n t i t a t i v e  d a t a  on  t h e  main 

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

These d a t a  are t h e  r e s u l t s  o f  s p e c i a l  c a l c u l a t i o n s  b a s e d  on t h e  

s i m u l a t i o n  r e s u l t s  p r e s e n t e d  i n  F i g u r e s  20-23. 



About 25 p e r c e n t  o f  t h e  phosphorus  t a k e n  up i s  e x c r e t e d  by 

p h y t o p l a n k t o n  a s  DOP. A s i g n i f i c a n t  p a r t  o f  DOP i s  produced  by 

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

formed by p h y t o p l a n k t o n  i s  a b o u t  67-85 p e r c e n t  o f  t h e  t o t a l  u p t a k e  

o f  phosphorus  i n  p h y t o p l a n k t o n  me tabo l i sm.  T h i s  q u o t a  i s  s m a l l e s t  

i n  summer, when t h e  n u t r i e n t  l e v e l  l i m i t s  phy . top lank ton  growth t o  

a  g r e a t  e x t e n t .  F e a t u r e s  i n  t h e  b e h a v i o r  o f  p h y t o p l a n k t o n  i n  t h e  

l a k e ' s  e c o s y s t e m  f o r  t h e  g i v e n  s e t  o f  e n v i r o n m e n t a l  c o n d i t i o n s  

o f  1977, may b e  s t u d i e d  and  u n d e r s t o o d  i n  d e t a i l  w i t h  t h e  h e l p  o f  

g r a p h s  showing t h e  dynamics o f  p h y t o p l a n k t o n  n e t  p r o d u c t i o n  rates 

( F i g u r e  2 6 ) ,  and  v a l u e s  o f  p h y t o p l a n k t o n  a c t i v i t i e s  i n  phosphorus  

t r a n f o r m a t i o n  ( T a b l e  1 9 )  . 
The i n t e n s i v e  g rowth  o f  p h y t o p l a n k t o n  i n  B a s i n  I a t  t h e  end  

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

l e v e l s .  Only a  l o w  c o n c e n t r a t i o n  o f  DIP c a n . e x p l a i n  t h e  a b s e n c e  

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

t h e  o t h e r  b a s i n s .  F a v o r a b l e  c o n d i t i o n s  f o r  p h y t o p l a n k t o n  growth  

a r e  o b s e r v e d  i n  a l l  b a s i n s  f rom mid-March till t h e  b e g i n n i n g  

o f  A p r i l .  

S p r i n g  peaks  o f  p h y t e p l a n k t o n  n e t  p r o d u c t i o n  rates  a r e  a b o u t  

2  pg Chl  "aW/R-day f o r  B a s i n s  1-11 and 1  pg Chl  "aW/R-day f o r  

B a s i n s  1 1 1 - I V .  Amounts o f  D I P t a k e n  up by p h y t o p l a n k t o n  i n  s p r i n g  

bloom, are  e s t i m a t e d  t o  b e  0 .13 ,  0 .08,  0 .038 ,  and  0.036 mg P/R f o r  

B a s i n s  I ,  11, 111, a n d  I V ,  r e s p e c t i v e l y .  

A f t e r  t h e  s p r i n g  peak  o f  p h y t o p l a n k t o n ,  growth  is  l i m i t e d  

by DIP c o n t e n t  i n  A p r i l  and  a t  t h e  b e g i n n i n g  o f  May i n a l l  t h e  b a s i n s .  

F o r  t h i s  p e r i o d ,  t h e  p h y t o p l a n k t o n  DIP u p t a k e  i s  s m a l l e r  t h a n  i t s  

m o r t a l i t y  and  m e t a b o l i c  e x c r e t i o n  losses, t h e  p h y t o p l a n k t o n  

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

i s  n e g a t i v e .  

To a p p r o x i m a t e l y  mid-May, p h y t o p l a n k t o n  growth  i n c r e a s e s  

due  t o  DIP i n p u t  by b a c t e r i a l  r e g e n e r a t i o n .  I n  summer, 

u p t a k e  o f  DIP by p h y t o p l a n k t o n  is most  e s s e n t i a l  i n  compar ison  

w i t h  DIP u p t a k e  i n  o t h e r  s e a s o n s .  I t  i s  e s t i m a t e d  t o  b e  0 .237 ,  

0 .111 ,  0 .049,  and  0.04 mg P/R f o r  f o u r  b a s i n s  f rom K e s z t h e l y  t o  

~ i b f o k ,  r e s p e c t i v e l y ,  a l t h o u g h  t h e  DIP c o n t e n t  i n  t h e s e  b a s i n s  a r e  

a l m o s t  s i m i l a r ,  a b o u t  0.004-0.006 mg P/R. T h i s  is  a  r e s u l t  o f  

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

c y c l i n g  i n  t h e  w a t e r .  The d a t a  p r e s e n t e d  i n  p r e v i o u s  s e c t i o n s  of 
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Figure 26. Dynamics of phytoplankton net production in different basins of Lake Balaton, 1977. 



Table 1 9 .  The i n f l u e n c e  o f  phy top lank ton  i n  phosphorus t r a n s -  
fo rmat ion  p r o c e s s e s  i n  Lake Ba la ton  b a s i n s ,  1977 
(mg P/R). 

Bas in  

I 

I1 

I11 

IV 

Season 

S p r i n g  

Summer 

Autumn 

Annual 

S p r i n g  

Summer 

Autumn 

Annual 

S p r i n g  

Summer 

Autumn 

Annual 

S p r i n g  

Surnme r 

Autumn 

Annual 

DIP 
u p t a k e  

.I344 

.2370 

.I735 

.6223 

.0829 

. 1107 

.0708 

.2822 

,0376 

.0490 

.0337 

.I307 

.0358 

.0403 

,0261 

.I089 

DOP 
e x c r e t i o n  

.9339 

.0608 

, .0442 

.1583 

.0209 

.0280 

.0177 

.0710 

.0094 

.C123 

.0083 

.0326 

.0089 

.0100 

.0064 

.0271 

D e t r i t a l  
f o r m a t i o n  

- 

.I134 

.IS98 

.I319 

.4509 

.0616 

.0760 

.0599 

.2109 

.0295 

.0342 

.0282 

.0997 

.0273 

.0275 

.0223 

.0818 



t h i s  r e p o r t  make it p o s s i b l e  t o  estimate t h e  e f f i c i e n c y  of  i n d i v i -  

d u a l  p r o c e s s e s  i n  phosphorus  c y c l i n g ,  i n  c o n n e c t i o n  w i t h  phyto-  

p l a n k t o n  d p a m i r s  and n u t r i e n t  l e v e l s  f o r  d i f f e r e n t  b a s i n s .  These 

d a t a  t a k e  i n t o  a c c o u n t  t h e  combined e f f e c t  o f  e x t e r n a l  phosphorus  

s o u r c e s  and  i n t e r n a l  p r o c e s s e s  o f  phosphorus  t r a n s f o r m a t i o n .  

An a n a l y s i s  o f  s i m u l a t i o n  r e s u l t s  show t h a t  a l t h o u g h  t h e  
b a c t e r i a l  e x c r e t i o n  o f  DIP i n  May-June i s  e f f e c t i v e ,  t h e  n u t r i e n t  

l e v e l  i s  n o t  enough f o r  m a i n t a i n i n g  a c t i v e  p h y t o p l a n k t o n  growth  
unde r  f a v o r a b l e  p h y s i c a l  c o n d i t i o n s t i n  a l l  b a s i n s ,  and  i n  ~ u l y ,  

t h e  a c t i v e  growth  p h a s e  c h a n g e s  t o  a  n e g a t i v e  g rowth  p h a s e .  

I n  mid-August,  t h e r e  i s  a s i g n i f i c a n t  i n c r e a s e  i n  p h y t o p l a n k t o n  

growth  as a  r e s u l t  o f  t h e  complex e f f e c t  o f  b a c t e r i a l  DIP r e g e n e r a -  

t i o n ,  DIP i n p u t s  f rom w a t e r s h e d  a r e a s  t h a t  may i n c i u d e  a l l  p o s s i -  

b l e  s o u r c e s  ment ioned  p r e v i o u s l y ,  and f a v o r a b l e  p h y s i c a l  

c o n d i t i o n s .  T h i s  r e l a t i v e l y  s h o r t  phase  o f  a c t i v e  p h y t o p l a n k t o n  

growth  i s  c o n t i n u e d  till t h e  b e g i n n i n g  o f  Sep tember ,  when phyto-  

p l a n k t o n  growth  becomes l i m i t e d  by t h e  DIP c o n t e n t .  I n  t h e  n e x t  few 

months,  p h y t o p l a n k t o n  g rowth  i s  r e g u l a t e d  m a i n l y  by t e m p e r a t u r e  

and l i g h t  c o n d i t i o n s .  

I n  a q u a n t i t a t i v e  s e n s e ,  t h e  e f f e c t  o f  p h y t o p l a n k t o n  i n  

phosphorus  c y c l i n g  i s  v e r y  s i g n i f i c a n t ,  e s p e c i a l l y  i n  B a s i n  I .  

S u f f i c e  it t o  s a y  t h a t  t h e  a n n u a l  u p t a k e  o f  DIP by p h y t o p l a n k t o n  

e s t i m a t e d  t o  b e  0.622 mg P/R i n  K e s z t h e l y  Bay, i s  a b o u t  63 p e r c e n t  

o f  t h e  t o t a l  phosphorus  i n p u t  from t h e  w a t e r s h e d  a r e a f i n  B a s i n  I .  

7 .  INTERNAL PHOSPHORUS CYCLING 

A u s e f u l  way o f  a s s e s s i n g  t h e  l a k e ' s  e c o s y s t e m  b e h a v i o u r ,  

i s  t o  e s t i m a t e  t h e  amounts o f  phosphorus  s t o r e d  i n  v a r i o u s  com-  

pounds and  i n d i v i d u a l  f l u x e s  o f  phosphorus  be tween t h e  d i f f e r e n t  

compar tments ,  c h e m i c a l  a s  w e l l  a s  b i o l o g i c a l .  I t  is  assumed t o  

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

phosphorus  c y c l i n g  and  s o u r c e s  o f  phosphorus  i n  t h e  l a k e ' s  eco- 

s y s t e m  a r e  w e l l  known i n  p r i n c i p l e ,  however ,  t h e  q u a n t i t a t i v e  

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

p h i c a t i o n  i n  Lake B a l a t o n  i s  l a c k i n g .  S p e c i a l  c a l c u l a t i o n s  b a s e d  

on s i m u l a t i o n  r e s u l t s  have  been  m a d e l t o  compare t h e  a n n u a l  

amounts of  phosphorus  t r a n s f e r  by t h e  v a r i o u s  t r a n s f o r m a t i o n  

pathways c o n s i d e r e d  i n  t h e  g i v e n  model.  R e s u l t s  o f  t h e s e  c a l c u -  

l a t i o n s  a r e  summarized i n  F i g u r e  2 7 .  





With t h e  h e l p  of  t h e s e  d a t a ,  we can  e s t i m a t e  t h e  phosphorus 

annua l  budget  of Lake B a i a t o n  f o r  t h e  e n v i r o m ~ e n t a l  c o n d i t i o n s  of  

1977. Taking i n t o  acccunx t h e  hypo theses  a b o u t  t h e  phy top lank ton  

development ,  e x t e r n a i  phosphorus l o a d i n g  and s e d i m e n t a t i o n ,  and 

a l s o  t h e  complex e f f e c t s  of  t h e  main a b i o t i c  f a c t o r s  such  a s  

t e m p e r a t u r e ,  r a d i a t i o n ,  w a t e r  b a l a n c e ,  l o a d i n g  of  t h e  River  Za la ,  

phosphorus t r a n s f o r m a t i o n s ,  and t h e  f a c t  t h a t  t h e  model o u t p u t  

s a t i s f a c t o r i l y  t a l l i e s  w i t h  observed d a t a ,  it i s  p o s s i b l e  t o  

s a y  t h a t  t h e  e s t i m a t e d  phosphorus budget  f o r  Lake B a l a t o n  i n  

1977, a l t h o u g h  b e i n g  t e n t a t i v e ,  i s  based o n  a n  a c t u a l  se t  o f  

measurements.  The r e s u l t s  o f  a n a l y s i s  show t h a t  i n  1977, o n l y  

2-13 p e r c e n t  of  t h e  t o t a l  phosphorus l o a d  i n  t h e  b a s i n s  was 

r e t a i n e d  i n  t h e  w a t e r  and r e c y c l e d  by b iochemica l  t r a n s f o r -  

ma t ion  p r o c e s s e s ;  75-83 p e r c e n t  of  t h e  t o t a l  phosphorus s e t t l e d ,  

and 9-23 p e r c e n t  was t r a n s f e r r e d  by w a t e r  f l o w  from one  b a s i n  

t o  a n o t h e r .  

The phosphorus i n  t h e  w a t e r  i s  r e c y c l e d  r e p e a t e d l y .  The 

movement o f  phosphorus compounds i n  w a t e r  may b e  c o n s i d e r e d  a s  

b iogeochemical  c y c l e ~ ~ d e t e r m i n e d  by t h e  a c t i v i t y  o f  microorganisms 

and phys ica l -chemica l  r e a c t i o n s .  I n  t h i s  way, a c y c l e  may be  

d e s c r i b e d  i n  t e rms  of  compound p o o l s  t h a t  i n c l u d e  some q u o t a s  

of  m a t t e r  i n  s o l u b l e  form, o r g a n i c a l l y  bound i n  l i v i n g  and non- 

l i v i n g  p a r t i c u l a t e  m a t t e r .  An e s t i m a t e  can  b e  made o f  t h e  r a t e  

of phosphorus r e c y l i n g  and s izes  o f  d i f f e r e n t  phosphorus 

p o o l s ;  t h i s  can b e  used f o r  d e f i n i n g  t h e  f e a t u r e s  o f  w a t e r  

ecosys tem behav iour .  I n  t h i s  c a s e ,  v e r y  i m p o r t a n t  i n f o r m a t i o n  

may be o b t a i n e d  w i t h  t h e  h e l p  of  f low r a t e s  between d i f f e r e n t  

p001srOr a c t u a l  c o n t r i b u t i o n s  of  v a r i o u s  p r o c e s s e s  t o  t h e  t o t a l  

b a l a n c e  of  m a t t e r  i n  t h e  ecosys tem s t u d i e d .  The r e s u l t s  of  

s p e c i a l  c a l c u l a t i o n s  of a n n u a l  phosphorus movements p r e s e n t e d  

i n  F i g u r e  27, a l l o w  u s  t o  o b t a i n  q u a n t i t a t i v e  i n f o r m a t i o n  concern-  

i n g  t h e  c o n t r i b u t i o n s  of  t h e  key p r o c e s s e s  i n  phosphorus  c y c l i n g ,  

namely t h e  decompos i t ion  o f  o r g a n i c  phosphorus and t h e  f o r m a t i o n  

o f  m i n e r a l  phosphorus i n  t h e  t o t a l  b a l a n c e  o f  phosphorus i n  t h e  

l a k e .  These p r o c e s s e s  p r o v i d e  f a v o r a b l e  c o n d i t i o n s  f o r  t h e  

growth o f  microorganisms,owing t o  t h e  c o n t i n u e d  r e c y c l i n g  o f  i n o r -  

g a n i c  compounds and decomposi t ion  o f  o r g a n i c  s u b s t a n c e s .  



A b e t t e r  u n d e r s t a n d i n g  o f  t h e  sys tem f u n c t i o n s  i n  phosphorus 

r e c y c l i n g  may be  o b t a i n e d  th rough  a n  a n a l y s i s  of  t u r n o v e r  t i m e s  

o f  t h i s  e l ement  and i ts  i n d i v i d u a l  f r a c t i o n s  (Pomeroy 1 9 7 4 ) .  The 

mode l ' s  o u t p u t  a l l o w s  us  t o  c a l c u l a t e  t h e  v a l u e s  o f  t u r n o v e r  t imes  

f o r  phosphorus compounds, u s i n g  t h e  q u a n t i t i e s  of  phosphorus i n  

t h e  model compartments ,  i .e .  phosphorus p o o l s ,  and t h e  r a t e s  of  

f l u x  between them. Thus, t h e  mean annua l  t u r n o v e r  t i m e s  o f  a l l  

t h e  phosphorus compartments w e r e  o b t a i n e d  f o r  each  bas in , ,by  d i v i d -  

i n g  t h e  phosphorus p o o l  s i z e s  ave raged  f o r  one  y e a r , b y  t h e  r a t e  

o f  phosphorus f l u x  th rough  t h e  p o o l s ,  f o r  t h e  same p e r i o d  o f  t i m e .  

F lux  r a t e ,  i n  t h i s  c a s e ,  was d e f i n e d  a s  t h e  a v e r a g e  of  t h e  i n p u t  

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

t h e  t u r n o v e r  t i m e s  o f  phosphorus f r a c t i o n s  and t o t a l  phosphorus ,  

o b t a i n e d  w i t h  t h e  a i d  o f  t h e  model p r e s e n t e d  i n  t h i s  r e p o r t ,  a r e  

summarized i n  T a b l e  20. Although t h e  mean a n n u a l  t u r n o v e r  t i m e s  

of phosphorus f r a c t i o n s  a r e  n o t  g r e a t l y  d i f f e r e n t ,  a  v a r i a n c e  may 

be obse rved .  Turnover t i m e  a s  a  whole f o r  phosphorus f r a c t i o n s ,  

r ange  from 1  day t o  15 days .  The phosphorus  p o o l  t u r n o v e r  i n  t h e  

b a c t e r i a ' s  biomass is  approx imate ly  1  day i n  a l l  t h e  b a s i n s .  The 

phy top lank ton  phosphorus biomass t u r n o v e r  i s  somewhat s lower--  

a b o u t  5-8.5 d a y s .  Thus, t h e  g i v e n  model i s  c o n s i s t e n t  w i t h  one  

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

c r e a s e s ,  t h e  h i g h e r  t h e  p o s i t i o n  of t h e  germs i n  t h e  t r o p h i c  

s t r u c t u r e  (Odum 1967! . 
Disso lved  i n o r g a n i c  phosphorus h a s  a  t u r n o v e r  t i m e  o f  5-11 

days.  T h i s  a s sessment  of  t u r n o v e r  t i m e  f o r  DIP o b t a i n e d  f o r  t h e  

Lake Ba la ton  ecosys tem by t h e  p r e s e n t  model, i s  i n  accordance  

w i t h  t h e  measured t u r n o v e r  t i m e  of  5-10 days  f o r  phospha tes  i n  

o t h e r  l a k e s  a s  w e l l  (Golterman 19751. The o r thophospha te -  

phosphorus turr iover  t i m e  i s  8  d a y s  i n  t h e  l a k e  a s  

a  whole. Th i s  h a s  been c o r r o b o r a t e d  by Olah e t  a l .  ( 1 9 7 7 ) .  The 

t u r n o v e r  t i m e  f o r  DOP i s  p r a c t i c a l l y  t h e  same f o r  t h e  v a r i o u s  

b a s i n s  c o n s i d e r e d  by t h e  model and is  e q u a l  t o  5-6 d a y s .  It  i s  

found t h a t  d i f f e r e n c e s  between t h e  mean a n n u a l  t u r n o v e r  t i m e s  of  

n o n l i v i n g  p a r t i c u l a t e  phosphorus i n  a l l  b a s i n s  w i t h i n  Lake Ba la ton  

a p p e a r  t o  be g r e a t e r  t h a n  t u r n o v e r  t i m e s  of o t h e r  phosphorus 

f r a c t i o n s  (Tab le  2 0 ) .  These d i f f e r e n c e s  i n  t u r n o v e r  t i m e s  o f  



Tab le  20. Comparison o f  mean a n n u a l  t u r n o v e r  t i m e s  ( i n  d a y s )  f o r  
phosphorus  f r a c t i o n s  i n  Lake B a l a t o n  b a s i n s  ( a n a l y s i s  
o f  s i m u l a t i o n  r e s u l t s  f o r  e n v i r o n m e n t a l  c o n d i t i o n s  o f  
1 9 7 7 ) .  

n o n l i v i n g  p a r t i c u l a t e - P  i n  v a r i o u s  b a s i n s ,  show t h e  s i g n i f i c a n t  

r o l e  p l a y e d  by suspended  matter i n  phosphorus  t r a n s f o r m a t i o n s  i n  

t h e  l a k e .  I n  K e s z t h e l y  Bay, t h i s  phosphorus  f r a c t i o n  h a s  a t u r n -  

o v e r  t i m e  o f  0.6  d a y ,  w h i l e  i n  o t h e r  b a s i n ~ ~ t u r n o v e r  t i m e  o f  non- 

l i v i n g  p a r t i c u l a t e - P  i s  a l m o s t  t e n  t i m e s  h i g h e r ,  and it i s  

e s t i m a t e d  t o  b e  e q u a l  t o  7.4-15.4 d a y s .  I t  i s  p o s s i b l e  t o  e x p l a i n  

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

l a t e  phosphorus  i n  Lake B a l a t o n  b a s i n s  by  t h e  f a c t  t h a t  a l l  p ro-  

cesses c o n n e c t e d  w i t h  t h i s  f r a c t i o n  are  much f a s t e r  i n  K e s z t h e l y  

Bay t h a n  i n  o t h e r  b a s i n s .  I t  mus t  b e  n o t e d  t h a t  t h e  v a l u e  o f  

t u r n o v e r  t i m e  f o r  n o n l i v i n g  p a r t i c u l a t e - ?  o b t a i n e d  f o r  F a s i n s  1 1 - I V  

i s  i n  g e n e r a l  ag reemen t  w i t h  t h e  a v e r a g e  t u r n o v e r  t i m e  f o r  l a b i l e  

d e t r i t u s - - 1 - 2  weeks (Watson and Loucks 1 9 7 9  j . The t o t a l  phos- 

phorus  t u r n o v e r  t i m e  i n  Lake B a l a t o n  is  a p p r o x i m a t e l y  0.5-2 months 

o n  a n  a v e r a g e .  An a s s e s s m e n t  o f  t u r n o v e r  t i m e s  f o r  t o t a l  P sug-  

g e s t  t h a t  phosphorus  is  r e t a i n e d  and r e c y c l e d  t o  a d i f f e r e n t  ex- 

t e n t  i n  t h e  v a r i o u s  b a s i n s .  I n  K e s z t h e l y  Bay, t h e  t u r n o v e r  t i m e  

o f  t o t a l  phosphorus  is  s h o r t e s t - - a b o u t  0.5 month, i n  t h e  S z i g l i g e t  

b a s i n  it i s  e q u a l  t o  a b o u t  1 month, and i n  B a s i n  1 1 1 - I V  t h e  t u r n -  

o v e r  t i m e  o f  t o t a l  whoswhorus i s  e s t i m a t e d  t o  b e  e q u a l  t o  a b o u t  

2 months.  

Range 

5 - 1 1 . 4  

4 . 8 -  6.2 

0.6-15.4 

5 . 0 -  8 . 5  

0 . 8 -  1 . 2  

12  - 58 

- ~ i 6 f o k  
B a s i n  

10 .1  

4.8 

10 .7  

7 .6  

1 . 2  

55  

Szernes 
B a s i n  

11.4  

6.2 

15 .4  

8 .5  

0 .9  

58  

S z i g l i g e t  . 

B a s i n  

6 .5  

5.6 

7.4 

6 .0  

0.8 

3 5  

Phosphorus 
f r a c t i o n  

DIP 

DOP 

N o n l i v i n g  p a r t i -  

c u l a t e - P  

Phytoplankton-P  

B a c t e r i a l - P  

T o t a l  P  

K e s z t h e l y  
Bay 

5.0 

6.0 

0 .6  

5 .0  

0 .9  

1 2  



8 .  CONCLUSIONS AND RECOMMENDATIONS 

The a p p l i c a t i o n  o f  ma themat ica l  models i n  l i m n o l o g i c a l  

r e s e a r c h  opens up t h e  p o s s i b i l i t y  o f  s t u d y i n g  and p r e d i c t i n g  eco: 

sys tem f u n c t i o n s  and changes i n  e u t r o p h i c a t i o n , a s  a  r e s u l t  o f  

t h e  combined e f f e c t  o f  a b i o t i c ,  b i o t i c ,  and p a r t i c u l a r l y  an th ro -  

pogen ic  i n f l ~ e r ~ c e s .  Many i m p o r t a n t  q u a n t i t a t i v e  c h a r a c t e r i s t i c s  

d e s c r i b i n g  t h e  w a t e r  ecosys tem behav io r  t h a t  c a n n o t  be o b t a i n e d  

d i r e c t l y  from c o n c e n t r a t i o n  v a l u e s  of  chemica l  and b i o l o g i c a l  com- 

pounds p r e s e n t  i n  t h e  w a t e r ,  may be  e a s i l y  e s t i m a t e d  by e c o l o g i c a l  

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

T h i s  r e p o r t  d e s c r i b e s  t h e  mathemat ica l  model o f  biogeochem- 

i c a l  phosphorus c y c l i n g  i n  w a t e r .  I t  was a p p l i e d  f o r  t h e  

a n a l y s i s  of phosphorus t r a n s f o r m a t i o n  p r o c e s s e s , i n  c o n j u n c t i o n  w i t h  

phy top lank ton  dynamics and e u t r o p h i c a t i o n  phenomena a s  a  whole i n  

Lake B a l a t o n ' s  ecosystem. The main purpose  o f  t h i s  s t u d y  was t o  

u s e  t h i s  model f o r  s i m u l a t i o n  of t h e  s e a s o n a l  dynamics of  compounds 

and phy top lank ton ,based  on a  r e a l  se t  of  measurements of  w a t e r  

t e m p e r a t u r e ,  r a d i a t i o n ,  phosphorus l o a d s  and w a t e r  b a l a n c e .  The 

s p e c i f i c  o b j e c t i v e s  of t h e  g iven  s t u d y  a r e  t o  i n c r e a s e  the under- 

s t a n d i n g  o f  t h e  dynamic behav iour  of  Lake Ba la ton  a s  an  e c o l o g i c a l  

sys tem.  A d a t a  se t  f o r  1 9 7 7  was used  a t  t h i s  s t a g e  of  t h e  s t u d y .  

I t  a p p e a r s  r e a s o n a b l e  t o  c l a i m  t h a t  t h e  model o u t p u t  f o r t 5 e  f o u r  

b a s i n s  of Lake Ba la ton  i s  q u i t e  s a t i s f a c t o r y  f o r  a l l  phosphorus 

f r a c t i o n s  c o n s i d e r e d  i n  t h e  model and f o r  p h y t o p l a n k t o n ,  when t h e  

h y p o t h e s i s  f o r  t h r e e  s e a s o n a l  g roups  was used.  

I n  o r d e r  t o  a n a l y z e  t h e  s i m u l a t i o n  r e s u l t s  from t h e  p o i n t  o f  

view of  phosphorus c o n t r o l ,  s p e c i a l  c a l c u l a t i o n s  o f  phos@ilorus 

f lows  were made f o r  a l l  phosphorus-dependent  a c t i v i t i e s  and s o u r c e s .  

I n  t h i s  c a s e ,  t h e  model g i v e s  a  c o n s i d e r a b l e  d e g r e e  o f  i n s i g h t  

i n t o  t h e  b e h a v i o r  o f  t h e  Lake Ba la ton  ecosys tem and ,  i n  

p a r t i c u l a r ,  phosphorus t r a n s f o r m a t i o n  p r o c e s s e s ,  which form t h e  

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

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

l a k e .  Es t ima ted  phosphorus mass f lows  q u a n t i t a t i v e l y  e x p l a i n  t h e  

impor tance  of  i n d i v i d u a l  p r o c e s s e s  i n  t o t a l  phosphorus c y c l i n g ,  

on t h e  b a s i s  o f  obse rved  d a t a ,  w h i l e  c a l c u l a t e d  r a t e s  of  b a c t e r i a l  

and phy top lank ton  n e t  p r o d u c t i o n  i n d i c a t e  a  d i r e c t  r e sponse  o f  



microorganisms on t h e  c o n t e n t  o f  n u t r i e n t s  i n  t h e  w a t e r .  These 

e s t i m a t i o n s  may be used  f o r  a q u a n t i t a t i v e  e x p l a n a t i o n  o f  change- 

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

f o u r  b a s i n s  o f  t h e  l a k e .  They may a l s o  be  c o n s i d e r e d  q u i t e  impor- 

t a n t  f o r  t h e  f o r m u l a t i o n  o f  management a l t e r n a t i v e s  i n  t h e  f u t u r e .  

A d e t a i l e d  a n a l y s i s  o f  phosphorus compounds and p h y t o p l a n k t o n  

dynamics i n d i c a t e  t h a t  t h e  s p r i n g  peak o f  p h y t o p l a n k t o n  biomass 

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

a t u r e  and n u t r i e n t s  accumula ted  i n  w a t e r  d u r i n g  w i n t e r ,  b u t  a l s o  

by a d d i t i o n a l  e x t e r n a l  i n p u t s  o f  n u t r i e n t s .  I t  is  e s t i m a t e d  t h a t  

t h e  mid-summer minimum o f  p h y t o p l a n k t o n  is  due c o m p l e t e l y  t o  t h e  

s c a r c i t y  of  DIP. The f a l l  peak o f  p h y t o p l a n k t o n  is  a  complex 

i n t e r a c t i o n  o f  n u t r i e n t s  r e g e n e r a t i o n  by b a c t e r i a  and e x t e r n a l  

n u t r i e n t  i n p u t s .  These p r o c e s s e s  are more e s s e n t i a l  i n  B a s i n s  

1-11. 

On t h e  b a s i s  o f  model r e s u l t s ,  p o o l  s i z e s ,  f l u x  r a t e s  and 

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

c o n s i d e r e d  i n  t h e  model. R e s u l t s  i n d i c a t e  t h a t  t h e  r a n g e  o f  t u r n -  

o v e r  t i m e s  o f  phosphorus  compounds i s  a b o u t  1  day t o  1 5  d a y s .  

Turnover  t i m e s  o f  t o t a l  phosphorus  i s  s h o r t e s t  i n  B a s i n  I and it 

i s  e q u a l  t o  a b o u t  2  weeks, w h i l e  i n  o t h e r  Lake B a l a t o n  b a s i n s  

t o t a l  phosphorus  t u r n o v e r  t i m e  is  1-2 months.  

The p r imary  emphas is  i n  t h i s  r e p o r t  i s  on t h e  s c i e n t i f i c  

a n a l y s i s  and v a l i d i t y  o f  t h e  phosphorus  model i n t e n d e d  f o r  

Lake B a l a t o n  ecosys tem s t u d i e s .  I t  i s  recommended t h a t  t h i s  

model be used  t o  a n a l y z e  phosphorus compounds and p h y t o p l a n k t o n  

dynamics f o r  o t h e r  y e a r s ,  f o r  i n s t a n c e ,  1976 and 1978,  and t o  

apply .  t h e  v a l u e s  o f  r a te  c o n s t a n t s f s o  as  t o  g i v e  a s a t i s f a c t o r y  

d e s c r i p t i o n  o f  ecosys tem b e h a v i o r  i n  1977. T h i s  work p r o v i d e s  

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

t h e  r e s p o n s e  o f  Lake B a l a t o n ' s  ecosys tem t o  t h e  d i f f e r e n t  e n v i r o n -  

men ta l  c o n d i t i o n s  and e x t e r n a l  l o a d s .  

A p p l i c a t i o n  o f  t h e  g i v e n  model t o  a n a l y z e  oxygen dynamics 

i n  t h e  w a t e r  and phosphorus dynamics i n  s e d i m e n t  r e q u i r e s  t h e  

d a t a  f o r  v e r i f i c a t i o n  of  model c o n s t a n t s  on t h e  b a s i s  o f  compar- 

i s o n  of  model o u t p u t  w i t h  a  r e a l  se t  o f  measurements .  



It is now obvious that for application of this model for predic- 

tion purposes, the description of the sedimentation process must 

be improved. One possibility is to construct a submodel of 

sedimentation,where the sedimentation rate will be estimated on 

the basis of wind data. It must be noted also that at the current 

stage of the Lake Balaton ecosystem study, the hydrodynamics of 

Lake Balaton were given in the ecological model in the simplest 

way possible. Results of the first model calculations make it 

possible to suggest that a more complete description of eutro- 

phication phenomena in Lake Balaton must include better estima- 

tions of hydrodynamic effects upon biological and chemical 

processes in the water, and especially the influences of wind- 

induced circulation on inter-basin exchange processes and wind- 

induced resuspension, of sediments. 
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