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PREFACE 

One o f  t h e  p r i n c i p a l  themes o f  t h e  Task on Environmental  Qua l i t y  
Con t ro l  and Management i n  IIASA's Resources and Environment Area .is a 
c a s e  s tudy of e u t r o p h i c a t i o n  management f o r  Lake Ba la ton ,  Hungary. The 
c a s e  s tudy  is a c o l l a b o r a t i v e  p r o j e c t  i nvo lv ing  a number o f  s c i e n t i s t s  
'from s e v e r a l  Hungarian i n s t i t u t i o n s  and I I A S A .  Th is  paper ,  o r i g i n a l l y  
p repared f o r  t h e  Second ISEM Conference on t h e  Sta te-o f - the-Ar t  i n  
Eco log ica l  Model l ing (L iege,  Belgium, A p r i l ,  1980) ,  is  a f u r t h e r  
c o n t r i b u t i o n  t o  t h e  Lake Ba la ton c a s e  s tudy.  I t  d e s c r i b e s  a mathe- 
ma t i ca l  model o f  phosphorus t rans fo rmat ion  p rocesses  and phytop lankton 
growth i n  t h e  lake .  A s  such,  t h e  model p resen ted  he re  i s  one o f  t h r e e  
models c u r r e n t l y  be ing  developed f o r  t h e  a n a l y s i s  o f  d a t a  c h a r a c t e r i z i n g  
r e c e n t  v a r i a t i o n s  o f  wa te r  q u a l i t y  w i t h i n  t h e  l ake .  R e s u l t s  a r e  re- 
por ted  f o r  a comparison o f  t h e  performance o f  t h e  model w i t h  obse rva t i ons  
recorded f o r  1977. 



SUMMARY 

A mathematical model o f  phosphorus t rans fo rmat ions  has been app l i ed  
t o  a  r e a l  set of  p h y s i c a l ,  b i o i o g i c a l ,  chemical obse rya t i on  d a t a  i n  Lake 
Balaton.  The model i nc l udes  d i s s o l v e d  oxygen and f i v e  phosphorus forms 
i n  wa te r  environments: phytoplankton phosphorus, b a c t e r i a l  phosphorus,  
d i sso l ved  ino rgan ic  phosphorus, d i sso l ved  o rgan i c  phosphorus,  and un l i v -  
ing  p a r t i c u l a t e  phosphorus, and a l s o  t h r e e  phosphorus forms i n  i n t e r -  
s t i t i a l  water :  i no rgan i c ,  o rgan i c ,  and p a r t i c u l a t e  phosphorus f r a c t i o n s .  

The purpose o f  t h i s  r e p o r t  was t o  p r e s e n t  t h e  b e s t  p o s s i b l e  Ca l i -  
b r a t i o n  between e x i s t i n g  obse rva t i on  d a t a  from 1977  and model ou tpu t .  
Th is  is one of t h e  impor tant  s t e p s  t h a t  must be performed be fo re  app l i -  
c a t i o n  of t h e  model f o r  p r e d i c t i o n  and management purposes.  

Hypothesis about  t h r e e  popu la t ions  of phytoplankton g i v e  a  model 
ou tpu t  t h a t  agreed reasonab ly  w e l l  wi th  t h e  obse rva t i on  d a t a  f o r  t o t a l  
P ,  d i sso l ved  P ,  d i sso l ved  o rgan i c  and ino rgan ic  phosphorus,  p a r t i c u l a t e  
o rgan i c  phosphorus, and phytoplankton ch lo rophy l l  "a"  i n  a l l  bas ins  
s imul taneous ly .  Th is  p rov ides  i n d i r e c t  ev idences t h a t  t h e  model cons i -  
dered is  a reasonable  r e p r e s e n t a t i o n  of a  complex e c o l o g i c a l  p rocess  
i n  phosphorus t rans fo rmat ion  and phytoplankton dynamics i n  Lake Bala- 
ton.  



SIMULATION AND ANALYSIS OF PHOSPHORUS 
TRANSFORMATION AND PHYTOPLANKTON DYNA- 
MICS I N  RELATION TO THE EUTROPHICATION 
OF LAKE BALATON 

A.V. Leonov 

BACKGROVND 

Lake Ba la ton  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  i s  

s i t u a t e d  i n  t h e  w e s t  p a r t  o f  Hungary. S u r f a c e  a r e a  o f  t h e  l a k e  i s  
2 

abou t  600  km . The l a k e  i s  75 km l o n g  and 8 km wide. The a v e r a g e  

d e p t h  i s  a b o u t  3 m. and o n l y  i n  a  s m a l l  p o r t i o n  o f  t h e  l a k e ,  d i v i -  

ded by t h e  p e n i n s u l a  of Tihany ,  t h e  d e p t h s  o f  t h e  l a k e  r e a c h  1 1 -  

1 2  m. Lake Ba la ton  r e c e i v e s  d r a i n a g e  from a  ca tchment  a r e a  a lmos t  t e n  

t i m e s  b i g g e r  t h a n  t h e  w a t e r  body i t s e l f ,  i. e .  , 5,775 '  km2 (van  S t r a t e n ,  

e t .  a l . ,  1979 ) .  

The r i v e r  Zala i s  t h e  ma jor  t r i b u t a r y  t o  Lake B a l a t o n  and e n t e r s  

t h e  w a t e r  body a t  i t s  s o u t h w e s t e r n  p a r t .  I t  r e c e i v e s  ma in l y  a g r i c u l -  

t u r a l  r u n o f f  and some domes t i c  and i n d u s t r i a l  d i s p o s a l s  from a  t o t a l  
2 

ca tchment  a r e a  o f  t h e  r i v e r  Za la  wa te rshed ,  2 ,622 km . S i g n i f i c a n t  



n u t r i e n t  l oad ing  t o  Lake Ba la ton r e s u l t s  from t h e  Zala River  c o n t r i -  

bu t i ons  because t h i s  r i v e r  g i v e s  about  50-755 o f  t h e  t o t a l  in f low 

(Csak i  e t .  a l . ,  1978; van S t r a t e n ,  et .  a l . ,  1979) . Other  important  

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 ts  c e n t r a l  p a r t .  The wa te r  out f low o f  

Lake Balaton is  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 

of t h e  l ake .  

Lake Ba la ton i s  a t y p i c a l  example o f  a wa te r  body w i t h  changeable 

eu t r oph 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 .  The eut roph ica-  

t i o n  o f  Lake Ba la ton i s  a t t r i b u t e d  t o  phosphorus and i n  a sma l le r  de- 

g r e e  t o  n i t r ogen  l oad ings  o f  t h e  Zala R iver  wa te r  f low d i scha rge .  The 

Zala River  e n t e r s  Lake Ba la ton  i n  t h e  sha l low Kesz the ly  Bay and t h e  

e f f e c t  o f  t h e  r i v e r  is  f e l t  n o t  on ly  w i t h i n  t h e  bay i t s e l f ,  bu t  a l s o  

i n  t h e  n e x t  b a s i n  o f  Lake Ba la ton,  i .e . ,  S z i g l i g e t .  I n  t h e  l a s t  two 

b a s i n s ,  Szemes and S i6 fok ,  t h e  e f f e c t  o f  t h e  Za la  R iver  may be con- 

s i de red  q u i t e  low. The r e s u l t a n t  s i t u a t i o n  i s  t h e  dec reas ing  eu t ro -  

ph ic  c o n d i t i o n s  from southwestern  t o  n o r t h e a s t e r n  ends o f  t h e  lake .  

During t h e  l a s t  y e a r s ,  t h e  water  body e u t r o p h i c a t i o n  a s  an a c t u a l  

l imno log ica l  problem became a s u b j e c t  o f  many s p e c i a l  s t u d i e s  wi th t h e  

h e l p  o f  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 o f  t h e s e  s t u d i e s  t o  q u a n t i f y  impac ts  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 ogen i c  e lement  ba lances  i n  v a r i -  

ous  water  bod ies .  

The s p e c i a l  p r o j e c t  named "The Lake Ba la ton  Case Study" was i n i -  

t i a t e d  a t  t h e  I n t e r n a t i o n a l  I n s t i t u t e  f o r  App l ied  Systems Ana lys is  i n  

1978. The gene ra l  o b j e c t i v e s  o f  t h e  p r o j e c t  a r e  development and app l i -  

c a t i o n  o f  improved e c o l o g i c a l  models w i th  s p e c i a l  r e f e r e n c e  t o  under- 

s tand ing  and management o f  eu t r oph i ca t i on  p r o c e s s e s  i n  Lake Balaton.  

A t  t h e  f i r s t  s t e p  o f  s t udy  the  main a t t e n t i o n  w a s  g iven t o  t h e  con- 

s t r u c t i o n  o f  phosphorus models s i n c e  phosphorus i s  a key e lement  o f  

Lake Ba la ton e u t r o p h i c a t i o n .  

Comparat ively s imple  phosphorus models used f o r  t h e  s t udy  of 

eu t r oph i ca t i on  t a k e  i n t o  account  a l i m i t e d  number o f  phosphorus forms,  

usua 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 sso l ved  phosphorus. Models w i th  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 tudy ing less e u t r o p h i c  water  when sed i -  

ments 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 uence  on phosphorus cyc l i ng  i n  

wa te r  environment (Lung, e t  . a l . ,  1 976) . 



However, a much b e t t e r  unders tand ing of t h e  r e l a t i o n s h i p  between 

phosphorus i n p u t  t o  a l a k e  and phosphorus t r ans fo rma t i on  p rocesses  i n  

t h e  aqua t i c -eco log i ca l  system may be  a t t a i n e d  w i th  t h e  h e l p  of models 

c o n s t r u c t e d  on t h e  b a s i s  of s y n t h e s i s  of b i o l o q i c a l  and chemica l  mo- 

d e l s .  T h i s  t y p e  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 .  Using t h i s  t ype  o f  model it i s  p o s s i b l e  t o  ex- 

p l a i n  t h e  dynamics o f  phosphorus i n  microorganism ce l ls  and concen- 

t r a t i o n  changes o f  each o f  t h e  chemical  forms of phosphorus p r e s e n t  

i n  t h e  wa te r  and a l s o  t h e  r a t e s  o f  phosphorus in te rchange  between 

v a r i o u s  forms i nc l ud i ng  b i o l o g i c a l  and chemical .  Th i s  t y p e  o f  model 

is ve ry  u s e f u l  f o r  s t udy i ng  complex p rocesses  i n  con junc t i on  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 s  from sediment  t o  ove r l y i ng  

wa te r ,  phosphorus load ing  from a watershed,  phosphorus r egene ra t i on  

by microorganisms and o t h e r s .  An impor tnat  s t a g e  i n  unders tand ing  

t h e  wa te r  body e u t r o p h i c a t i o n  i s  t o  q u a n t i f y  t h e  r a t e s  o f  t h e s e  pro- 

cesses and e s t a b l i s h  i n t e r a c t i o n  which p l ays  a s i g n i f i c a n t  r o l e  i n  

phosphorus t r ans fo rma t i ons .  I t  is  a complex problem s e t t i n g  which t h e  

model desc r i bed  i n  t h i s  r e p o r t  i s  s p e c i f i c a l l y  addressed .  

DESCRIPTION 

The phosphorus t r ans fo rma t i on  p rocesses  t h a t  deve lop i n  wa te r  

envi ronments depend on t h e  i n t e r a c t i o n s  between b i o l o g i c a l  arid chemi- 

c a l  phosphorus compounds. These i n t e r a c t i o n s  determine t h e  t r a n s p o r t  

o f  phosphorus from one form t o  ano ther  and, i n  o n e ' s  t u r n ,  t hey  a r e  

d e f i n e d  by k i n e t i c s  o f  growth,  m o r t a l i t y  and t o t a l  metabol ism o f  micro- 

organ isms and n u t r i e n t  r e c y c l i n g  a s  a whole. 

The s t r u c t u r e  o f  t h e  phosphorus t rans fo rmat ion  and oxygen cyc l e  

node l  i s  shown i n  F igu re  1 .  The nex t  model compartments con3i2ezed f o r  

a water  environment a r e  d i s s o l v e d  i no raan i c  phosnhorus (DIP) , d i sso l ved  

o r g a n i c  phosphorus (DOP), phy top lankton phosphorus ( F ) ,  b a c t e r i a l  phos- 

phorus ( B ) ,  non l i v ing  p a r t i c u l a t e  phosphorus ( P D ) ,  and d i s s o l v e d  oxygen 

( 02 ) .  t iecause t h e  sediment-water  i n t e r a c t i o n s  a r e  a ve r y  impor tan t  

f a c t o r  i n  t h e  aquasystem of  Lake Ba la ton t h a t  r e g u l a t e  t h e  n u t r i e n t  

c o n t e n t  and enr ichment  o f  wa te r  body by DIP, t h e  model i n c l u d e s  phos- 

phorus forms i n  sediment ,  namely d i s so l ved  i no rgan i c  phosphorus (D IPs) ,  

d i s s o l v e d  o rgan i c  phosphorus (DOPs), and non l i v ing  p a r t i c u l a t e  phos- 

phorus (PDs) i n  i n t e r s t i t i a l  wa te r  sediment.  

Phytoplankton growth k i n e t i c s  i s  a f unc t i on  o f  water  tempera tu re ,  

i n c i d e n t  s o l a r  r a d i a t i o n ,  and n u t r i e n t  concen t ra t i on ,  s p e c i f i c a l l y  D I P .  

B a c t e r i a l  growth k i n e t i c s  i s  a f unc t i on  o f  water  tempera tu re  and DOP 



Figure 1. Diagram o f  compartments o f  phosphorus t ransformat ion and oxygen cyc le  model. 
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c o n c e n t r a t i o n .  These mic roorgan isms a l s o  u p t a k e  oxygen i n  r e s p i r a t i o n  

p r o c e s s e s .  The n u t r i e n t s  which a r e  r e s u l t s  o f  m ic roorgan ism a c t i v i t y ,  

r e c y c l e  f rom u n l i v i n g  p a r t i c u l a t e  and s o l u b l e  o r g a n i c  phosphorus forms 

t o  i n o r g a n i c  phosphorus .  The k i n e t i c s  o f  r e c y c l e  p r o c e s s e s  a r e  temper- 

a t u r e  dependen t .  The model t a k e s  i n t o  a c c o u n t  t h e  i n p u t s  o f  phosphorus 

forms from wa te rshed  a r e a s  and t h e  l o s s  o f  u n l i v i n g  p a r t i c u l a t e  phos- 

phorus  by s e d i m e n t a t i o n .  The d i s s o l v e d  oxygen i s  t h e  r e s u l t  o f  phyto- 

p l a n k t o n  p r o d u c t i o n  and r e a e r a t i o n  t h a t  i s  c o n s i d e r e d  t o  b e  a  tempera- 

t u re -dependen t  p r o c e s s .  

The model is  c o n s t r u c t e d  on t h e  basis of mass c o n s e r v a t i o n  p r i n c i -  

?les f o r  each  model compartments which are g i v e n  by h set o f  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 .  A l l  mass b a l a n c e  e q u a t i o n s  o f  t h e  

model c o n s i d e r e d  are p r e s e n t e d  i n  T a b l e  1.  

Magni tudes o f  t h e  ra te  c o n s t a n t s  f o r  t h e  k i n e t i c  terms i n  t h e  

mass b a l a n c e  e q u a t i o n s  are o b t a i n e d  by c a l i b r a t i o n  o f  t h e  model u s i n g  

a  set  o f  d a t a  o b s e r v a t i o n s  which i n c l u d e :  t o t a l  phosphorus ,  t o t a l  

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

phosphorus ,  and phy top lank ton  ch lo rophy l lna" .  C o n c e n t r a t i o n  o f  o t h e r  

phosphorus compounds i m p o r t a n t  i n  t h e  s t u d y  and s i m u l a t i o n  o f  phos- 

phorus  t r a n s f o r m a t i o n s  were  r e c e i v e d  from t h e s e  measured phosphorus 

q u a n t i t i e s  by d i f f e r e n c e  c a l c u l a t i o n s .  These a r e  d i s s o l v e d  o r g a n i c  

phosphorus ,  p a r t i c u l a t e  phophorus,  and p a r t i c u l a t e  o r g a n i c  phosphorus.  

I n  t h e  f i r s t  i n s t a n c e  o f  model a p p l i c a t i o n  t h e  r a t e  c o n s t a n t s  were cho- 

s e n  s o  t h a t  t h e  model c a n  rep roduce  t h e  obse rved  b e h a v i o r  o f  phosphorus 

compounds and phy top lank ton  i n  t h e  most p o l l u t e d  a r e a  o f  Lake Ba la ton  

i n  1977 (Leonov, 1 9 8 0 a ) .  I t  was a  p r e l i m i n a r y  tes t  o f  a  phosphorus 

model. I n  t h i s  r e p o r t  r e s u l t s  o f  model a p p l i c a t i o n  f o r  s imu l taneous  

model ing phosphorus  t r a n s f o r m a t i o n  i n  d i f f e r e n t  b a s i n s  o f  Lake Ba la ton  

i n  1977 a r e  p r e s e n t e d .  

SEGMENTATION OF LAKE BALATON 

The phosphorus model b u i l t  f o r  Laks B a l a t o n  i s  a p p l i e d  i n  s imul -  
t a n e o u s  s i m u l a t i o n  o f  phosphorus compounds and phy top lank ton  d y n u . l c s  

i n  v a r i o u s  b a s i n s  o f  t h e  w a t e r  body. S u b d i v i s i o n  o f  Lake Ba la ton  ba- 

s i n s  i s  shown i n  F i g u r e  2.  The s t r u c t u r e  r e f l e c t s  t h e  f o u r  cha rac -  

ter is t ic  b a s i n s  i n  t h e  l a k e :  I - Kesz the l y  Bay, I1 - S z i g l i g e t  B a s i n ,  
I I I  - Szemes a a s i n ,  and I V  - Sid fok  a a s i n .  

Each b a s i n  w i t h i n  t h e  l a k e  i s  reproduced i n  t h e  model a s  a  com- 

p l e t e l y  mixed sys tem s i m i l a r  s t i r r e d  t a n k  r e a c t o r .  Because t h e - l a k e  











Constiuent Symbol Equations 

Temperature reduction 
factor for bacterial %b 
uptake rate 
(undimens ional) 

Decompostion rate of 
nonliving particulate-P K 3  
to DOP 
(day-l) 

Reaeration rate 
(day-l) 

Saturation oxygen s t  

level (mg 02/1) O2 

Oxidation rate of s 
to DOPs (day-') 3  'DS 

Ws = 0.45 \ W 
S for winter-spring for summer 

Tcr = 11'5Dc phytoplankton Tcr phytoplankton 

T 
opt 

= 8.5 '~  , group T 
opt 

0.022 ( e  0.21T - 
R~~ = 0.2 + 

0.21T for autumn phytoplankton 
1 + 0.028 e group . 

where 

T is water temperature in OC. 
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F i g u r e  2. S u b d i v i s i o n  o f  Lake Ba la ton  by b a s i n s  (a )  and schemat ic  
p r e s e n t a t i o n  f o r  c a l c u l a t i n g  t h e  c o n c e n t r a t i o n  d i s t r i -  
b u t i o n s  : 

j  is  number o f  b a s i n s  , 

V .  i s  volume o f  each  b a s i n  , 
3 

Q i n  and P o u t j  are c h a r a c t e r i s t i c s  o f  n e t  w a t e r  a d v e c t i v e  
j  

t r a n s p o r t  , and 

C i  is  c o n c e n t r a t i o n  o f  s p e c i f i c  c o n s t i t u e n t s .  

i n p u t  o f  Ci by wa te r  f low ; 

i n p u t  o f  Ci by p r e c i p a t i o n  ; 

i n p u t  o f  Ci from o t h e r  s o u r c e s  (e.?. ,  water -  
shed  r u n o f f )  ; 

o u t p u t  o f  Ci by wa te r  f l ow  ; 

o u t p u t  o f  PD by s e d i m e n t a t i o n .  



i s  s h a l l o w  c o n c e n t r a t i o n s  of a l l  compounds ment ioned above a r e  c o n s i -  

d e r e d  a s  ave rage  f o r  a  wa te r  volume o f  each  b a s i n  a s  a  whole.  I t  was 

assumed t h a t  t r a n s p o r t  o f  a l l  compounds i n  t h e  space  between each b a s i n  

t a k e s  p l a c e  by means o f  a d v e c t i v e  t r a n s p o r t .  E f f e c t  o f  mix ing between 

a d j a c e n t  b a s i n s  i s  i gno red  i n  t h e  g i v e n  modei. 

DATA AND FORCING FUNCTIONS 

S i n c e  t h e  e c o l o g i c a l  system under  c o n s i d e r a t i o n  i n c l u d e s  p h y s i c a l ,  

c h e m i c a l ,  and b i o l o g i c a l  p r o c e s s e s  t h e  i n t e r a c t i o n s  between them a r e  

e x t r e m e i y  impor tan t .  D e t a i l e d  a n a l y s i s  o f  a l l  Lake B a l a t o n  obse rva -  

t i o n  d a t a  a v a i l a b l e  a t  IIASA were p r e s e n t e d  by van S t r a t e n  e t .  a l .  

( 1 3 7 9 ) .  These d a t a  i n c l u d e  n o t  o n l y  phosphorus measurements 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  b u t  a l s o :  ( 1 )  d a i l y  magn i tudes  o f  t e m -  

p e r a t u r e  and l i g h t  i n t e n s i t y ;  ( 2 )  weekly  measurements o f  d i s s o l v e d  

i n o r g a n i c  and p a r t i c u l a t e  phosphorous f r a c t i o n s  and phy top lank ton  

c h i o r o p h y l l - a  i n  t h e  Za la  R iver  w a t e r  d i s c h a r g e d  i n  Lake Ba la ton ;  

( 3 )  w a t e r  b a l a n c e  d a t a  t h a t  i n c l u d e  weekly  measurements o f  d i s c h a r g e  

f l ow  r a t e s  o f  t h e  Za la  R i v e r ,  and month ly  c a l c u l a t e d  v a l u e s  o f  f l ow  

i n p u t - o u t p u t  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 .  

B e f o r e  model a p p l i c a t i o n ,  v a r i o u s  q u a n t i t i e s  known a s  f o r c i n g  

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

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

by van S t r a t e n  e t .  a l .  (1979) .  Magnitudes o f  a l l  r a t e  c o n s t a n t s  i n  

mass b a l a n c e  e q u a t i o n s  a r e  p r e s e n t e d  i n  a s p e c i a l  r e p o r t  t h a t  gener -  

a l i z e s  t h e  r e s u l t s  o f  t h e  s t u d y  o f  phosphorus t r a n s f o r m a t i o n  i n  Lake 

B a l a t o n  f o r  1977 (Leonov, 1 9 8 0 t ) .  

MODELING RESULTS OF PHOSPHORUS 
TRANSFORMATION 

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  

model e q u a t i o n s  w i t h  a  c o n s t a n t  t ime  s t e p  e q u a l  t o  0 .1  day .  The 

oxygen c y c l e  i n  t h e  wa te r  env i ronment  and phosphorus  t r a n s f o r m a t i o n  

i n  sed iment  were n o t  cons ide red  a t  t h i s  s t e p  o f  t h e  s t u d y  because  

t h e  i n f o r m a t i o n  a b o u t  t h z s e  p r o c e s s e s  is n o t  s u f f i c i e n t  f o r  model ing.  

S i n u l a t i o n  r e s u l t s  o f  phosphorus t r a n s f o r m a t i o n  i n  w a t e r  env i ron -  

ment f o r  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 r e  p r e s e n t e d  i n  F i g u r e s  

3-6. A l l  measurements 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  s i m u l a t i o n  r e s u l t s .  These model o u t p u t s  a r e  o n l y  an  

a t t e m p t  t o  d e s c r i b e  an  e x i s t i n g  s e t  o f  obse rved  d a t a  f o r  1977. A t  



t h e  p resent  s tudy s t e p  t h e  model is not intended t o  be used f o r  pre- 

d i c t i v e  purposes. 

For ob ta in ing  model ou tpu ts  f o r  chlorophyl l "an,  t h e  phytoplankton 

biomasses were converted from phosphorus u n i t s  t o  chiorophyl1"a" 

c e n t r a t i o n s  wi th t h e  he lp  of a simple r a t i o :  

Pre l iminary  s imulat ion r e s u l t s  f o r  phytoplankton chlorophyl1"a" 

dynamics i n  Keszthely Bay (Basin I) showed t h a t  t h e  model ou tpu t  was 

almost 2-2.5 time h igher  than t h e  da ta  dur ing summer months (Leonov, 

1980a) .  Th is  problem has been e l iminated i n  t h e  p resen t  work by using 

t h e  hypothes is  of t h r e e  phytoplankton groups cha rac te r i zed  f o r  winter-  

sp r ing ,  summer, and autumn per iods  (Herodek, 1979).  These phytoplank- 

ton groups have va r i ous  temperature dependencies. Summer phytoplank- 

ton populat ion a l s o  have h igher  n u t r i e n t  requirements than winter-  

sp r ing  and autumn phytopiankton groups. I n  t h i s  c a s e ,  t h e  ca l cu la ted  

concent ra t ions  of  phosphorus compounds and phytoplankton chlorophyl1"a" 

agree reasonably wi th  d a t a  of measurements cons ider ing t h e  p rec i s i on  

of t h e  chemical and b i o l o g i c a l  a n a l y t i c a l  techniques.  Also i n  t h e  

model t h e  e f f e c t  of wind on t h e  Lake Balaton ecosystem behavior i s  not 

taken i n t o  account and i n  t he  per iods  of s t rong  storms, when concen- 

t r a t i o n s  of p a r t i c u l a t e  inorganic  phosphorus ( t h i s  p h o s ~ h a r u s  f r a c t i o n  

i s  not  taken i n t o  cons idera t ion  by t h e  modei) ,  i n  t h e  water environ- 

ment can inc rease  2-3 t imes t h e r e  a r e  d i f f e rences  between model out-  

put  and da ta .  However, t h e  genera l  pa t te rn  of observa t ions  i n  a l l  

bas ins  of Lake Balaton a r e  reproduced by model. 

In accordance wi th  t he  genera l  eu t roph ica t ion  research  of t h e  

Lake Ealaton P ro jec t ,  it is i n t e r e s t i n g  a t  t h i s  s t e p  of study t o  

examine And compare t h e  r o l e  of d i f f e r e n t  eco log ica l  processes i n  

phosphorus t ransformat ion f o r  var ious  b a s i n s w i t h i n  Lake Balaton.  The 

s imulat ion r e s u l t s  presented i n  Figures 3-6 were used t o  a s s e s s  t h e  

con t r i bu t i ons  of main eco log ica l  processes considered by t h e  model 

i n  phosphorus t ransformat ions and i ts  s e ~ s o r i a l  c y c l i n g .  The d a t a  

of these  c a l c u l a t i o n s  a r e  shown i n  Table 2 .  The da ta  provide 

a pre l iminary  b a s i s  f o r  es t imat ing  and understanding t h e  r o l e  and t h e  

e f f i c i e n c y  of e x t e r n a l  P-loading and i n t e r n a l  phosphorus transforma- 

t i o n  processes i n  a genera i  d i r e c t i o n  of eu t roph ica t ion  changes i n  

ind iv idua l  bas ins  of Lake Balaton.  



F i g u r e  3. Comparison between model o u t p u t  ( c u r v e s )  and f i e l d  
d a t a  ( p o i n t s ) .  Lake B a l a t o n ,  Kesz the l y  Bay, 1 9 7 7 .  

I .  t o t a l  phosphorus  ( 0 1  

2 .  d i s s o l v e d  phosphorus ( a )  

3 .  DOP (0)  

4 .  DIP (a :  

5. p a r t i c u l a t e  o r g a n i c  phospharus  

6. phy top lank ton  c h l o r o p h y l l  " a "  



Figure 4. Comparison between model output (curves) and field 
data (points). Sake Balaton, Szigliget Basin, 1977. 

1 .  total phosphorus (01 

2. dissolved phosphorus (a) 

3. DOP (01 

4. DIP (a) 

5. particulate organic phosphorus 

6. phytoplankton chlorophyll "an 



ing P/1 

Figure 5. Comparison between model- output (curves) and field 
data (points). Lake Balaton, Szemes Basin, 1977. 

3 .  total phosphorus (01 

2. dissolved phosphorus (el 

3. DOP (01 

4. DIP (el 

5. particulate organic phosphorus 

6. phytoplankton chlorophyll "a" 



days 

F igure  6. Comparison between model ou tpu t  ( kurves)  and f i e l d  
d a t a  ( p o i n t s ) .  Lake  slato on; S ib fo l k  Bas in ,  1977.  

I .  t o t a l  phosphorus (0)  

2 .  d i s s o l v e d  phosphorus ( m )  

3 .  DOP (0)  

4 .  DIP ( m )  

5. p a r t i c u l a t e  o rgan i c  phosphorus 

6.  phytoplankton ch lo rophy l l  " a n  



ÿ able 2. C o n t r i b u t i o n s  o f  d i f f e r e n t  e c o l o g i c a l  p r o c e s s e s  i n  m a t e r i a l  phospho rus  f l o w ,  (mg P/1) 
f o r  Lake A a l a t o n  b a s i n s ,  1 9 7 7 . ( * d e n o t e s  i n f l o w  f rom Za la  river t o  K e s z t h e l y  Bay) 

P r o c e s s  

Bas  1 n s 
S e a s o n s  

S p r i n g  

Summer 

Autumn 

Annual  

P r o c e s s  

B a s i n s  
S e a s o n s  

S p r i n g  

Summer 

Autumn 

Annual  

P r o c e s s  

B a s i n s  
S e a s o n s  

S p r i n g  

Summer 

Autumn 

Annual  

P r o c e s s  

b a s i n s  
S e a s o n s  

S p r i n g  

Summer 

Water  t r a n s f e r  o f  PD Water t r a n s f e r  o f  DIP 

I *  

.2303 

-0224 

.0356 

.5590 

I *  

. I 079  

.0927 

.0856 

-3880  

I11 

.0056 

-0012  

-0035  

.01.45 

I1  

.0069 

.0015 

.0026 

-0196  

IV  

.0016 

.0003 

.0014 

.0048 

Water t r a n s f e r  o f  DOP 

P h y t o p l a n k t o n  m o r t a l i t y  

TI 

.(I019 

.0009 

.0005 

.0087 

I *  

.0000 

.0000 

.0000 

.0000 

Water t r a n s f e r  o f  F a n d B  

I  

. I 134  

. I 5 9 8  

. I 319  

.4509 

B a c t e r i a l  m o r t a l i t y  

111 

.0014 

.0003 

,0001  

.0033 

I * 
.0214 

.0043 

,0035  

.0431 

I1 

.0049 

.0037 

.0020 

.0124 

I  I  

.0616 

.0760 

.0599 

-2109 

IV 

.0008 

.0001  

, 0001  

,0022  

I1 

.0029 

-0030  

.0021 

.0105 

-- 
I11 

.0020 

-0019 

.0014 

-0067 

I  

.0087 

. I 3 4 0  

.0898 

.2383 

PD d e c o m p o s i t i o n  t o  DOP 

DIP u p t a k e  by phy to -  
p l a n k t o n  

IV 

,0009 

.0005  

.0006 

.0028 

DOP u p t a k e  by 

I11  

.0040 

.0024 

.0017 

,0097 

I  I  

.0096 

. I 290  

.0881 

.2327 

I  I  I  

.0076 

.0596 

.0503 

. I 214  

I  I  I  

.0295 

.0342 

.0282 

b a c t e r i a  

IV  

-0014 

.0004 

-9004 

.0032 

IV  

- 0 0 6 1  

.0472 

.0368 

.0929 

I v 

.0273 

.0275 

.0223 

I  

.0543 

.1733 

.0794 

, 3075  

I  

. I 344  

.2370 

. I 736  

.6223 

DOP e x c r e t i o n  b y  phy to -  
p l a n k t o n  

. 0997 ( . 0818  

I11 

.0146 

.0746 

,0547  

. I 4 6 2  

I  I  

. 0371  

. I 7 1 8  

.0942 

.3034 

I  I  

.(I829 

. I 1 0 8  

.0708 

.2822 

I11 

.0376 

.0490 
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. I 307  

IV 

.0120 

,0609 

.0373 

. I 104  

I  V 

.0358 

.0403  

.0261  

. l o 8 9  

DIP e x c r e t i o n  b y  
b a c t e r i a  

I 
I  

-0339 

.(I608 

.0442 

. I 5 8 3  

PD input from other sources 
( e  .R. watershed runoff) 

I  

.0270 

.2402 

. I 344  

.4084 

I  

.0106 

-0938  

.0515 

. I 5 8 4  

I11  

.0094 

-0123  

.0083 

, 0325  
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,0209 

.0280 

-0177 
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L 
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I  I 
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DIP input from other sources 
( e . g .  watershed runoff) 

I  
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I 
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.0178 
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S e d i m e n t a t i o n  o f  PD 
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.0484 
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I1 

.0190 
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I11 
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.0030 

.1941)  ,1487 
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.0270 
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IV 
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.0030 

I 

.0150 

.0550 

DOP i n p u t  by  p r e c i p i -  
t a t i o n  

I11 

. C O B 1  

.0367 

.0266 

.0732 

I  

.2652 

. I479  

. I 6 0 3  

.8422 
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-0069 

.0290 

.0187 

.0558 

I  I  

,0580 

.0349 
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.2347 

I11 

, 0348  

.0163 
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.0052 
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I11 

.0022 

.0035 
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IV 
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I  I  

.0041 
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I11 
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The a n a l y s i s  o f  c o n d i t i o n s  f o r  phy top lank ton  growth i n  Lake Bala-  

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

t o g e t h e r  w i t h  m a t e r i a l  phosphorus  f l ows  d a t a ,  g i v e s  comprehensive i n -  

f o r m a t i o n  conce rn ing  t h e  p o s s i b l e  water q u a l i t y  changes  o f  t h e  l a k e  

i n  s p a t i a l  and  t ime a s p e c t s .  The dynamics o f  n e t  phy top lank ton  

p r d u c t i o n ,  c a l c u l a t e d  i n  ugChl"am/ l -day,  i n  v a r i o u s  b a s i n s  o f  

Lake B a l a t o n  is  shown i n  F i g u r e  7.  These c a l c u l a t i o n s  summarize t h e  

b a s i c  assumpt ion  and h y p o t h e s i s  conce rn ing  t h e  phy top lank ton  dynamics 

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

B a l a t o n  ecosys tem 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  1977. 

DISCUSSION 

S i n c e  t h e  model p e r m i t s  t h e  computa t ions  o f  t h e  dynamic b e h a v i o r  

o f  phosphorus  compounds and phy top lank ton  and also estimates o f  t h e  

material  phosphorus f l o w s  i n  t h e  Lake Ba la ton  e c o s y s t a ,  some remarks 

may b e  a r r i v e d  by a n a l y s i s  o f  t h e s e  s i m u l a t i o n  r e s u l t s .  

1 .  The main p r o c e s s  i n  t o t a l  P- loading are water t r a n s p o r t ,  

p r e c i p i t a t i o n ,  and P- inpu t  f rom e x t e r n a l  s o u r c e s .  A n a l y s i s  o f  simu- 

l a t i o n  r e s u l t s  show t h a t  d u r i n g  January -Ap r i l ,  1977, t h e  l a r g e s t  

p a r t  o f  phosphorus ,  e . g . ,  55-785 t r a n s p o r t s  by water f l o w  from t h e  

Za la  R i v e r  a r e  i n  p a r t i c u l a t e  form. The ro le  o f  DIP i n  P- load ing  o f  

t h e  Z a l a  R i v e r  wa te r  f l ow  becomes s i g n i f i c a n t  from May, 1977, and 

from t h e  May-December p e r i o d  i t s  q u o t a  is  52-862. 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  t h e  Z a l a  R iver  wa te r  f l ow  compr i ses  of  

56.5% and 39.25, r e s p e c t i v e l y ,  o f  t h e  t o t a i  P- input ,  w h i i e  t h e  annua l  

i n p u t s  o f  phy top lank ton-  and b a c t e r i a l - p h o s p h o r u s  a r e  e s t i m a t e d  t o  b e  

e q u a l  t o  4.2% and 0.1L, r e s p e c t i v e l y .  The Za la  R ive r  w a t e r  f l o w  

c o n t r i b u t e s  a n n u a l l y  6 8 5  o f  t h e  t o t a l  P - i npu t ,  w h i l e  p r e c i p i t a t i o n  

and P- inpu t  f rom o t h e r  s o u r c e s  g i v e  j u s t  415 and 8% o f  t o t a l  P - i npu t ,  

r e s p e c t i v e l y .  

The ro le  o f  t h e  Zala R i v e r  water f low is v e r y  i m p o r t a n t  i n  P- 

l o a d i n g s  o f  Bas in  I ,  b e c a u s e  t h e  annua l  P- inpu t  from t h e  Za la  R ive r  i n  

i 977  w a s  e s t i m a t e d  a t  0.99 mg P/1, t h e n  a n n u a l l y  f o r  o t h e r  b a s i n s  t h e  

wa te r  f l o w  i n  t h e  l a k e  t r a n s f e r s  j u s t  0.05-0.013 mg P / l ,  i .e .  14-25s 

o f  t o t a l  P- load ings  o f  b a s i n s .  Approx imate ly  t h e  same &mounts o f  P I  

i .e . ,  11-28% o f  t o t a l  P- load ing ,  are prov ided  by p r e c i p i t a t i o n  i n  

B a s i n s  1 1 - I V .  The P- lnput  f rom e x t e r n a l  s o u r c e s  o f  t h e  wa te rshed  a r e a  

is  t h e  main P- load ing  i n  B a s i n s  1 1 - I V ,  which g i v e s  54-725 o f  t h e  t o t a l  

e x t e r n a l  P- inpu t  i n t o  Lake B a l a t o n .  
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Figure 7. Dynamics of  phytoplankton net production in different 
basins o f  Lake Balaton, 1977. 
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2. The p a r t i c u l a t e  o rgan i c  phcsphorus i n  Lake Ba la ton i s  com- 

posed of t h r e e  main compounds, namely phytop lankton,  b a c t e r i a ,  and 

un l i v i ng  p a r t i c u l a t e  phosphorus,  a s  taken i n t o  account  by t h e  model. 

The s imu la t ion  r e s u l t s  show t h a t  t h e  t o t a l  amount o f  p a r t i c u l a t e  o r -  

gan ic  phosphorus i n  Lake Ba la ton bas ins  were va r i ed  t h ree - f i ve fo l d  

i n  concen t ra t i ons  i n  1977. The l i v i n g  p a r t  o f  p a r t i c u l a t e  phosphorus 

compr ises an average  o f  20-405 o f  t h e  t o t a l  and t h i s  p o r t i o n  i nc reases  

up t o  60-701 i n  p e r i o d s  o f  a c t i v e  growth o f  phytoplankton and b a c t e r i a .  

The p ropor t ion  o f  phytop lankton phosphorus t o  b a c t e r i a l  phosphorus i n  

t h e  l i v i n g  p a r t  o f  p a r t i c u l a t e  ma t t e r  is  n o t  c o n s t a n t  du r i ng  t h e  year  

i n  Lake Ba la ton b a s i n s .  The phytoplankton phosphorus i s  dominated i n  

t h e  w in te r -sp r ing  months, c o n t r i b u t i n g  du r i ng  t h i s  pe r i od  88-955 of  

phosphorus i n  t h e  l i v i n g  p a r t  o f  p a r t i c u l a t e  matter. The r o l e  o f  bac- 

t e r i a  becomes e s s e n t i a l  i n  summer-autumn months, d u r i n g  t h i s  pe r iod  

t hey  comprise 40-605 o f  phosphorus i n  l i v i n g  matter. 

3. The major p ropo r t i on  o f  p a r t i c u l a t e  o r g a n i c  phosphorus i s  com- 

posed o f  u n l i v i n g  p a r t i c u l a t e  ma t t e r  o r  d e t r i t u s .  I t  compr ises 60-805 

o f  t h e  t o t a l  p a r t i c u l a t e  phosphorus most o f  t h e  year .  J u s t  i n  warm 

months when growth o f  microorganisms becomes a c t i v e ,  t h e  r o l e  o f  d e t r i -  

t u s  i n  prov id ing t h e  p a r t i c u l a t e  phosphorus poo l  dec reases  t o  30-405. 

4 .  I n  t o t a l  ba lance  o f  p a r t i c u l a t e  phosphorus t h e  r o l e  o f  i n t e r -  

n a l  p rocesses  i n  t h e  Lake Ba la ton ecosystem is  ext remely  impor tant .  

The phytoplankton and b a c t e r i a  m o r t a l i t i e s  a r e  cons idered  by t h e  model 

a s  t h e  main i n t e r n a l  sou rces  o f  p a r t i c u l a t e  ma t t e r .  Phytoplankton 

m o r t a l i t y  p rov ides  annua l l y  0.08-0.45 mg P/1 i n  p a r t i c u l a t e  P-pool 

i n  a l l  bas ins  t h a t  equa l  t o  36-405 of t h e  t o t a l  P- input .  The r o l e  of 

t h i s  p rocess  is e s p e c i a l l y  impor tant  i n  s p r i n g  months (Tab le  2 ) .  Bac- 

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

phrus i n  t h e  summer-autumn pe r i od ,  namely 35-625 o f  t h e  t o t a l  i n  v a r i -  

ous Lake Ba la ton bas ins .  

5. The d e t r i t u s  i s  decomposed t o  30P i n  t h e  phosphorus t r a n s f o r -  

mation p rocess  cons idered  by t h e  model. Q u a n t i t a t i v e  es t ima t i on  o f  

d e t r i t a l  phosphorus amounts decomposed t o  DOP i s  e s s e n t i a l  f o r  b e t t e r  

unders tand ing t h e  r o l e  of suspended o rgan i c  m a t t e r  i n  t rans fo rmat ion  

c y c l e s  o f  phosphorus i n  t h e  water  environment. The r o l e  of t h i s  pro- 

c e s s  i n  phosphorus t r ans fo rma t i on  i s  ext remely  sma l l  i n  t h e  January- 

A p r i l  pe r i od ,  when wa te r  tempera tu res  w e r e  low. The e f f e c t  o f  t h i s  

p rocess  may b e  cons idered  t o  be impor tant  i n  t h e  May-September per iod :  

about  0.05-0.06 mg P/1 i n  each month du r i ng  t h i s  pe r iod  has  been 



t r a n s f o r m e d  f rom d e t r i t u s  t o  DOP i n  B a s i n s  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  t o  t o t a l  P b a l a n c e  i n  B a s i n s  I11 and I V  a r e  0.01-0.04 mg 

P/1 f o r  t h e  same p e r i o d .  T o t a l  a n n u a 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  decompos i t i on  t o  DOP a r e  p r a c t i c a l l y  s i m i l a r  f o r  

Bas ins  I and I1 and e q u a l  t o  a b o u t  0 .3  mg P/1, w h i l e  f o r  B a s i n s  I11 

and I V  t h e y  a r e  a l m o s t  two t i m e s  l ower  ( T a b l e  2 ) .  

6 .  Among a l l  t r a n s f o r m a t i o n  p r o c e s s e s ,  s e d i m e n t a t i o n  i s  one  o f  

t h e  ma jo r  r e g u l a t o r s  o f  phosphorus  c o n t e n t  i n  t h e  w a t e r  env i ronmen t .  

The e s t i m a t i o n  o f  phosphorus losses i n  sed imen t  were r e c e i v e d  f o r  e a c h  

b a s i n  on a  month ly  and  s e a s o n a l  b a s i s .  They show t h a t  t h e  s i g n i f i c a n t  

p a r t  o f  phospho ras  i s  s e t t l e d  a n n u a l l y  i n  Bas in  I ,  w h i l e  t h e  t o t a l  

a n n u a l  P - l o s s e s  i n  B a s i n s  11, 111, and I V  a r e  3 . 6 ,  7.8,  and 10.8 

times lower t h a n  i n  Bas in  I. However, t h e  p e r c e n t a g e  o f  phosphorus  

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

f rom t o t a l  phosphorus  l o a d i n g  i n  a l l  b a s i n s .  These a r e  755 ,  7 8 % ,  795 ,  

and 8 3 %  f o r  B a s i n s  I - 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  o f  phosphorus  s e t t l e d  t o  sed imen t  i s  c h a n g e a b l e  

i n  v a r i o u s  s e a s o n s .  I n  w i n t e r  months a suspended m a t e r i a l  e n t e r i n g  

i n t o  Lake B a l a t o n  w i t h  r i v e r  i n f l o w s  i s  domina ted  i n  s e t t l e d  phospho rus ,  

w h i l e  i n  s p r i n g ,  summer, and autumn months t h e  d e t r i t u s  g e n e r a t e d  

by b iochemica l  p r o c e s s e s  i n  t h e  l a k e  i s  p r e v a i l e d  i n  t h e . p a r t i c u l a t e  

phosphorus  f r a c t i o n  s e t t l e d  t o  t h e  sed imen t .  

7. Mechanisms o f  phosphorus  c y c l i n g  i n  w a t e r  env i ronmen ts ,  i n  a  

l a r g e  d e g r e e ,  depend on  t h e  b a c t e r i a l  a c t i v i t y  s o  t h a t  any  q a 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 -  

ma t i on  p r o c e s s e s  i n  Lake B a 1 a t o n . i ~  d e s i r a b l e  a t  t h i s  s t e p  o f  s t u d y .  

I t  i s  e s p e c i a l l y  i n t e r e s t i n g  t o  know 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  

p r o c e s s  o f  DOF u p t a k e ,  DIP e x c r e t i o n ,  d e t r i t u s  f o r m a t i o n  and a l s o  t h e  

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

E s t i m a t e 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  t h e  r e l e a s e  o f  d i s s o l v e d  

phosphorus  a s  i n o r g a n i c  o r t h o p h o s p h a t e  i n  b a c t e r i a l  metabo l i sms i s  

e q u a l  t o  37-405 o f  t h e  t o t a l  phospho rus  u p t a k e  by b a c t e r i a  i n  a n  ob- 

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  i n  Lake B a l a t o n  b a s i n s .  N e t  bac-  

t e r i a l  p r o d u c t i o n  r a t e s  were found t o  v a r y  s e a s o n a l l y .  Dur ing J a n u a r y -  

A p r i l  a l l '  p r o c e s s e s  i n  b a c t e r i a l  me tabo l i sm were ba lanced  and t h e  n e t  

b a c t e r i a l  p r o d u c t i o n  r a t e  was 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  o f  

DOP b e g i n s  t o  b e  n o t i c e a b l e  a t  t h e  b e g i n n i n g  o f  May. To a p p r o x i m a t e l y  



t h e  e r ~ d  o f  Play t h e  n e t  b a c t e r i a l  p r o d u c t i o n  r a t e  r e a c h e s  maximum l e v e l  

due  t o  i n c r e a s i n g  water t e m p e r a t u r e .  These v a l u e s  a t  peak  a r e  e q u a l  

t o  a b o u t  1-2 ug P/1-day i n  v a r i o u s  b a s i n s  o f  Lake B a l a t o n .  

I n  t h e  Ju ly-September p e r i o d  t h e  b a c t e r i a l  e f f e c t  o n  phosphorus 

t r a n s f o r m a t i o n  i s  v e r y  e s s e n t i a l :  t h e  month ly  u p t a k e  - 0.07-0.08 

mg P/1 ( B a s i n s  1-11) and 0.03-0.04 rng P/1 ( B a s i n s  1 1 1 - I V )  o f  DOP, 

e x c r e t e  - 0.01-0.03 rng P/1 o f  DIP, and t h e y  form 0.02-0.05 mg ?/1 

a s  d e t r i t a l  phosphorus  i n  a l l  b a s i n s  w i t h i n  Lake B a l a t o n .  A n a l y s i s  

o f  m a t e r i a l  f l o w 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  show t h a t  

d u r i n g  t h e  summer mnths  j u s t  20-30X o f  up take  i n  phosphorus  is  used 

by b a c t e r i a  o n  t h e  b iomass  c o n s t r u c t i o n .  B a c t e r i a l  e x c r e t i o n  o f  DIP 

is a v e r y  i m p o r t a n t  s o u r c e  o f  phosphorus f o r  p h y t o p l a n k t o n  growth.  

The amount o f  DIP e x c r e t e d  b y  b a c t e r i a  i n  t h e  June-September p e r i o d  

in Keszthely Bay is -able w i t h  DIP i n p u t s  from e x t e r n a l  so i l r ces  . Annual 

i n p u t s  o f  DIP by b a c t e r i a l  e x c r e t i o n  i n  B a s i n s  1 1 - I V  are e s t i m a t e d  

t o  b e  e q u a l  t o  50-605 o f  t h e  t o ta l  DIP i n p u t s .  The r o l e  o f  t h i s  pro- 

cess 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  phy top lank ton  

p r o d u c t i o n  i n  t h e  summer-autumn mgnths when DIP i n p u t  f r om wa te rshed  

a r e a s  is  d e c r e a s e d  t o  15-255 o f  t h e  t o t a l .  

8 .  One o f  t h e  key f a c t s  o f  water body e u t r o p h i c a t i o n  is  c e r t a i n l y  

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  phosphorus 

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  a s p e c t s .  Phy top lank ton  growth  i n  wa- 

ter env i ronments  is  c o n t r o l l e d  by a 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  q u a n t i t a t i v e  e s t i m a t i o n s  o f  a l l  

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

g rowth  it is  p o s s i b l e  t o  assess and p r e d i c t  t h e  aqua sys tem r e s p o n s e s  

i n  a  w ide  r a n g e  o f  s ta te  v a r i a b l e  c o n c e n t r a t i o n  changes .  

A n a l y s i s  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  7)  and 

phosphorus  m a t e r i a l  f l o w s  ( T a b l e  2 )  a l l o w  us  t o  r e c e i v e  some impor- 

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  conce rn ing  the f e a t u r e s  i n  beha- 

v i o r  o f  t h e . L a k e  B a l a t o n  ecosys tem w i t h  t h e  g i v e n  set  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 .  

The i n t e n s i v e  g rowth  o f  phy top lank ton  i n  Keszthely Bay at  the erd of 

F e b r u a r y  w a s  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 e s p e c i a l l y  n u t r i -  

e n t s .  J u s t  low c o n c e n t r a t i o n s  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  i n -  

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

o f  Lake Ba la ton .  F a v o r a b l e  c o n d i t i o n s  f o r  phy top lank ton  growth is 

o b s e r v e d  i n  a l l  b a s i n s  d u r i n g  mid-March ti1 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  n c t  phy top lank ton  p r o d u c t i o n  r a t e s  a r e  about  2  

3g Chl -a / i -d&y f o r  B a s i n s  1-11 and 1 ug Chl-a/ l -day f o r  Bas ins  I I I - I V .  

Amounts o f  DIP up taken  by phy top lank ton  i n  s v r i n g  bloom a r e  e s t i m a t e d  

a s  G.13, 0 .08 ,  0 .038 ,  an< 0.C36 mg P/1 f o r  B a s i n s  I ,  11, 111, and 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  phy top lank ton  b iomass ,  t h e  growth i s  

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  beg inn ing  o f  May i n  a l l  ba- 

s i n s .  For  t h i s  p e r i o d  t h e  phy top lank ton  DIP u p t a k e  i s  s m a l l e r  t h a n  

i ts  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  l o s s e s .  I n  t h i s  p e r i o d  t h e  phy- 

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

was n e g a t i v e .  

To a p p r o x i m a t e l y  mid-May t h e  phy top lank ton  g rowth  i s  i n c r e a s e d  from 

t h e  r e s u l t s  o f  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  is e s t i m a t e d  a s  0.237,  0 .111,  0.033, and 0.04 

mg P/1 f o r  f o u r  b a s i n s  f rom Kesz the l y  t o  S i o f d k ,  r e s p e c t i v e l y ,  a l t h o u g h  

t h 2  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/1. 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  between a l l  b i ochemica l  pro-  

cesses d e f i n i n g  t h e  n u t r i e n t  c y c l i n g  i n  w a t e r  env i ronment .  Data p re -  

s e n t e d  i n  T a b l e  2 g i v e s  a  p o s s i b i l i t y  t o  e s t i m a t e  e f f i c i e n c i e s  o f  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  f o r  d i f f e r e n t  b a s i n s  on t h e  ba- 

sis o f  combined e f f e c t  b f  e x t e r n a l  P-sources  and i n t e r n a l  p r o c e s s e s  c f  

pnosphorus  t r a n s f o r m a t i o n .  

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  snow 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  t h e  a c t i v e  phy top lank ton  g rowth  a t  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  i n  a l l  b a s i n s ,  and i n  J u l y  t h e  a c t i v e  growth 

phase  changes  t o  a  n e g a t i v e  growth phase .  I n  mid-August t h e  phyto- 

p l a n k t o n  g row th  becomes e s s e n t i a l  a s  a  r e s u i 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 wa te rshed  a r e a s ,  and  

f a v o r a b l e  p h y s l c a l  c o n d i t o n s .  Th 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  t o  t h e  end  o f  August ti1 t h e  beg in -  

n i n g  o f  Septe;nber when phy top lank ton  growth becomes t o  b e  l i m i t e d  by 

DIP c o n t e n t .  I n  t h e  n e x t  months,  t h e  p h y t o p l a n k t o n  growth is 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 o n s .  

A s  shown i n  T a b l e  2 ,  t h e  e f f e c t  o f  phy top lank ton  i s  v e r y  s i g n i f i -  

c a n t  i n  phospho rus  t r a n s f o r m a t i o n  i n  Lake B a l a t o n ,  and e s p e c i a l l y  i n  

B a s i n  I. Annual u p t a k e  o f  DIP by phy top lank ton  is  e s t i m a t e d  t o  b e  

e q u a l  t o  0.622 mg P/1 i n  Kesz tne l y  Bay, t h a t  is  aDout 63; from t o t a l  p 



i npu t  i n  Bas in  I from t h e  watershed a rea .  However, phytoplankton e f f i -  

c iency  is  comple t ly  a  r e s u l t  o f  a l l  s imul taneous b iochemical  p rocesses  

i n  P-cycl ing and it is determined i n  t h e  f i r s t  i n s tance  by p rocesses  

o f  n u t r i e n t  up takes  and exc re t i on  by microorganisms. 

CONCLUSIONS 

The hypo thes is  concerning t h e  phosphorus t r ans fo rma t i on  p rocesses  

and phytoplankton growth were used f o r  development o f  t h e  mathemat ical  

model o f  d e t a i l e d  biogeochemical phosphorus c y c l i n g  in tended f o r  s tudy-  

i ng  t h e  e u t r o p h i c a t i o n  phenomena i n  Lake Ba la ton.  The s p e c i f i c  ob jec-  

t i v e s  o f  t h e  s tudy  a r e  t o  i nc rease  t h e  unders tand ing o f  t h e  dynamic 

behav ior  o f  t h e  Lake Balaton ecosystem. The main focus  o f  t h i s  r e p o r t  

was g i ven  t o  t h e  model a p p l i c a t i o n  f o r  rep roduc t ion  o f  obse rva t i on  

d a t a  on phosphorus compounds i n  d i f f e r e n t  b a s i n s  o f  Lake Balaton (19771, 

i n  connec t ion  w i th  phytoplankton dynamics. 

The deg ree  t o  which t h e  model o u t p u t s  ag ree  w i t h  t h e  a v a i l a b l e  set 

of o b s e r v a t i o n  d a t a  was cons idered here  a s  a n  impor tant  c r i t e r i a  o f  

model exam ina t i on  I t  appears  reasonable  t o  c la im t h a t  agreement o f  
model o u t p u t s  i n  f ou r  bas ins  is q u i t e  s a t i s f a c t o r y  f o r  a l l  phosphorus 

compounds, when hypo thes is  of three phytoplankton groups was used. 

I n  o r d e r  t o  ana lyze  the  s imu la t ion  r e s u l t s  from t h e  poinr: o f  view 

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

f lows were made f o r  a l l  phosphorus-using a c t i v i t i e s  and sources.  I n  

t h i s  c a s e ,  t h e  model g i v e s  a  cons iderab le  degree o f  i n s i g h t  i n  under- 

s t and ing  t h e  behavior  of the  Lake Balaton ecosystem and,  i n  p a r t i c u l a r ,  

phosphorus t r ans fo rma t i on  p rocesses ,  which forms t h e  f i r s t  b a s i s  i n  

e s t i m a t i n g  t h e  r o l e  of  e x t e r n a l  n u t r i e n t  l oad  and i n t e r n a l  p rocesses  

o f  phosphorus c y c l i n g  i n  d i f f e r e n t  p a r t s  o f  t h e  l ake .  Est imated 

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  importance of i nd i -  

v i d u a l  p rocesses  i n  t o t a l  phos?horus cyc l i ng  on t h e  b a s i s  of  observed 

d a t a ,  wh i l e  c a l c u l a t e d  r a t e s  o f  phytoplankton n e t  product ion i n d i c a t e  
d i r e c t  response  of a l g a e  on con ten t  o f  n u t r i e n t s  from d i f f e r e n t  sources.  

These e s t i m a t i o n s  may be  used f o r  q u a n t i t a t i v e  exp lana t i on  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 ou r  

b a s i n s  o f  t h e  Lake. They a l s o  may be cons idered  u s e f u l  i n  formula- 

t i o n  o f  management a i t e r n a t i v e s  i n  t h e  f u t u r e .  



I n  t h e  n e x t  s t e p  o f  s t u d y  o f  Lake Ba la ton  e u t r o p h i c a t i o n ,  an a t t e m p t  

w i l l  be  made t o  use  t h i s  model f o r  an  a n a l y s i s  o f  phosphorus compounds 

and phy top lank ton  dynamics i n  1976, a n  abnormal ly  d r y  y e a r  on  t h e  b a s i s  

o f  e s t i m a t e d  rate c o n s t a n t s  and a v a i l a b l e  d a t a  on  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 ,  w a t e r  ba lance ,  and e x t e r n a l  phosphorus i n p u t s  from t h e  Zala 

R ive r  and watershed a r e a .  

I n  t h i s  s t e p  o f  s t u d y  t h e  hydrodynamic p r o c e s s e s  o f  Lake Ba la ton  a r e  

r e p r e s e n t e d  i n  t h e  model i n  t h e  s i m p l e s t  way. From t h e  r e s u l t s  o f  t h i s  

s t u d y  it is p o s s i b l e  t o  s u g g e s t  t h a t  a  more comple te  d e s c r i p t i o n  o f  e u t r o -  

p h i c a t i o n  phenomena i n  Lake B a l a t o n  must i n c l u d e  b e t t e r  e s t i m a t i o n s  o f  

hydrodynamic e f f e c t s  upon b i o l o g i c a l  and chemica l  p r o c e s s e s  i n  w a t e r  en- 

v i ronment  and e s p e c i a l l y  i n f l u e n c e s  o f  wind- induced c i r c u l a t i o n  on  ex- 

change p r o c e s s e s  i n  water -sed iment  i n t e r f a c e .  
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