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PREFACE 

One o f  t h e  p r i n c i p a l  p r o j e c t s  o f  t h e  Task "Envi ronmenta l  
Q u a l i t y  C o n t r o l  and  Management" i n  IIASA1s Resources  and  
Environment  Area i s  a  c a s e  s t u d y  o f  e u t r o p h i c a t i o n  management 
f o r  Lake B a l a t o n  i n  Hungary. The c a s e  s t u d y  i s  a  c o l l a b o r a t i v e  
p r o j e c t  i n v o l v i n g  a  number o f  s c i e n t i s t s  f rom s e v e r a l  Hungarian 
i n s t i t u t i o n s  and  IIASA ( f o r  d e t a i l s  see WP-80-187 and WP-80-108). 

T h i s  r e p o r t ,  one p a r t  o f  t h e  Lake B a l a t o n  Case  S t u d y ,  
b r i e f l y  d e s c r i b e s  t h e  ma themat i ca l  model BALSECT ( B a l a t o n  S e c t o r  
Mode l ) ,  which models phosphorous  t r a n s f o r m a t i o n  i n  t h e  l a k e .  T h i s  
model i s  one  o f  t h r e e  e c o l o g i c a l  models t h a t  have been  deve loped  
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  
phosphorous  c o n c e n t r a t i o n s  and w a t e r  q u a l i t y  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 r e p o r t  g i v e s  f u r t h e r  d e t a i l s  on t h e  p r a c t i c a l  
a p p l i c a t i o n  o f  t h e  model t o  t h e  s i m u l a t i o n  o f  phosphorous  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  Lake B a l a t o n  (see WP-80-88, WP-80-149 
and WP-8 1- 1  18)  . The r e s u l t s  r e p o r t e d  make p o s s i b l e  a  comparison 
o f  t h e  model's pe r fo rmance  w i t h  t h e  o b s e r v a t i o n s  r e c o r d e d  f o r  
1976-1978,as w e l l  a s  an  e x p l a n a t i o n  of  f e a t u r e s  o f  phosphorous  
c y c l i n g  i n  t h e  l a k e  b a s i n s  f o r  t h e s e  t h r e e  y e a r s .  



ACKNOWLEDGMENTS 

S p e c i a l  t hanks  a r e  due t o  my c o l l e a g u e s ,  i n  IIASA's 
Resources and Environment Area ( R E N ) ,  D r s .  M.B. Beck and 
L. ~oml y6dy ,  f o r  t h e i r  s u p p o r t  and u s e f u l  adv i ce .  The 
t e c h n i c a l  a s s i s t a n c e  o f f e r e d  by Serge  Medow i n  programming 
i s  g r a t e f u l l y  acknowledged. I would a l s o  l i k e  t o  e x p r e s s  my 
g r a t i t u d e  t o  Pam H o t t e n s t e i n  f o r  h e r  e d i t o r i a l  a s s i s t a n c e  and 
Vicky Hsiung f o r  t y p i n g  t h e  manuscr ip t .  



ABSTRACT 

Transformation o f  t h e  phosphorous compounds i n  Lake Balaton 
was descr ibed  i n  t h e  mathematical  model BALSECT (Balaton S e c t o r  
Model) . This model, which d e a l s  wi th  f i v e  types  of  phosphorous 
compounds--dissolved ino rgan ic  P I  d i s s o l v e d  o rgan ic  PI  nonl iv ing  
p a r t i c u l a t e  o rgan ic  P I  b a c t e r i a l  P I  and phytoplankton P--reflects 
t h e  b a s i c  i n t e r a c t i o n s  between t h e s e  compounds i n  accordance 
wi th  t h e  consecut ive  conversion of  phosphorous compounds i n  t h e  
wate r  environment. The r a t e s  of change i n  t h e  phosphorous t r a n s -  
formation p roces ses  a r e  modeled t o  be dependent on and r e g u l a t e d  
by environmental  f a c t o r s  such a s  temperature ,  r a d i a t i o n ,  wate r  
ba lance ,  and n u t r i e n t  watershed load.  The model a l s o  t a k e s  i n t o  
account  t h e  wind a c t i o n  on t h e  h o r i z o n t a l  i n t e r b a s i n  t r a n s p o r t  
of phosphorus a s  w e l l  a s  phosphorous exchange between sediment 
and wate r .  The measurements of temperature ,  r a d i a t i o n ,  wind, 
wate r  ba lance ,  and phosphorous l oad ing  were used t o  examine t h e  
f e a s i b i l i t y  of t h e  model i n  reproducing t h e  phosphorous dynamics 
i n  t h e  f o u r t h  bas in  of  Lake Balaton f o r  t h e  environmental  condi-  
t i o n s  of  1976-1978. The improved ve r s ion  of  t h e  p o s s i b l e  water-  
shed n u t r i e n t  l oad ing  was used i n  t h i s  s tudy .  On t h e  b a s i s  of 
t h e  a n a l y s i s  of t h e  t u rnove r  time va lues ,  t h e  d e t a i l s  of t h e  
c y c l i n g  of  t h e  i n d i v i d u a l  phosphorous compounds and t h e  t o t a l  P  
a r e  p resen ted  i n  t h i s  r e p o r t .  The exp lana t ion  of  t h e  t r e n d s  i n  
t h e  phosphorous c y c l i n g  i n  t h e  terms of tu rnover  t ime is  con- 
s i d e r e d  u s e f u l  and impor tan t  f o r  unders tanding t h e  regime of  t h e  
phosphorous t r ans fo rma t ion  w i t h i n  t h e  Lake Balaton Ecosystem f o r  
t h e  d i f f e r e n t  environmental  cond i t i ons  and changeable n u t r i e n t  
load ing .  Thus, t h e  s imu la t ion  r e s u l t s  and c a l c u l a t e d  va lues  o f  
t u rnove r  time may be used f o r  t h e  formula t ion  of sugges t ions  
concerning t h e  wate r  q u a l i t y  management of  t h i s  l a k e .  
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TRANSFORMATION AND TURNOVER OF PHOSPHOROUS 
COMPOUNDS I N  THE LAKE BALATON ECOSYSTEM, 
1976-1978 

A.V. Leonov 

1 . INTRODUCTION 

I n  t h e  Lake Ba la ton  Ecosystem, phosphorus e x e r t s  a b a s i c  

i n f l u e n c e  on t h e  d i r e c t i o n  o f  t r o p h i c  changes w i t h i n  t h e  g iven  

w a t e r  body. T h e r e f o r e ,  t h e  p r i n c i p a l  g o a l  o f  t h e  p r e s e n t  s t u d y  

was t o  deve lop  a ma themat ica l  model o f  phosphorous t r ans fo rma-  

t i o n  and t o  a p p l y  t h i s  model t o  t h e  a n a l y s i s  and e x p l a n a t i o n  o f  

phosphorous c y c l i n g  i n  Lake Ba la ton  a s  w e l l  a s  t o  t h e  p r e d i c t i o n  

o f  t h e  p o t e n t i a l  r e s p o n s e  o f  t h e  Lake Ba la ton  Ecosystem t o  d i f -  

f e r e n t  n u t r i e n t  l o a d i n g s .  I t  was assumed t h a t  t h e  mathemat ica l  

model w i l l  p r o v i d e  a n e c e s s a r y  and o b v i o u s l y  improved d e g r e e  o f  

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

from t h e  a s p e c t  o f  t h e  s y s t e m ' s  l e v e l  o f  o r g a n i z a t i o n ;  f u r t h e r -  

more i t s  a p p l i c a t i o n  might  b e  e s p e c i a l l y  u s e f u l  i n  t h e  a s s e s s -  

ment o f  t h e  c r i t i c a l  phosphorous l e v e l s  i n  t h e  l a k e  a s  w e l l  a s  

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

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



The phosphorous sys tem modeled was o rgan i zed  i n t o  s u b u n i t s  

o r  compartments f u n c t i o n a l l y  d i v i d e d  i n t o  chemical  and biolog-  

i c a l  c a t e g o r i e s ,  i n  accordance w i th  t h e  mechanisms o f  t h e  phos- 

phorous t r a n s f o r m a t i o n  i n  t h e  w a t e r  environments.  The phosphorous 

q u a n t i t i e s  i n  t h e  model compartments,  f l u x  r a t e s  through t h e  

compartments and t h e  phosphorous r e c y c l i n g  from one compartment 

t o  a n o t h e r ,  can be ana lyzed  du r ing  s i m u l a t i o n  o f  t h e  phosphorous 

dynamics i n  t h e  l a k e  t o  i n c r e a s e  unders tand ing  o f  t h e  phosphorous 

t r a n s f o r m a t i o n ,  c y c l i n g ,  and movements of t h e  f lows of  t h e  i n d i -  

v i d u a l  phosphorous f r a c t i o n s  i n  d i f f e r e n t  a r e a s  o f  Lake Bala ton.  

The ecosystem n u t r i e n t  behav ior  may be c h a r a c t e r i z e d  i n  t e r m s  

o f  t u rnove r  t i m e s  t o  e x p l a i n  t h e  sy s t em ' s  p r o p e r t i e s  and phos- 

phorous c y c l i n g  a s  a consequence of c e r t a i n  environmenta l  condi-  

t i o n s  and n u t r i e n t  l o a d i n g ,  and t o  q u a n t i f y  t h e  phosphorous ba lance  

and t h e  e x t e n t  and r a t e  of  phosphorous r e g e n e r a t i o n  and i t s  ex- 

change w i th  sediments .  Thus, it was assumed t h a t  t h i s  a d d i t i o n a l  

i n fo rma t ion  on t h e  phosphorous behav ior  i n  Lake Ba la ton  should  

h e l p  i n  unders tand ing  t h e  r e l a t i v e  importance o f  t h e  n a t u r a l  

phosphorous c y c l i n g  w i t h i n  t h i s  l a k e  and i n  i n d i c a t i n g  t h e  r o l e  

o f  t h e  i n d i v i d u a l  phosphorous compartments i n  t h e  m a t e r i a l  f lows 

and t h e  n u t r i e n t  dynamics which a r e  cons ide red  o f  pr imary i n t e r e s t  

i n  e x p l a i n i n g  t h e  wa te r  q u a l i t y  changes and s o l v i n g  t h e  eu t roph i ca -  

t i o n  problem i n  p a r t i c u l a r .  

A pre l im ina ry  r e p o r t  (Leonov, 1981) shows t h e  r e s u l t s  o f  

t h e  a p p l i c a t i o n  o f  t h e  phosphorous model i n  t h e  d e s c r i p t i o n  and 

a n a l y s i s  o f  t h e  phosphorous dynamics i n  t h e  d i f f e r e n t  p a r t s  o f  

Lake Bala ton i n  1976-1978, i n  t h e  assessment  o f  t h e  r o l e  of  

sediments  i n  t h e  phosphorous ba lance  f o r  every  b a s i n ,  and i n  t h e  

s t udy  o f  t h e  mode l ' s  r esponse  t o  t h e  changes o f  t h e  environmenta l  



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

r e p o r t  d e s c r i b e s  t h e  r e s u l t s  of  t h e  model a p p l i c a t i o n  w i t h  an 

improved v e r s i o n  of  t h e  phosphorous w a t e r s h e d  l o a d i n g  o f  Lake 

Ba la ton  B a s i n s  i n  1976-1978. The s p e c i f i c  emphasis  o f  t h i s  

s t u d y  was t o  e v a l u a t e  t h e  dynamics o f  t u r n o v e r  t i m e  v a l u e s  f o r  

t h e  i n d i v i d u a l  phosphorous compartments a s  an  a d d i t i o n a l  c r i t e -  

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

ecosystem. 

2 .  THE MODEL 

The Ba la ton  S e c t o r  Model (BALSECT) d e s c r i b i n g  phosphorous 

t r a n s f o r m a t i o n  p r o c e s s e s  was developed a t  IIASA f o r  t h e  s t u d y  

o f  t h e  e u t r o p h i c a t i o n  phenomenon i n  t h e  Lake B a l a t o n  Ecosystem. 

Phosphorous compartments i n  t h i s  model a r e  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  phosphorus (PD) , d i s s o l v e d  o r g a n i c  phosphorus (DOP) , 

b a c t e r i a l  phosphorus ( B )  , d i s s o l v e d  i n o r g a n i c  phosphorus (DIP) , 

and phy top lank ton  phosphorus ( F ) .  The i n t e r a c t i o n s  o f  t h e s e  

phosphorous compartments a reshown i n  F i g u r e  1. Thus, t h i s  model 

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

(i) phytop lank ton  p r o d u c t i o n  and n u t r i e n t  up take  which 

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

and DIP c o n t e n t ;  

(ii) b a c t e r i a l  p r o d u c t i o n  which i s  t e m p e r a t u r e  dependent  

and an  i m p o r t a n t  s t e p  i n  DOP t r a n s f o r m a t i o n  and DIP 

r e g e n e r a t i o n  ; 

(iii) m e t a b o l i c  e x c r e t i o n  o f  DOP and DIP by phy top lank ton  

and b a c t e r i a  r e s p e c t i v e l y ;  

( i v )  n o n p r e d a t o r i a l  m o r t a l i t y  o f  b a c t e r i a  and phy top lank ton  

which a r e  e s s e n t i a l  mechanisms i n  phosphorous c y c l i n g ;  





(v )  decomposition of  non l iv ing  p a r t i c u l a t e  o rgan ic  phos- 

phorus which i s  an important  s t a g e  of  phosphorous 

t r ans fo rma t ion  i n  t h e  r e l e a s e  of chemical energy 

s t o r e d  i n  d e t r i t u s ;  

( v i )  phosphorous exchange through t h e  sediment-water 

i n t e r f a c e  which inc ludes  t h e  i n t e r a c t i o n s  of 

resuspension-sedimentat ion of  non l iv ing  p a r t i c u l a t e  

o rgan ic  phosphorus and t h e  r e l e a s e  o f  d i s so lved  

i n o r g a n i c  phosphorus from t h e  sediments .  

The model cons ide r s  t h e s e  processes  i n  f o u r  Lake Balaton 

Basins: Keszthely Bay, S l i g l i g e t ,  Szemes and Siof6k Basins ,  

from which Basin I (Keszthely Bay) i s  t h e  most p o l l u t e d  a r e a  

of t h e  l a k e  (van S t r a t e n  e t  a l . ,  1979).  

The g e n e r a l  form of t h e  model equa t ion  w r i t t e n  a s  an 

o rd ina ry  d i f f e r e n t i a l  equa t ion  is :  

Rates o f  biochemical  t rans format ion  of  t h e  i n d i v i d u a l  

phosphorous f r a c t i o n s  (Ri . )  i n  each o f  t h e  bas ins  a r e  given 
I1 

by t h e  fol lowing exp res s ions  : 

- f o r  PD, i = l  R 
PD = " ~  + " ~  B j  - '3' P~ - j ( 2  

j  j  j  

- f o r  uOP, i = 2  R DOP 
= K 3  PD + LF * F  - UPB B 

j  j  
( 3 )  

j  j j  j 

- f o r  D I P ,  i = 4  R 
DIP; = L ~ * B  ; 

j - U P ~ - F  j  

- f o r  F,  i = 5  R = (UPF ,  - LF - MF ) * F  
-Y -Y -Y j  F; 



The equa t ions  used f o r  t h e  d e s c r i p t i o n  of  microorganisms' 

func t ions  - n u t r i e n t  uptake,  e x c r e t i o n  and m o r t a l i t y  - p lus  

d e t r i t u s  decomposition and sed imenta t ion ,  a r e  p re sen ted  i n  

Table 1.  

Extreme phosphorous l oad ing  (LOADi . )  i nc ludes  t h e  atmos- 
I 3  

p h e r i c  p o l l u t i o n  f o r  DIP and DOP, sewage l o a d  f o r  DIP, urban 

runof f ,  and t r i b u t a r y  and sediment loads  f o r  DIP and PD. The 

phosphorous load ing  terms f o r  t h e  i n d i v i d u a l  phosphorous f r a c -  

t i o n s  a r e  w r i t t e n  a s  

- f o r  PD, i = l  LOADpD = PDZ ( y l  + y 2  ) - ( V 1 / V j )  + 
j  j  j  

- r - f o r  DOP, i = 2  LOADDOp - 'DOP ( Q  /v j )  
j  P'j 

- r - f o r  DIP, i = 4  LOADDIp - 'DIP (Qprj / 3 1 + czDIp +  DIP^* (y l  .+y2 1 
j  j  3 j  

The h o r i z o n t a l  t r a n s p o r t  (TRi ) of  phosphorous f r a c t i o n s  

from b a s i n  t o  b a s i n  i s  cons idered  t h e  r e s u l t  of  two p r e v a i l i n g  

mechanisms, t h e  n e t  hyd ro log ica l  t r a n s p o r t  and t h e  t r a n s p o r t  

by t h e  wind-induced wate r  flow. The gene ra l  equa t ion  f o r  t h e  

t r a n s p o r t  term i s  w r i t t e n  a s  

TRi - - C i ,  j-1 (Qin + Qwin / V j  - Ci , j  (Qout 
a  

j  j  
+ Qwout 

j  



Table 1. Model Equations Used for the Description of Ecological Processes. 

Ecological Processes Main equations Additional terms 

1.nicroorganism's growth 

- for phytoplankton 

-for bacteria 

Ke = Ka + K b a  (pg ~ h l / a )  
211(tn-t ) 

I = 
Imax 

.h0[l + cos 
f I 

2. Hicroorganismms metabolical excretions 

-for phytoplankton LF = rp 'UPF 
1 1  1 

-for bacteria 

3.Hicroorganism's mortality 

-for phytoplankton 

-for bacteria 

4.Temperature-dependent rate of detritus 
1.2. 10-"(e0.351'T -1) 

decomposition 
= + 3,0'10-4e0.351'T 

5. Detritus sedimentation S, - KsedS (4.3/dj) .PD 
1 



The r a t e  o f  wind-induced flow provid ing  t h e  phosphorous 

exchange through t h e  i n t e r b a s i n  c r o s s - s e c t i o n s  i s  c a l c u l a t e d  on 

t h e  b a s i s  of  wind d a t a  by t h e  n e x t  express ion :  

Qw = abs / k  * W m A  - c o s ( a  - 30) l  
j 

(11) 

Equations ( 1 )  - ( 1  1 )  t o g e t h e r  wi th  those  p re sen ted  i n  Table 1 

provide a  complete d e s c r i p t i o n  of t h e  s t r u c t u r e  of t h e  phospho- 

rous  t r ans fo rma t ion  model used f o r  t h e  s tudy  of e u t r o p h i c a t i o n  

phenomena i n  t h e  Lake Balaton ecosystem. 

3. DATA BASE 

A l l  d a t a  a v a i l a b l e  a t  IIASA on Lake Balaton can be subdivided 

i n t o  t h r e e  groups: 

( i) p h y s i c a l ,  meteoro log ica l ,  and hydro log ica l  d a t a ;  

(ii) n u t r i e n t  load ing  d a t a ;  

. (iii) phosphorus, n i t r o g e n ,  and phytoplankton measurements 

i n  t h e  d i f f e r e n t  p a r t s  of Lake Balaton.  

The f i r s t  group of d a t a  con ta ins  t h e  measurements of  t h e  

wate r  temperature ,  s o l a r  r a d i a t i o n ,  and wind and wate r  balance 

c h a r a c t e r i s t i c s .  The f l u c t u a t i o n  of t h e  d a i l y  mean wa te r  tem- 

p e r a t u r e  and s o l a r  r a d i a t i o n  f o r  1976-1978 i s  p re sen ted  i n  

F igures  2 and 3  r e s p e c t i v e l y .  The dynamics of  wind speed mea- 

su red  every 3  hours  i n  1976-1978 a r e  p resen ted  i n  F igure  4 .  The 

wate r  balance d a t a  c o n t a i n s  t h e  weekly measurements of  t h e  Zala 

r i v e r  d i s cha rge  flow r a t e s  and monthly average input-output  r a t e s  

a s  we l l  a s  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 .  F igures  5 and 6 

show, r e s p e c t i v e l y ,  t h e  i n p u t  and o u t p u t  flow r a t e s  a v a i l a b l e  

f o r  1976-1978. Table 2 c o n t a i n s  t h e  monthly mean p r e c i p i t a t i o n  

r a t e s  f o r  1976-1978. A l l  d a t a  from t h e  f i r s t  group i s  used i n  



T I M E  I N  DRYS 

F i g u r e  2 .  D y n a m i c s  o f  d a i l y  a v e r a g e  w a t e r  t e m p e r a t u r e  i n  L a k e  

B a l a t o n  f o r  1 9 7 6 - 1 9 7 8 .  



TIME I N  DRYS 

F i g u r e  3 .  Dynamics  o f  d a i l y  a v e r a g e  v a l u e s  o f  s o l a r  r a d i a t i o n  

f o r  1 9 7 6 - 1 9 7 8 .  



T I M E  IN DRYS 

F i g u r e  4 .  D i r e c t l y  m e a s u r e d  wind  s p e e d s  f o r  K e s z t h e l y  Bay 

( 1 9 7 6 - 1 9 7 8 ) .  







Table 2. Water Balance Data: Monthly Average Precipitation Rates (lo6 m3/day) for Lake Balaton Basins, 1976-1978. 

Months 

Jan 

Peb 

Mar 

APr 

May 

June 

July 

Aug 

Sept 

Oc t 

Nov 

De c 

B a a i n a  

I 

1 9 7 6  1 9 7 7  1 9 7 8  

0 . 5 7 6  0 . 6 5 0  0 . 1 3 5  

0 . 1 3 1  0 . 7 6 0  0 . 4 2 1  

0 . 4 2 9  0 . 6 0 1  0 . 3 1 9  

0 . 6 9 7  0 . 5 8 3  0 . 6 0 8  

0 . 4 1 7  0 . 3 1 9  0 . 9 9 3  

0 . 5 4 5  0 . 9 7 5  1 . 1 6 5  

0 . 7 2 3  0 . 6 1 3  1 . 2 2 6  

0 . 6 1 3  0 . 7 9 7  0 . 3 5 5  

0 . 9 1 2  0 . 5 5 7  0 . 3 0 4  

0 . 5 6 3  0 . 2 3 3  0 . 4 0 4  

0 . 6 5 9  0 . 8 9 9  0 . 1 6 5  

1 . 2 1 3  0 . 4 2 9  0 . 4 0 4  
L 

I1 

1 9 7 6  1 9 7 7  1 9 7 8  

2 . 1 8 3  2 . 4 6 2  0 . 5 1 1  

0 . 4 9 6  2 . 8 8 0  1 . 5 9 4  

1 . 6 2 6  2 . 2 7 6  1 . 2 0 8  

2 . 6 4 0  2 . 2 0 8  2 . 3 0 4  

1 . 5 7 9  1 . 2 0 8  3 . 7 6 3  

2 . 0 6 4  3 . 6 9 6  4 . 4 1 6  

2 . 7 4 1  2 . 3 2 3  4 . 6 4 5  

2 . 3 2 3  3 . 0 1 9  1 . 3 4 7  

3 . 4 5 6  2 .112  1 . 1 5 2  

2 . 1 3 7  0 . 8 8 3  1 . 5 3 2  

2 ,496  3 . 4 0 8  0 . 6 2 4  

4 . 5 9 9  1 . 6 2 6  1 . 5 3 2  

I11 

1 9 7 6  1 9 7 7  1 9 7 8  

2. '820 3 . 1 8 0  0 . 6 6 0  

0 . 6 4 1  3 . 7 2 0  2 . 0 5 9  

2 . 1 0 0  2 . 9 4 0  1 . 5 6 0  

3 . 4 1 0  2 . 8 5 2  2 . 9 7 6  

2 . 0 4 0  1 . 5 6 0  4 . 8 6 0  

2 . 6 6 7  4 . 7 7 4  5 . 7 0 4  

3 . 5 4 0  3 . 0 0 0  6 . 0 0 0  

3 . 0 0 0  3 . 9 0 0  1 . 7 4 0  

4 . 4 6 4  2 . 7 2 8  1 . 4 8 8  

2 . 7 6 0  1 . 1 4 0  1 . 9 8 0  

3 .224  4 . 4 0 2  0 . 8 0 6  

5 . 9 4 0  2 . 1 0 0  1 . 9 8 0  

I V  

1 9 3 6  1 9 7 7  1 9 7 8  

3 . 4 5 7  3 . 8 9 8  0 . 8 0 9  

0 . 7 8 6  4 . 5 6 0  2 . 5 2 4  

2 . 5 7 4  3 . 6 0 4  1 . 9 1 2  

4 . 1 8 0  3 .496  3 . 6 4 8  

2 . 5 0 1  1 . 9 1 2  5 . 9 5 7  

3 . 2 6 8  5 . 8 5 2  6 . 9 9 2  

4 . 3 3 9  3 . 6 7 7  7 . 3 5 5  

3 . 6 7 7  4 . 7 8 1  2 . 1 3 3  

5 . 4 7 2  3 . 3 4 4  1 . 8 2 4  

3 . 3 8 0  1 . 3 9 7  2 . 4 2 7  

3 . 9 5 2  5 . 3 9 6  0 . 9 8 8  

7 . 2 8 1  2 . 5 7 4  2 . 4 2 7  



t h e  s i m u l a t i o n  runs  a s  environmenta l  f a c t o r s  r e g u l a t i n g  t h e  

r a t e s  o f  t h e  phosphorous t r ans fo rma t ion .  

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

d a t a  from t h e  Zala r i v e r  d i s cha rge  w a t e r ,  urban run -o f f ,  sewage, 

t r i b u t a r i e s ,  r a i n f a l l ,  and sed iments .  F igu re  7 shows t h e  f l u c -  

t u a t i o n s  o f  t h e  t o t a l  P I  D I P I  F ,  and PD i n  t h e  Zala r i v e r  d i s -  

charge  wa te r .  The c o n c e n t r a t i o n  o f  t h e  b a c t e r i a l - P  i n  t h e  Zala 

r i v e r  d i s cna rge  w a t e r  was assumed t o  be c o n s t a n t  th roughout  t h e  

-4  
y e a r  and equa l  t o  4.10 mgP/R, w h i l e  t h e  DOP c o n t e n t ,  due t o  a  

l a c k  o f  d a t a ,  was assumed t o  be n e g l i g i b l e .  The D I P  and DOP 

c o n c e n t r a t i o n s  i n  t h e  r a i n f a l l  w e r e  assumed t o  be c o n s t a n t  f o r  

each y e a r  and equa l  t o  0.1 and 0.06 mgP/R r e s p e c t i v e l y .  Together 

w i th  t h e  w a t e r  ba l ance  d a t a  p r e s e n t e d  i n  F i g u r e s  5-6 and i n  

Table  2 ,  t h i s  phosphorous l o a d i n g  d a t a  i s  used i n  t h e  s i m u l a t i o n  

runs  and t a k e s  i n t o  account  t h e  d i r e c t  i n f l u e n c e  o f  t h e  Zala 

r i v e r  and p r e c i p i t a t i o n  on t h e  phosphorous dynamics i n  Lake 

Ba la ton .  

The i n f l u e n c e  o f  the sewage a s  a  D I P  sou rce  i s  a l s o  t aken  

i n t o  account  i n  t h e  runs .  Table 3 shows t h e  r a t e s  o f  monthly 

average va lue s  o f  sewage DIP l o a d  e v a l u a t e d  on t h e  b a s i s  of  l a t e r  

assumpt ions  about  t h e  four -bas in  e x t r a p o l a t i o n  o f  t h e  Zala r i v e r  

DIP l o a d  and on t h e  double  DIP l o a d  from sewage d i s c h a r g e s  i n  

t h e  t o u r i s t  season  (van S t r a t e n  and Somly6dy, 1980) .  

The e n t r y  o f  DIP and PD from t h e  t r i b u t a r i e s  w i th  urban 

run-off  was cons idered  p r o p o r t i o n a l  t o  t h a t  from t h e  Zala r i v e r ,  

accord ing  t o  t h e  hypo thes i s  o f  l o n g i t u d i n a l  d i s t r i b u t i o n  o f  

nonpoin t  sou rce s  ove r  t h e  Lake Bala ton Basins  (from Keszthely  

Bay t o  ~ i o f b k )  d i s c u s s e d  by van S t r a t e n  and somly6dy ( 1  980) and 

J o l a n k a i  and ~omly6dy  ( 19e1 ) . 





Table  3. Monthly Average Values o f  Sewage DIP Loading Rates  
(mgP/R-day) used i n  S imula t ion  Runs 

Months Basins  
I I1 I11 I V  

January  

February 

March 

A p r i l  

May 
June 

J u l y  

August 

September 

October 

November 

December 

F i n a l l y ,  t h e  sediments  a r e  cons ide red  a s  an a d d i t i o n a l  

n u t r i e n t  source .  The t ime-averaged f l u x  of  DIP from t h e  s e d i -  

ments,  c a l c u l a t e d  on t h e  b a s i s  of  t h e  f i e l d  s t u d i e s ,  was assumed 

t o  be equa l  t o  1 . 4 5 * 1 0 - ~ ,  0 . 5 2 * 1 0 - ~ ,  0 . 4 2 * 1 0 - ~  and 0 . 3 3 * 1 0 - ~  

( a l l  mgP/R-day) f o r  Basins  I through I V  r e s p e c t i v e l y .  The t i m e -  

averaged 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 - P  from t h e  sediment  t o  

t h e  w a t e r  was assumed t o  be  equa l  t o  7.1 o - ~  mgP/R-day f o r  a l l  

Lake Ba la ton  Basins  du r ing  1976-1978. The a c t u a l  f l u x e s  o f  t h e  

phosphorus from t h e  sediment  a r e  cons ide red  i n  t h e  model a s  

dependent on t h e  environmenta l  f a c t o r s  and it i s  assumed t h a t  

t h e  resuspens ion  of  t h e  n o n l i v i n g  p a r t i c u l a t e - P  i s  r e g u l a t e d  by 

wind, wh i l e  t h e  sediment  r e l e a s e  o f  DIP i s  d e f i n e d  by t empera tu re  

and wind c o n d i t i o n s  ( equa t i ons  ( 7 )  and ( 9 )  r e s p e c t i v e l y )  . 



The d i r e c t  measurements o f  phosphorous c o n c e n t r a t i o n s  i n  

d i f f e r e n t  p a r t s  of  Lake B a l a t o n  w e r e  t a k e n  from t h e  t h i r d  group 

of  d a t a .  The phosphorous f r a c t i o n s  measured d i r e c t l y  i n c l u d e  

t h e  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 p h o s p h a t e  phosphorus 

(PO4) , t h e  t o t a l  d i s s o l v e d  phosphorus (TDP) , t h e  p a r t i c u l a t e  
* 

i n o r g a n i c  phosphorus (PIP)  , and t o t a l  phosphorus (TP) . The 

c o n c e n t r a t i o n s  o f  t h e  o t h e r  phosphorous compounds t h a t  a r e  

i m p o r t a n t  when c o n s i d e r i n g  t h e  b e h a v i o r  of  t h e  phosphorous 

sys tem can b e  c a l c u l a t e d  from t h o s e  d i r e c t l y  measured: 

(i) d i s s o l v e d  o r g a n i c  phosphorus,  DOP = TDP - PO4; 

(ii) p a r t i c u l a t e  phosphorus ,  PP = TP - TDP; 

(iii) p a r t i c u l a t e  o r g a n i c  phosphorus ,  POP = PP - PIP. 

Because o f  t h e  v a r y i n g  number o f  sampl ing  s t a t i o n s  i n  t h e  

d i f f e r e n t  p a r t s  o f  Lake B a l a t o n  (van S t r a t e n  e t  a l . ,  1 9 7 9 ) ,  t h e  

a v e r a g e  c o n c e n t r a t i o n s  o f  phosphorous f r a c t i o n s  mentioned above 

w e r e  c a l c u l a t e d  f o r  each  b a s i n  o f  t h e  l a k e .  A l l  d a t a  from t h e  

t h i r d  group was used o n l y  f o r  a comparison w i t h  t h e  s i m u l a t i o n  

r e s u l t s  from 1976-1978 f o r  t h e  d i f f e r e n t  b a s i n s .  

4 .  SIMULATION 

The mathemat ica l  model w r i t t e n  a s  a s e t  o f  o r d i n a r y  n o n l i n e a r  

d i f f e r e n t i a l  e q u a t i o n s  was coded i n  FORTRAN and implemented on 

IIASA's computer .  The model e q u a t i o n s  were s o l v e d  n u m e r i c a l l y  

u s i n g  t h e  Rung-Kutta 4 a l g o r i t h m  and a t i m e  s t e p  e q u a l  t o  0.1 

day.  

The i n i t i a l  c o n c e n t r a t i o n s  o f  t h e  phosphorous f r a c t i o n s  were 

s e l e c t e d  from t h e  Lake B a l a t o n  o b s e r v a t i o n  f i l e  a v a i l a b l e  a t  

* 
This  phosphorous f r a c t i o n  i s  n o t  t a k e n  i n t o  accoun t  i n  t h e  
g iven  model. 



IIASA. These c o n c e n t r a t i o n s  correspond t o  t h e  environmental  

cond i t i ons  of  January 1 ,  1976. A l l  r a t e  c o n s t a n t s  used i n  t h e  

model runs were determined e a r l i e r  dur ing  t h e  model a p p l i c a t i o n  
i 

f o r  t h e  s imu la t ion  of  phosphorous t r ans fo rma t ion  i n  t h e  d i f f e r e n t  

l a k e  b a s i n s  f o r  t h e  environmental  cond i t i ons  of 1977 (Leonov, 

1980) .  In  c o n t r a s t  t o  t h e  i n p u t  d a t a  used f o r  t h e  s imu la t ion  

of phosphorous dynamics i n  Lake Balaton Basins f o r  1976-1978 

(Leonov, 1981) ,  t h e  i n p u t  d a t a  here  t a k e s  i n t o  account  a  new 

vers ion  of  t h e  phosphorous load ing  d i scussed  by J o l a n k a i  and 

~omly6dy  (1981) .  A l l  i n p u t  d a t a  used, which inc ludes  t h e  i n i t i a l  

va lues  of  t h e  phosphorous f r a c t i o n s  on January 1,1976, and t h e  

r a t e  cons t an t s  and phosphorous load ing  c o e f f i c i e n t s ,  i s  pre-  

s en t ed  i n  Table 4 .  

A comparison o f  t h e  modeling r e s u l t s  wi th  average concentra-  

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

1976-1978 i s  shown i n  F igures  8-12 f o r  p a r t i c u l a t e  organic-P 

( t h a t  i s  t h e  sum o f  phytoplankton-,  b a c t e r i a l -  and d e t r i t a l  

phosphorus) ,  DIP, DOP, t o t a l  d i s s o l v e d  PI and t o t a l  P ,  respec-  

t i v e l y .  A l l  obse rva t ions  of phosphorus a r e  p l o t t e d  i n  F igures  

8-12 a s  a r i t h m e t i c  means, w i th  t h e  i n d i c a t e d  range of t h e  f l u c -  

t u a t i o n s  from t h e  minimum t o  t he  maximum i n  t h e  measured phos- 

phorous concen t r a t i ons  from t h e  d i f f e r e n t  sampling s t a t i o n s  

w i th in  Basins 1 1 - I V .  S ince  t h e r e  was on ly  one sampling s t a t i o n  

i n  Basin I ,  t h e  expected range of  a n a l y t i c a l  e r r o r  i n  t h e  phos- 

phorous measurements, assumed t o  be equa l  t o  flOX, i s  i n d i c a t e d  

i n  F igures  8-12 f o r  t h e  phosphorous concen t r a t i ons  i n  t h i s  l a k e  

bas in .  



Table 4. Values of initial P h o s p h ~ r o u s ~ o n c e n t r a t i o n s  and Rate Coefficients Used in Simulation. 

-- - 

B a s i n s  
P a r a m e t e r s  Unite Symbols 

I I I I I Z I v 

State variables ( 1 Jan, 1976 ) :  

Dissolved inorganic phosphorus m g ~ / &  DIP .002 .002 .0015 -001 

Dissolved organic phosphorus - I -  DOP .005 .010 .OO 5 .004 

Phytoplankton phosphorus - I -  F .005 .003 .0025 ,002 

Bacterial phosphorus - I -  B ,001 .0008 -0007 ,0006 

Non- 1 i v i ng particulate organic phosphorus - - .010 .604 .003 . 00 2 
D 

Chlorophyll "a" ~ g / a  chi 10.6 6.4 5.3 4.3 

Rate constants and other parameters 

Maximum uptake rate for phytoplankton day-' at 20°c K1 2.8 2.8 0.9 0.9 

E.~cretion efficiency of phytoplankton day .057 .057 -057 .057 
a 1 _ n - 11 - 1, - 11 - 1, - 1, - I, - r - - "  - 
a 2 

.07 5 .07 5 .075 .075 

Pllytoplankton mortality as function of biomasa (mgP/a) -'day-' v 1 .2 
and nutrient level 

Coefficient of substrate conversion by phytoplankton unitless I3 .6 .6 .6 .6 

Maximum uptake rate for bacteria day-' .t 2ooc K~ .3 .3 .3 .3 

Excretion efficiency of bacteria day .3 .3 .3 .3 
a 3 

~ 1 1 ~ 1 , ~ 1 * _ " ~ 1 1 ~ r _ r -  - I -  

a 4 
.45 .45 .45 .45 

Natural mortality of bacteria day-' v .053 .053 .053 .053 
2 

Bacterial mortality as function ofbiomaes and 
(mgp/~)-lda~-~ v3 1.0 1.0 

nutrient level 
1 .o 

Detritus decomposition day-' at 2ooc K~ .1 .1 .1 .1 

Extinction coefficient m 1.0 1.8 1.5 1.5 -1 . 
a 

I, _ I, _ I ,  _ I, _ I, - - a* - 
b 

.0008 .0088 .0008 .0088 

Rate constant of detritus sedimentation day-' .25 .2 5 .25 .25 
Ksed - 1 

Rate constant of phosphorus transformation in eediment day 
'tr 

.125 .125 .125 ,125 

Empirical coefficient for dependence of detritus 
unitlees u 1.0 1 .O 1 .O 1 .O 

resuspension on the wind speed 

Proportionality coefficient in equation of wind- 
induced water flow 

Proportionality coefficient of tributary DIP load - I - . -  1.0 .55 .05 .O 
Yl 

Proportionality coefficient of urban run-off DIP load - " - " - 
y2 

.O1 .O 4 .05 .10 

Proportionality coefficient of tributary P load - - 1 - Y1 1.0 -9 - 3  .2 
D 

Proportionality coefficient of urban run-off P load - " - " - 
D r 2  

.05 .2 .25 .5 













For t h e  a n a l y s i s  o f  t h e  s imula t ion  r e s u l t s ,  it i s  i n t e r e s t i n g  

t o  o b t a i n  a d d i t i o n a l  in format ion  which can h e l p  i n  unders tanding 

t h e  r o l e  of e x t e r n a l  sou rces  i n  t h e  phosphorous l oad ing  a s  we l l  

a s  t he  s i g n i f i c a n c e  of t he  i n t e r n a l  phosphorous c y c l i n g  i n  t h e  

func t ion ing  o f  t h e  Lake Balaton ecosystem. The p o s s i b l e  i n f l u e n c e  

o f  sediment on t h e  phosphorous l oad ,  based on d a t a  used dur ing  

t h e  s imu la t ion ,  was d i scussed  i n - d e t a i l  i n  an e a r l i e r  r e p o r t  

(Leonov, 1981) .  Among t h e  d i f f e r e n t  sources  o f  t h e  phosphorous 

l oad ,  t h i s  model t akes  i n t o  account t h e  phosphorous i n p u t s  from r a i n -  

f a l l ,  t h e  Zala r i v e r ,  and e x t e r n a l  nonpoint  sources  ( o r  watershed 

P- load) .  The dynamics of  D I P  and DOP l o a d  from r a i n f a l l  f o r  each 

month between 1976-1978 were c a l c u l a t e d  wi th  t h e  model and a r e  

p re sen ted  i n  F igu res  13 and 1 4  r e s p e c t i v e l y .  Annual i n p u t s  of  

D I P  from r a i n f a l l  f o r  1976-1978 changed i n  t h e  ranges  0.024-0.0277, 

0.0181-0.0209, 0.0161-0.0185 and 0.0147-0.0170 mgP/R-year f o r  

Basins I - I V  r e s p e c t i v e l y .  For DOP, t h e  annual  i n p u t s  from r a i n -  

f a l l  f l u c t u a t e d  from 0.0144-0.0166, 0.0109-0.0125, 0.0097-0.0111 

and 0.0088-0.0102 mgP/R-year f o r  t h e  same b a s i n s .  I n  1976 t h e  

r a i n f a l l  c o n t r i b u t i o n  of  D I P  and DOP was h i g h e r  than i n  o t h e r  

years  s t u d i e d ,  w h i l e i n  1378 t h e s e  r a i n f a l l  l oads  were lowest  

w i th in  1976-1978. 

From t h e  i n p u t  d a t a  used i n  t h e  s imu la t ion ,  t h e  model c a l -  

c u l a t e s  t h e  q u a n t i t i e s  o f  phosphorus e n t e r i n g  t h e  l a k e  from t h e  

Zala r i v e r .  Table 5  shows t h e  monthly and annual  amounts of  t h e  

phosphorous l oad  from t h e  Zala r i v e r  t o  Keszthely Bay a s  c a l c u l a t e d  

by t h e  model. One immediately s e e s  t h a t  t h e  t o t a l  phosphorous 

i n p u t  from t h e  Zala r i v e r  d i s cha rge  water  s i g n i f i c a n t l y  i n c r e a s e s  

from 0.711 mgP/R i n  1976 t o  0.997 mgP/R i n  1977, which r e s u l t s  



Table 5.  Amounts of PhosphorousInputs  ( i n  mg~/R and i n  Percentages  of 

T o t a l  P-load) t o  Keszthely Bay from Zala  r i v e r  

I 
N o n l i v i n g  p a r -  D i s s o l v e d  P h y t o -  B a c t e r i a l  P  

t i c u l a t e  - P i n o r g a n i c  P p l a n k t o n  P 
T o t a l  

p h o s p h o r u s  l o a d  

t t 
_.--- 

0 . 1  
0 . 1  
0 . 2  
0 . 1  
0 . 1  
0 . 1  
0 . 1  
0 . 1  
0 . 1  
0 . 1  
0 . 1  
0 . 2  

mgP/l  

0 . 0 9 6 9 9  
0 . 0 5 2 2 8  
0 . 0 4 6 1 0  
0 . 0 7 4 6 8  
0 .09680  
0 .04896  
0 . 0 2 2 8 3  
0 . 0 2 8 6 3  
0 . 0 2 8 3 3  
0 . 0 3 8 5 5  
0 . 0 5 5 4 8  
0 .12159  

Y e a r  N o n t h s  
t 

1 3 . 6  
7 . 4  
6 . 5  

1 0 . 5  
1 3 . 6  

6 . 9  
3 . 2  
4 . 0  
4 . 0  
5 . 4  
7 . 8  

1 7 . 1  

1 9 7 6  

' 

A n n u a l  

J a n  
P e b  
Mar 
A p r  
n a y  

J u n e  
J u l y  

A u g  
S e p t  

O c t  
Nor  
Dec 

0 . 0 4 2 2  
0 .0006  
0 . 0 0 2 3  
0 .0225  
0 .0524  
0 .0313  
0.0134 
0 .0124  
0 .0106  
0 .0189  
0 .0279  
0 .0887  

4 3 . 5  
1.1 
5 . 0  

3 0 . 1  
5 4 . 1  
6 4 . 0  
5 8 . 7  
4 3 . 3  
37.4 
49 .0  
5 0 . 4  
7 2 . 9  

0 . 0 5 3 5  
0 . 0 4 9 8  
0 . 0 4 0 8  
0 . 0 4 9 5  
0 . 0 4 2 4  
0 . 0 1 6 5  
0 .0087  
0 . 0 1 5 8  
0 . 0 1 6 7  
0 . 0 1 8 7  
0 . 0 2 6 8  
0 . 0 3 0 0  

5 5 . 2  
95.4 
88 .5  
6 6 . 3 .  
43.8 
33 .7  
3 8 . 1  
55 .2  
59 .0  
48 .6  
47.2 
24.7 

0 . 0 0 1 2  
0 . 0 0 1 8  
0 . 0 0 2 9  
0 . 0 0 2 6  
0 . 0 0 1 9  
0 .0011  
0 . 0 0 0 7  
0 . 0 0 0 4  
0 . 0 0 1 0  
0 . 0 0 0 9  
0 . 0 0 1 3  
0 .0027  

1 .2  
3.4 
6 . 3  
3 .5  
2 . 0  
2.2 
3 . 1  
1 .4  
3.5 
2 .3  
2 . 3  
2 .2  

0 . 0 0 0 0 9  
0 .00008  
0 .00010  
0 .00008  
0 . 0 0 0 1 0  
0 .00006  
0 .00003  
0 .00003  
0 . 0 0 0 0 3  
0 . 0 0 0 0 5  
0 . 0 0 0 0 8  
0 .00019  







p r i m a r i l y  i n  an i n c r e a s e  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  a n n u a l  phosphorous i n p u t  t o  t h e  l a k e  from t h e  Za la  r i v e r .  

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

i n  t h e  Zala  r i v e r  phosphorous l o a d  f o r  1976 were e s t i m a t e d  a s  

0.323 mgP/R ( o r  45 .4%)  and 0.369 mgP/R ( o r  51 .9%)  r e s p e c t i v e l y .  

For 1977, t h e s e  q u a n t i t i e s  e q u a l  0.563 mgP/R ( o r  56 .5%)  and 

0.392 mgP/R ( o r  3 9 . 3 % ) .  From 1977 t o  1978, t h e  t o t a l  annua l  f l u x  

o f  phosphorus t o  t h e  l a k e  from t h e  Za la  r i v e r  d e c r e a s e d  s l i g h t l y  

t o  0.985 mgP/R. However, i n  c o n t r a s t  t o  1977, t h e  p r o p o r 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 and DIP i n  t h e  t o t a l  phosphorous 

l o a d  changed i n  1978, s o  t h a t  t h e  a n n u a l  i n p u t  o f  n o n l i v i n g  pa r -  

t i c u l a t e  phosphorus and DIP w e r e  0.512 mgP/R ( o r  51 .9%) and 0.451 

mgP/R ( o r  45 .8%)  r e s p e c t i v e l y .  

The d a t a  i n  Tab le  5  a l s o  shows t h a t  t h e  t i m e  d i s t r i b u t i o n  

o f  t h e  t o t a l  phosphorous l o a d  from t h e  Zala r i v e r  v a r i e d  from 

1976 t o  1978. I n  1976, t h e  h i g h e s t  phosphorous l o a d i n g  o c c u r r e d  

i n  J a n u a r y ,  A p r i l ,  May, and December, and t h e  t o t a l  phosphorous 

i n p u t  f o r  t h e s e  months w a s  0.075-0.122 mgP/R-month ( o r  10.5-17.1% 

o f  t h e  a n n u a l  phosphorous l o a d )  . I n  1977, t h e  h i g h e s t  phospho- 

r o u s  l o a d i n g  took  p l a c e  i n  t h e  p e r i o d  January-Apr i l  (0.117-0.213 

mgP/R-month o r  11.7-21.4%) w h i l e  i n  1978, t h e  h i g h e s t  phosphorous 

l o a d  coming from t h e  Zala r i v e r  w a s  i n  A p r i l - J u l y  (0.095-0.163 

mgP/R-month o r  9.7-16.6s o f  t h e  annua l  phosphorous l o a d ) .  

Fur the rmore ,  on t h e  b a s i s  o f  t h e  d a t a  i n  T a b l e  5 ,  i t  i s  

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

phosphorus and DIP as major  phosphorous f r a c t i o n s  i n  t h e  Zala 

r i v e r ' s  phosphorous l o a d  f o r  i n d i v i d u a l  months between 1976-1 978. 

I n  1976, t h e  n o n l i v i n g  p a r t i c u l a t e  phosphorus dominated o v e r  DIP 

o n l y  i n  June  and December, when monthly i n p u t s  o f  n o n l i v i n g  



p a r t i c u l a t e - P  w e r e  0 . 0 3 1  mgP/R (or  6 4 . 0 %  of t o t a l  P - l o a d )  a n d  

0 . 0 8 9  mgP/R ( o r  7 2 . 9 % )  r e s p e c t i v e l y .  C o n t r i b u t i o n s  of DIP f o r  

t h e  same m o n t h s  i n  1 9 7 6  w e r e  0 . 0 1 6  mgP/R ( o r  3 3 . 7 % )  a n d  0 . 0 3 0  

mgP/R (or  2 4 . 7 % ) .  The  d o m i n a n c e  of D I P  i n  t h e  Zala r ive r ' s  

P - l o a d  i n  1 9 7 6  o c c u r r e d  i n  F e b r u a r y - A p r i l  ( 0 . 0 4 1 - 0 . 0 5 0  mgP/R-month 

o r  6 6 . 3 - 9 5 . 4 %  of t o t a l  P - l o a d ) .  F o r  o t h e r  m o n t h s  of 1 9 7 6 ,  t h e  

q u o t a s  of t h e s e  p h o s p h o r o u s  f r a c t i o n s  i n  t h e  Zala r ive r ' s  P - l o a d  

w e r e  i n  t h e  a p p r o p r i a t e  b a l a n c e .  F o r  1 9 7 7 ,  t h e  d o m i n a n c e  of 

n o n l i v i n g  p a r t i c u l a t e - P  over DIP w a s  n o t e d  f o r  t h e  p e r i o d  

J a n u a r y - A p r i l ,  so  t h a t  t h e  t o t a l  m o n t h l y  i n p u t s  of t h i s  p h o s -  

p h o r o u s  f r a c t i o n  f r o m  t h e  Zala r iver  w e r e  0 . 0 6 4 - 0 . 1 3 8  mgP/R-month 

(o r  5 4 . 7 - 7 7 . 5 %  of t o t a l  P - l o a d ) .  I n  May 1 9 7 7 ,  t h e  q u a n t i t i e s  of 

n o n l i v i n g  p a r t i c u l a t e - P  a n d  D I P  i n  t h e  Zala r ive r ' s  P - l o a d  w e r e  

a l m o s t  e q u i v a l e n t ,  0 . 0 2 8  mgP/R-month (o r  4 5 . 0 % )  a n d  0 . 0 3 2  mgP/R- 

m o n t h  ( o r  5  1  . 0  9 6 )  r e s p e c t i v e l y .  F o r  t h e  p e r i o d  from J u n e - D e c e m b e r  

1 9 7 7 ,  t h e  a m o u n t  of DIP  t r a n s f e r r e d  b y  t h e  Zala r ive r  t o  t h e  l a k e  

w a s  h i g h e r  t h a n  t h a t  of n o n l i v i n g  p a r t i c u l a t e - P ;  t h e  v a l u e  of 

t h e  DIP  i s  0 . 0 2 3 - 0 . 0 3 9  mgP/R-month ( o r  5 4 . 5 - 8 7 . 1 % ) .  I n  1 9 7 8 ,  

t h e  n o n l i v i n g  p a r t i c u l a t e - P  p r e v a i l e d  over D I P  i n  t h e  Zala r iver  

P - l o a d  o n l y  i n  May a n d  J u n e ;  t h e  q u a n t i t y  of t h i s  p h o s p h o r o u s  

f r a c t i o n  i n  t h e  t o t a l  P - l o a d  of t h e  Zala r ive r  w a s  0 .112 -0 .115  

mgP/R-month o r  7 0 . 6 - 7 1 . 8 %  c o m p a r e d  t o  D I P ,  w h i c h  w a s  0 . 0 4 0 - 0 . 0 4 4  

mgP/R-month ( o r  2 5 . 6 - 2 7 . 3 % )  fo r  e a c h  of t h e s e  m o n t h s .  The  

p r e d o m i n a n c e  of DIP over n o n l i v i n g  p a r t i c u l a t e - P  i n  t h e  Zala 

r iver  P - l o a d  i n  1 9 7 8  w a s  o b s e r v e d  i n  F e b r u a r y ,  M a r c h ,  A u g u s t  a n d  

November when t h e  c o n t r i b u t i o n s  of DIP  w e r e  e v a l u a t e d  a t  0 . 0 2 8 -  

0 . 0 4 7  mgP/R-month (o r  5 9 . 4 - 7 3 . 0 %  of t h e  t o t a l  P - l o a d )  . I n  t h e  

o t h e r  m o n t h s  of 1 9 7 8 ,  t h e  i n p u t s  of t h e s e  p h o s p h o r o u s  f r a c t i o n s  

f r o m  t h e  Zala r ive r  t o  t h e  l a k e  w e r e  s imi la r .  



The model a l s o  e v a l u a t e s  t h e  i n p u t s  of  phosphorus t o  Lake 

Bala ton from t h e  watershed a r e a .  These i n p u t s  a r e  i d e n t i f i e d  

a s  t h e  a d d i t i o n a l  e x t e r n a l  l oad .  I n  t h e  p r e l im ina ry  model r u n s ,  

t h e  i n p u t s  of  D I P  from t h e  sewage and n o n l i v i n g  p a r t i c u l a t e - P  

from t h e  watershed a r e a  were taken  i n t o  account  (Leonov, 1981) .  

I n  t h i s  p r i o r  r e p o r t ,  t h e  improved v e r s i o n  of  t h e  e x t e r n a l  phos- 

phorous l oad ing  of  t h e  Lake Bala ton Bas ins  was used.  This  model 

accounts  f o r  t h e  i n p u t s  o f  DIP and n o n l i v i n g  p a r t i c u l a t e - P  from 

t h e  t r i b u t a r i e s  and urban run -o f f ,  p l u s  t h e  DIP  i n p u t  from 

sewage d i s cha rge  wate r .  Table  6 compares t h e  d i f f e r e n t  annual  

phosphorous i n p u t s  t o  t h e  Lake Bala ton Bas ins  i n  1976-1978, 

which r e s u l t  from t h e  d i f f e r e n t  phosphorous l o a d  e s t i m a t e s  used 

t hen  and now. 

The a n a l y s i s  o f  t h e  d a t a  i n  Table 6 shows t h a t  i n  t h e  g iven  

s t u d y ,  t h e  phosphorous l o a d i n g  from t h e  e x t e r n a l  sou rce s  was 

e s s e n t i a l l y  changed and t h e  t o t a l  amounts o f  t h e  annua l  phospho- 

rous  i n p u t s  t o  Basins  I - I V  a r e ,  on average ,  0 .6 ,  1 . 6 ,  1 . 3  and 

1 . 4 ,  r e s p e c t i v e l y ,  compared t o  t h o s e  v a l u e s  used p r e v i o u s l y  

(Leonov, 1 9  81 ) . The comparison of  t h e  s i m u l a t i o n  r e s u l t s  

(F igu re s  8-12) o b t a i n e d  now and e a r l i e r  (Leonov, 1981) shows 

t h a t  t h e  model o u t p u t s  f o r  Basins  I ,  I11 and I V  w i t h  bo th  

l o a d i n g  v e r s i o n s  a r e  v i r t u a l l y  t h e  same, wh i l e  f o r  Basin 11, 

t h e  p r e s e n t  phosphorous l oad ing  d a t a  g i v e s  a  b e t t e r  d e s c r i p t i o n  

of  t h e  phosphorous dynamics than  b e f o r e  (Leonov, 1981) .  However, 

t h e  l e v e l  o f  some ph'osphorous f r a c t i o n s ,  e s p e c i a l l y  D I P ,  shou ld  

be h i g h e r  than  t h o s e  c a l c u l a t e d  i n  t h e  s i m u l a t i o n .  The model 

r e s u l t s  l e a d  t o  t h e  r ea sonab l e  assumption t h a t  o f  a l l  e x t e r n a l  

sou rce s  o f  phosphorus shown i n  Table  6 ,  t h e  r o l e  of  sewage should  

be much more impor t an t  ( a t  l e a s t  f o r  Basin 11) i n  c o n t r i b u t i n g  



Table 6.  Comparison of  Amounts of AnnualPhosphorous Inpu t s  t o  Lake Balaton 

from Externa l  Sources a s  Calcula ted  by t h e  Model. 

B a s i n s  
Year Source of P-load R e f e r e n c e  

I I I I11 I v 

1976 Sewage DIP load -0893 -0425 .0298 .0383 Leonov(l981) 
Watershed P load - .0640 ,0200 .0087 

D 

Total P input (mgP/11-year) .08 9 3 .lo65 .0498 .0470 

1977 Sewage DIP load .0893 -0425 .0298 .0383 
Watershed P, load - .I114 .0349 ,0152 

Total P in?ut(mg~/i-year) .0893 ,1539 .0647 .0535 

1979 Sewage DIP load .0893 .0425 .0298 .0383 
Watershed 3 load - -1013 .0317 .0138 D 

Total P input (rng~/t-year) .089 3 .I438 .0615 .0521 

1976 DIP load by: 

1. tributaries - 
2.urban runoff .00037 .00291 .00254 .00376 
3. sewage .03474 .02922 .02503 .03559 

Total DIP load .03511 .07227 .03011 .03935 

P load by: 
-D 

1.tributaries - .05753 .01328 .00659 
2.urban runoff .01616 .01280 .01109 .01648 

Total PD load -01616 -07033 -02437 .02307 

DIP load by: 

1-tributaries - .02537 .00270 - 
2.urban runoff .00039 .00309 .00270 .00400 
3. sewage -03474 .02922 .02503 .03559 

Total DIP load -03513 ,05768 -03043 -03959 

P load by: 
-D 

1.tributaries - .lo016 .02313 .01148 
2.urban runoff -02814 .02228 .01930 -02870 

Total PD load -02814 -12244 .04243 ,04018 

Total P fnput(mgP/i-year) .06327 .I8012 -07286 .07974 

1978 DID load by: 

1-tributaries - .04909 -01025 . - 
2.urban runoff .00045 .00356 .02102 .00460 
3. sewage .03474 -02922 .02503 .03539 

Total DIP load .03519 .I2368 .05630 .04019 

P load by: 
-D 

1.tributaries - .09106 .02102 .01044 
2.urban runoff ,02558 -02026 .01755 .02609 

In the given report 

Total PD load . .02558 .11132 .03857 .03653 

Total P input(mg~/k-year) -06077 .23500 .09487 .07672 



m i n e r a l  and a p p a r e n t l y  o r g a n i c  phosphorus t o  t h e  l a k e .  I n  t h i s  

c o n t e x t ,  t h e  new i d e a s  f o r m u l a t e d  r e c e n t l y  by ~ o l s n k a i  and 

~ o m l y 6 d y  (1981) c o n c e r n i n g  t h e  t i m e  d i s t r i b u t i o n  of  t h e  phos- 

phorous l o a d i n g  from t h e  sewage, s h o u l d  b e  examined by t h e  model. 

5 .  PHOSPHOROUS C Y C L I N G  I N  LAKE BALATON 

A l l  b i o g e n i c  e l ements  i n  w a t e r  envi ronments  c i r c u l a t e  many 

t imes  through t h e  sys tem between l i v i n g  and  n o n l i v i n g  e n t i t i e s .  

On t h e  b a s i s  o f  d i r e c t  measurements i n  t h e  w a t e r  body, it i s  

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

because  t h e  obse rved  c o n c e n t r a t i o n s  o f  t h e  chemica l  and b io log-  

i c a l  compounds i n  t h e  w a t e r  body a r e  i n  dynamic e q u i l i b r i u m .  

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

s i n g  t h e  n a t u r e  o f  t h e  m a t e r i a l  c y c l i n g  among a l l  t h e  compart- 

ments c o n s i d e r e d .  A s  Odum (1971) i n d i c a t e d ,  q u a n t i t a t i v e  s t u d i e s  

o f  t h e  b iogeochemical  c y c l e s  o f  e l ements  a r e  needed f o r  b e t t e r  

u n d e r s t a n d i n g  and c o n t r o l l i n g  o f  man's r o l e  i n  m a t e r i a l  c y c l e s  

and community metabolism. T h e r e f o r e ,  i n  t h e  c a s e  o f  Lake B a l a t o n ,  

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

i n  t h e  g iven  l a k e  is  u s e f u l  f o r  u n d e r s t a n d i n g  t h e  f e a t u r e s  of  

t h e  phosphorous budge t  and d e t e r m i n i n g  t h e  s t r u c t u r a l  f u n c t i o n i n g  

of  t h i s  ecosys tem a s  a  whole.  

The b iogeochemical  c y c l i n g  of  t h e  phosphorus may b e  q u a n t i -  

t a t i v e l y  e v a l u a t e d  on t h e  b a s i s  of t h e  f l u x  r a t e s  o f  t h e  phos- 

phorus ,  which c h a r a c t e r i z e  t h e  t r a n s f e r  of  t h e  phosphorus from 

one compartment t o  a n o t h e r ,  t h e  c o n c e n t r a t i o n  l e v e l s  o f  i n d i v i d u a l  

phosphorous compartments ,  and t h e  t o t a l  phosphorus.  The p e c u l i a r i t y  

o f  phosphorous c y c l i n g  i n  w a t e r  may b e  e l u c i d a t e d  by t h e  v a l u e s  

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



q u a n t i t y  o f  t h e  m a t t e r  e q u a l  t o  t h e  amount i n  t h e  compartment 

(Odum, 1971) .  Th i s  c h a r a c t e r i s t i c  i s  e s p e c i a l l y  impor t an t  i n  

s t u d i e s  o f  wa t e r  body e u t r o p h i c a t i o n  and p r o d u c t i v i t y  (Pomeroy, 

1970) .  

The v a l u e s  g iven  i n  t h e  l i t e r a t u r e  f o r  t u rnove r  t i m e s  o f  

t h e  phosphorous compartments a r e  reviewed i n  Table  7. These 

v a l u e s  w e r e  o b t a i n e d  th rough  c a l c u l a t i o n s  from ( i)  exper iments  

w i t h  a d d i t i o n s  o f  d ry  phospha te  f e r t i l i z e r s ,  (ii) exper iments  

w i th  r a d i o a c t i v e  phosphate  phosphorus,  (iii) t h e  d a t a  on t h e  

pr imary p roduc t i on  ( o r  biomass v a l u e s )  and phosphate  concen t ra -  

t i o n s  i n  w a t e r  b o d i e s ,  and ( i v )  t h e  a p p l i e d  mathemat ica l  models. 

The t u rnove r  t i m e  v a l u e s  i n  Table  7  a r e  shown i n  days  ( d ) ,  

hours  ( h )  o r  minu tes  ( m )  . The a n a l y s i s  o f  t h e  d a t a  i n  Table  7  

shows t h a t :  

(i) t h e  t u r n o v e r  t i m e  a s sessments  a r e  dependent  on t h e  

method used;  f o r  example, f o r  o r t hophospha t e  phosphorus,  

t h e  s h o r t e s t  t u r n o v e r  t i m e s  w e r e  o b t a i n e d  i n  exper iments  

w i t h  32p i s o t o p e  wh i l e  o t h e r  methods y i e l d  a  h i g h e r  

and approx imate ly  s i m i l a r  o r d e r  o f  magnitude;  

(ii) t h e  m a j o r i t y  o f  t u rnove r  t i m e  a s s e s smen t s  w e r e  done 

f o r  t h e  o r thophospha te  phosphorus d u r i n g  t h e  produc- 

t i v e  season ;  u s u a l l y  t h e  o r thophospha te  t u rnove r  

t i m e  i s  very  s h o r t  when a  low c o n c e n t r a t i o n  o f  o r t ho -  

phosphate  i s  p r e s e n t  i n  t h e  w a t e r ,  b u t  t h e  t u r n o v e r  

t ime appea r s  t o  be  l onge r  when l a r g e  q u a n t i t i e s  a r e  

p r e s e n t ;  



Table 7 .  L i t e r a t u r e  Review of Turnover Times f o r  ' ~ h o s ~ h o r u s  Compartments. 

Characteristics 
body of water body Experimental conditions/ Characteristics of Phomphorus P Turnover time Reference 

Hax Arm depth Calculation method wilibrium system fraction8 1eve18 in experiment 
Ug,L ,water madimwnt 

ha m 

Ullnater (mtra- 400 63 Experiments with spring phomphorus 1-10 29 d - Paarsall(1930) 
tifiedl water, norhing added 

light Lnglimh la- 19-79 Experiments with spring 
kes(stratified) water, nothinq added 

phomphoru8 - 26-40 d - 
Lake Crecy ,NB 20.4 Addition of dry phospha- Solids (rnud&plants),'8 
(unstratif led1 te fertilizer 

incl.bacterin phosphorus 20-280 17 d 176 d Snith(19451 

k i n e  Loch Crai- Addition of drv ~ h o s ~ h a -  Solids(muds~lcntsl~~s -- ..-.-. - -  - -  - - -  - 
alin.Scot. (unstra- 7.3 6 ts fertilizsr to: water incl . bacteria urrt Iya I I 

a.July water 
b.~ugust water 

3.2z0.7-d 

brine Pond Coha- Addition of dry phospha- Solids(mudsp1ants)t~s 
mset,nass., (unst- - 0.7 te fertilizer to May water incl.bacteria ~ > o s ~ h o r u s  20-340 2.420.5 d - Pratt (1949) - - 
ratified) water 

Lake Punchbowl ,NS 6.2 I2p experiments with Solids(mudsp1ants)ve phosphorus - Coffin et a1 

(8tritified) epilirnnion water water incl.bacteria 7.6d 3 7 d  (1949):~ayes 

. .. et al(1952i 

Lake Bluff,NS 
J L  

P experiments with Solids(mudsp1ants)ve phosphorus 
(unstratif ied) Julv water water incl .bacteria 31 5.4 d 39 d et 

. . (19521 

Lake 0iseau.Onta- 3 2 ~  experiments with Bacteria 6 algae 
rio~Oligotrophic1 - September water cells va water Po4-P 0.3 3.6m - Rigler(19561 - -  
Lake Toussaint ,On- 

.i 1 
P experiments with Bacteria 6 algae Po4-P 0.8 4.5 m - 

tario(stratified, 4'7 septerhr water cells vs water .mbile. 
oligotrophic) of water 6 - 

phytoplankton 
3.6 d - 

Lake PLsskinonge.On- 160 - 3 2 ~  experiments with Bacteria 6 alqae 
tari0 (oliqotrophic) September water cells ve water Po4-P 0.12 2 6 m  - 

. . 

Ottawa River 3 2 ~  experiments with Bacteria 6 algae - Po4-P 0.49 3 O h  - 
September water cells v8 water 

Lake Chocolate,Ra- - 32p -perbents with 
Inorganic-P in sol.& ma-P - 1.1 d - 9arris(19571 

lifax(pol1uted) flltered surface water in bacteria OWa- organic-P - 0.79 d - 
nic-P in 901.6 in in ATthk 

bacteria #mu 
- 1 4 h  - 

PinGzfmI- - - . 
m e  

Grenadier Pond, 16 3Zp Total P,total soluble 

Ontario 6 
a.Swnmer water P 6 inorganic-P in 

so1.1)~ seston-P 6 so- m4-P 6.4.. 0.9- - Alqler ( 1964) 

luble oraanic-P in sol. 285 m 
- < -  

b.Wintsr water _ . _ - _ - _ - _  - - -  - .-  2 5 h  - 
Lake Eeart,Onta- 

15 9 I2p experiments .with: 
rio a.Smer water - -  - 9 -  2.1 7.3 a - tt 

b.Winter water _ . - -_ ._ -_  _ - _  - ' -  6.9d - .  

Lake Teaport, 3 2 ~  experiments with: 
Ontario 0.5 12 - - - - - - - - -  - - -  t. 

a.Swaner water 1.6 1.9 m - 
b.Winter water _ - _ - _ - _ . _  _ . -  - - -  7 m  

Lake Uary,Onqa- 
13 16 

3 2 ~  experiments with: 
rio a.Summer water _ . _ . _ - - = _  _._ 1.8 3.3 m - .t 

b.Winter water _.- . . . -_-_ _._ - ' - 2.1 d - 
Laka Eos.Onta- 

1.5 6 
I2p experaents with: 

rio a.Summer water _ . _ = _ * - - _  _ ._  0.9 2.2 m - . . 
b.Winter water _ - _ = _ = _ - -  _ ._  - ' - 1.6 h - 

Lale Costello, 
39 18 

I2p experiments with: 
Ontario a.Summer water _ - _ = _ - _ = -  _ ._ 0.9 5.4 m - .. 

b.winter water _ - _ = _ = _ = _  _ = _  - ' - 18.3 h - 
Opeongo. 2,180 53 I2p experiments with: 

Ontario a.Summer water _ . _ - _ = _ = _  _ ._  0.4 7.3 m - .. 
Lake of two ri- 

296 45 I2p experiments with: 
- = - = - = - * -  - - -  .t 

verm ,ontario a.Swnmer water 0.4 7.5m - 
b.Winter water _ = _ " _ = _ = _  _ ._  - . - 12.8 h - 

Lake Found,On- 0.3 6.2 3 2 ~  experiments with: 
u r i o  - - - w - - - = -  - 0 -  

tt 
a.Sumer water 0.4 6.6 m - 
b.winterwater _ . _ - _ = _ . _  - 0 -  - " - 1.1 d - 



Table 7 (contc. . ) 

or waLcr tody Lxpcrimontnl cunditianm/ Ch~racceristics of Phosphorus P Nrnover timu 
W a ~ o r  body Refcrnnco Max 

Area Calculation mothad ewilibriUm in uporiment *y'tr f~a~tion. leVcL' water adY.nt uq/t 

WeFunchDorl. , 6.2 
32, exp.riment, Inorganic-P in sol.* 

in b e e r i a  vs o r g ~ -  md-P 0.21 d 0.21 d uayra.Dh11- 
m r m m t ~ i e r l l  filterd water nicsP in sol.& in lipa(1368) 8 

bacteria 

Nine NS Lakes 
32p up.rir - . Mud Vo water with ba- - 

Mud vs water with ba- 
cteria present,redu- - " - 2.6 d 3.5 d 

ced system 
Mud ve water with ba- 
cteria absent,oxidi- - * - 2.6 d 15.5 d 

zed system 
Mud vs water with ba- 
cteria absent,reduced - " - - 2.9 d 12.5 d 

system 

Lake Grand,NS 32p experiments with ~norganic P in sol.& 
in bacteria us orga-• PO4-P (unproduttivel filtered water 0.2 d 0.2 d 
nic-P in sol.& in 

bacteria 1 
3 2 ~  experiments with Phytoplankton culture - - - - 1 m 0.5 m 
phytoplankton culture US water 
C h ~ d o m o m a  dysostus 
in nutrient solution 

3 2 ~  experiments with Flowering plant Erio- - - - - 0.34 d 3.0 d 
1 g sprigs in 150 ml caulon us water 
water. bacteria absent 

32P uperiments with Peat mass (Sphagnum) - - - 0.09 d 3.5 d 
1.5 g sprigs in 150 ml v8 water 
rate;, bacteria absent 

Lake Toussaint, 3 2 ~  uperiments with Bacteria h algbe cells 
Ontario(strati- 4.7 9.8 September rater vs water phosphcrus - 10.2 d 29 d 
fied.oliaotrop- 

hici - 1 
Calculations from prima- 

Laka Lucerne,SW - - r y  production h phospha- Cachter (1968 
concentrations for: 

a. Sunrmer period particula- 10 d - 
te-P (prima- 
rily phyte 
plmkton-P) 

b. Winter period - - - - -  - 3 0 d  - 
Calculations from amounts - - - of biomass h phosphate - PO,-P - - 18-20 d mhs(1975) 

concentrations 
Lake Char(unfer- - 27.5 - t t t  

tiliZed) PO4-P - 6 3 m  - Rigler (1973) 

Lake Toussaint. 
Ontario(strati- 4.7 9.8 - phosphorus - 20 d - 
fied,oligotrop- 

hic) 
Lake Upper Bass 5.8 - - phosphorus - 27 d - 
Lake binsley 9.4 - - - 

vend phosphorus - 45 d - 

Lake ~urich - - primary production 6 pho- PO4-P - 5-10 d - Goltennan 
sphate concentrations 11973) 
Calculations from spring - .  

Lake Vechta - - primary production h pho- PO4-P - 5-10 d - 
sphate concentrations 
. . 

0bersee.Aust- 3 2 ~  experiments with Inorqanic-P in sol. 
1.4 15 July water from: va seston-P in sol. Petersl1975) 

ria(o1igot- 
rophic) a. Surface PO -P - 4.2 m - 

b. 2.5 m - 1 -  - 1.1 h - 
3 2 ~  experiments with 
October water from: 

a. Surface _ = _ - _  _ _ - 6 h  - 
b. 2.5 m - 9 -  - 9.8 h - 

Mitterser,Au- 3 2 ~  experiments with ~norqanic-P in sol. 
stria(oligo- - Oe2 July water from Surface 0s seston-P in sol. m4-P - 1.7 h - 

trophlc) 3 2 ~  experiments with 

October water from Sur- _ - _ = _  - - -  - 3 h  - 
face 

32P experiments with Inorqanir-F in sol. 

6.8 34 
July water from: ve sestm-P in sol. 

a. Surface PO P - 11.2 m - 
b. 2.5 rn f- - 8.3 m - 

3 2 ~  experirncnte with 
October water from: 

a. Surfaco _ = _ = _  - 9 -  - 1.6 h - 
b. 2.5 m _ _ - 2.3 h - 
c.25 m _ _ - 2.7 d - 



of water bo4y Ixperimcntal conditions/ Characteristics of PhOephoNS P ~ r n o v e r  time 
Water body Max 

Reference 
u e a  depth calcu1atim methai ~ $ l ~ ~ b : ~ : t e m  traction. levels water asdM.nt 

uq/L 
m - ha 

Yacther.ee ,Aur 12p experiments with 1mrgurlc-C in sol. 
trla(mesotrop- 194 84 Aoril water f r a t  Ye seston-P in sol. 

hic) a. Surface m4-p 1.3 h - 
b. 2.5 m - = _  - 0.9 h - 
C. 6 m -.- 1.2 h - 
d. 25 .r - ._ 19.8 h - 

Ilondaee.Austria 3 2 ~  experiments with OC- ~norqanic-P in sol. 
(oligotrophic) 14' tober water from Surface va seston-P in sol. m4-P 

44.6 m - 
Klostersee, FRG 4.6 15 3 2 ~  experiments with Ap- Inorganic-P in sol. 
(eutrophic) ril water from Surface us seston-P in sol. m4-P 

24.7 m - 
Plaqqiore, Italy 2,120 370 3 2 ~  experiments with Ju- Inorganic-P in sol. 
(meaotrophic) ly water from Surface us seston-P in sol. m4-P 

1.7 h - - - s.! P experiments with Au- - . - . - _ - _  14 m 
gumt water from Surface 

3 2 ~  experiments with S e p  
Camkr water fram: 

a. Surface _. - 33 m - 
b. 25 m - 9 -  - 16.7 h - 
c. 125 m - 9 -  - 3.5 d - 

3 2 ~  axperimenti with 
October water fram: 

a. surface _ - - - 2 0  m - 
b. 25 m - 9 -  - 33 m - 
c. 125 m - 9 -  - 1.8 h - 

3 2 ~  uperiments with 
December water from: 

a. Surface _ = _  - 6.9 d - 
b. 25 m _ - - - 8.7 d - 
C. 125 m 69.4 d - 

3 2 ~  experiments with 
February water frm: 

a. Surface _ - - 9 -  _ _ - 3.5 d - 
b. 25 m _ - _  - 11.6d - 

3 2 ~  experiments with 
April water from: 

a. Surface _._._ _ - - - 2.4 h - 
b. 25 m _ - -  - 11.6 d - 
c. 125 m _.-  - 23 d - 

3 2 ~  uperiments with 
Hay water from: 
a. Surface _ = _  - 2.8 h - 
b. 25 m _ - _  - 6.9 d - 
c. 125 m _ - _  - 7 6  - 

3 2 ~  experiments with 
h a  water f r m  : 

a. Surface _._._ _ - _  - 5.5 h - 
b. 25 m - 9 -  2.3 d - . 
c. 125 m _ = _  - 

-. 
3.5 d - 

dl nerqozzo. j2p experiments with Au- Inorganic-P in sol. - 
18 74 gumt water from Surface v e  seston-P in sol. m4-P 17.3 m - 

Rance I eutrop- 
hic) 3 2 ~  experiments with ~ e b -  - . - , - 

- I -  - 
n a r y  water f r m  Surface 1.8 d - 
JC 

dl Clonate, 25 34 P experiments with Ju- Inorganic-P in sol. 
ly water from Surface v s  seston-P in sol. m4-P 63.4 m - 

France(o1i- 
qotrophic) 3 2 ~  experiments with 3a- - , - . - - - 

nuary water from Surface 2.4 d - 
-3 
.I 6 

di Varese,Fran- 1% 26 P experiments with Ju- Inorganic-P in sol. 
ly water from Surface v s  seston-P in sol. m4-P 

- 5.8 m - 
cs(hwrtrop. - - - - 

hic) J L  
P experiments with Ja- - - - , . -  - - m  

n u a q  water from Surface 51.7 d - 
d'Endine,France 23 3 2 ~  experiments with OC- ~norqanic-P in sol. 

(eutrophic) 9'4 tober water from SlirFace Us sesmn-P in sol. m4-P 2.6 h - 
Lake Texoma Mathematical mcdel calcu- - PO4-P 0.6 d - Patten et al 

lations at le0C (1475) 

lake Naivasha,ma- .*.. 3 2 ~  experiments with Ju- ~norqanic-P in sol. 
in basin,Kenya 11% 4.6 ne water fran Surface v s  seston-P in sol. ")4-' 3 1 m - Peters (1976) 

Lake Naivasha Cra- .... 
ter,Kenya(alkali- 1.8 3.0 - = _ - _  _ - _ . _  - - - 
nc,aolinr) 

3 5 m 

W e  Elmcnteita, .*.. 
Kenya(aLka1ine. 4.2 1.4 

saline) 

Lake Nakuru,Kcnya .+.. 
(alkallne,seline) 420 la4 - I - . _  - " _ m * _  - * - 2 3 5.7-16.7 h - 

S ~ m e  with July voter - - -  7 4.3 h 



Table 7 ( c o n t d .  .) 

- ~ .  

body -~dter b&{ L x p e r h e n t a l  candl t lona/  C h a r a c t e r l s t i c r  o f  Pho8phorus P Turnover t ime  Roferance 
ndx 

dep th  i n  experiment 
yq,L water acdimenc c a l c u ~ a t i o n  method gquilibriu'a 'ystco f r ac t i on"  

L r c i f i c i a l  water - "P .xy*rlmant. with four  nia.inorqanic-P .a - 
8mc ieao f  f reshwater  a l a ae  orqmic-P i n  801. 

Us A n u b L I c ~  i n  so l .  
with bac t e r i a  ah- 
r e n t  a c  incubation 
time ( i n  hours1 : 

a. 91  PO4-? 
Algae-P 

b.163.S Pod-P 
Algaa-P 

c.235.5 PO4-P 
Algae-P 

Same wi th  a lgae  n;il- 
UiCuk a t  incubat i -  
on t ime ( i n  hours) : 

a .  44 -4-P 
b. 89 Pod-P 

A l g a e P  
c.237 PO4-P 

Algae-P 
Sama wi th  a lgae  C h b -  
r e z k  a t  FncubaUon 

t ime ( i n  hours) : 
a. 45 PO4-P 
b.140 POI-P 

Algae-? 
c.212 PO4-P 

A l g a c P  
Sama wi th  a lgae  Sc'e- 
nedeermta a t  incuba- 
t i o n  t ime( i n  hours) : 

a. 42 PO4-P 
Alqae-P 

b.114 PO4-? 
Algae-P 

c.210 PO4-? 0 .2  10.0 m - 
Algae-? 56.0 1.7 d - 

Mathematical model calcu- 
Lake Wingra,USA - l a t i o n s  fo r :  Watson ,LOUC~S  - 
( soa l l , sha l l ow ,  a. Spr inq  per iod  0.72 d - (1979) Green Alqa-P - 

eut rophic)  Diatoms-? - 2.9 d - 
Blue-green - 

algae-P 1.3 d - 
Hinter  Algae-P - 6.7 d - 

s e t t l e d  - 
d e t r i  tus-P 1 5 0 0 d  - 

b. Suavner period 

Suspended - 1 0  d - de t r i t u s -P  
m4-P - 0.59 d - 

Green Alqae-P - 0.54 d - 

S e t t l e d  - 
detritus-P 

1400 d -, 

Suspended - 
d e t r i t u s - P  

6.8 d - 
m4-P - 0.52 d - 
***) 

Vote : * )  Mean value;  **I Annual mean concent ra t ions  ; Evaluated f o r  J u l y ;  

****) 
Mean depth.  



(iii) t h e r e  i s  a  marked s e a s o n a l  f l u c t u a t i o n  o f  t u r n o v e r  

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

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

phosphorous  c y c l i n g  i n  w a t e r  b o d i e s ;  a c c o r d i n g  t o  t h e  

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

t i m e  f o r  o r t h o p h o s p h a t e  phosphorus ,  e v a l u a t e d  by 

a p p l y i n g  t h e  32p i s o t o p e  t e c h n i q u e ,  e q u a l s  some 

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

some h o u r s  t o  some days  f o r  t h e  w i n t e r  p e r i o d ;  

( i v )  t h e  t u r n o v e r  t i m e  o f  phosphorus  and  i t s  i n d i v i d u a l  

f r a c t i o n s  depends  on  t h e  w a t e r  body d e p t h  and  it i s  

s h o r t e r  i n  s u r f a c e  t h a n  i n  d e e p e r  w a t e r ;  

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

l a k e s  d e c r e a s e s .  

I n  t h i s  s t e p  o f  t h e  Lake B a l a t o n  e u t r o p h i c a t i o n  s t u d y ,  

s p e c i f i c  a t t e n t i o n  was g i v e n  t o  t h e  a n a l y s i s  o f  t h e  phosphorous  

c y c l i n g  i n  terms o f  t h e  i n s t a n t a n e o u s  f l u x  rates,  i n t e r m e d i a t e  

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

compartments  i n  t h e  model ,  p l u s  t h e  t o t a l  phosphorus .  A n a l y s i s  

o f  t h e s e  c h a r a c t e r i s t i c s  h a s  been conduc ted  t h r o u g h o u t  t h e  t h r e e  

y e a r  p e r i o d ,  1976-1978, i n  o r d e r  t o  o b t a i n  a  f u n c t i o n a l  under -  

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

c o n d i t i o n s  i n  t h e  d i f f e r e n t  Lake B a l a t o n  B a s i n s .  

Because t h e  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  a s  w e l l  a s  f l u x  

r a t e s  s t r o n g l y  depends  upon t h e  model s t r u c t u r e  and  t h e  c o u p l i n g  

between t h e  model compar tments  (Watson and  Loucks ,  1 9 7 9 ) ,  i n  

t h e  g i v e n  s t u d y  a l l  i n s t a n t a n e o u s  i n t e r n a l  and  e x t e r n a l  phosphorous  

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

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



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

t h e  e x t e r n a l  i n s t a n t a n e o u s  f l o w s  w e r e  t a k e n  i n t o  a c c o u n t .  A l l  

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

d u r i n g  t h e  n u m e r i c a l  s o l u t i o n  of  t h e  model e q u a t i o n s  by t h e  com- 

p u t e r .  The i n s t a n t a n e o u s  p o o l  s i z e s  f o r  each  o f  t h e  phosphorous 

compartments w e r e  d i v i d e d  by t h e  i n s t a n t a n e o u s  i n p u t - o u t p u t  f l u x  

rates th rough  t h e  g i v e n  poo l  t o  o b t a i n  t h e  i n s t a n t a n e o u s  t u r n o v e r  

t i m e s .  The v a l u e s  o f  t u r n o v e r  t i m e s  o b t a i n e d  i n  t h i s  way w e r e  

t h e n  a v e r a g e d  on  a d a i l y ,  monthly,  and a n n u a l  b a s i s .  

The dynamics o f  t h e  d a i l y  mean t u r n o v e r  t i m e s  f o r  n o n l i v i n g  

p a r t i c u l a t e  o rgan ic -P ,  phytoplankton-P,  b a c t e r i a l - P ,  D O P ,  and 

DIP  i n  t h e  Lake B a l a t o n  B a s i n s  from 1976-1978 are shown i n  

F i g u r e s  15- 19 r e s p e c t i v e l y .  These f i g u r e s  p r o v i d e  a p i c t u r e  o f  

t h e  s e a s o n a l  and s p a t i a l  changes  i n  t u r n o v e r  t i m e s  o f  t h e  i n -  

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

shows t h a t :  

(i) a l l  p l ~ o s p h o r o u s  f r a c t i o n s  a r e  much more mobi l e  i n  t h e  

w a t e r  o f  Bas in  I t h a n  i n  o t h e r  Lake B a l a t o n  B a s i n s ;  

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

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

v a l u e s  f o r  phytoplankton-P,  D I P ,  and DOP i n c r e a s e  

from Basin  I t o  Bas in  I V  a s  a  r e s u l t  o f  t h e  d i f f e r e n t  

phosphorous l o a d i n g  and t h e  l e v e l s  o f  phosphorous 

c o n c e n t r a t i o n s  i n  t h e  l a k e  w a t e r  and t h e  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  t h e s e  B a s i n s ;  

(iii) t h e  v a r i a t i o n s  i n  t h e  t u r n o v e r  t i m e s  f o r  a l l  phospho- 

r u s  f r a c t i o n s  are much less i n  summer t h a n  o t h e r  

s e a s o n s  f o r  e a c h  y e a r  between 1976-78. 













The t u r n o v e r  t i m e  o f  t h e  s y s t e m ' s  t o t a l  phosphorus was a l s o  

c a l c u l a t e d  a s  an  i n s t a n t a n e o u s  c h a r a c t e r i s t i c  by d i v i d i n g  t h e  

average  poo l  s i z e  o f  t o t a l  phosphorus by t h e  e x t e r n a l  f l u x  r a t e s  

f o r  e v e r y  t i m e  s t e p .  Consequent ly ,  t h e  i n s t a n t a n e o u s  t u r n o v e r  

t i m e  o f  t h e  s y s t e m ' s  t o t a l  phosphorus does  n o t  a c c o u n t  f o r  t h e  

i n t e r n a l  phosphorous c y c l i n g  w i t h i n  t h e  sys tem,  and it i s  based 

on t h e  combined d a t a ,  t h e  model o u t p u t  d a t a  ( o r  temporary l e v e l s  

o f  t h e  s y s t e m ' s  t o t a l  P ) ,  and a v a i l a b l e  o b s e r v a t i o n s  ( a l l  e x t e r -  

n a l  phosphorous i n p u t s  t o  t h e  l a k e  s y s t e m ) .  The dynamics o f  

t h e  d a i l y  mean t u r n o v e r  t i m e  of  t h e  s y s t e m ' s  t o t a l  P a r e  shown 

i n  F i g u r e  20. 

The t u r n o v e r  t i m e  v a l u e s  o b t a i n e d  on monthly and annua l  

b a s e s  i n  t h i s  model a r e  summarized f o r  a l l  phosphorous compart- 

ments i n  Tab les  8 th rough  11 f o r  Bas ins  I - I V  r e s p e c t i v e l y .  The 

d a t e s  and v a l u e s  o f  minimum and maximum t u r n o v e r  t i m e s  w i t h i n  

each  month, p l u s  monthly and annua l  mean t u r n o v e r  t i m e s  f o r  a l l  

phosphorus f r a c t i o n s f a p p e a r  i n  t h e s e  t a b l e s .  

The f o l l o w i n g  c o n c l u s i o n s  can  be  reached  from t h e  a n a l y s i s  

o f  F i g u r e s  15-20 and T a b l e s  8- 11 : 

(i) Turnover o f  phosphorous p o o l s  a p p e a r s  t o  be  f a s t e s t  

i n  t h e  b i o l o g i c a l  compartments o f  b a c t e r i a  and phyto-  

p l a n k t o n ,  and i n  t h e  n o n l i v i n g  p a r t i c u l a t e  o rgan ic -P  

which i s  d i r e c t l y  dependent  on t h e  microorganism 

a c t i v i t i e s  and r e g u l a t e d  by env i ronmenta l  f a c t o r s .  

(ii) I n  t h e  summer s e a s o n ,  t h e  phosphorous t u r n o v e r  i s  

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

t u r n o v e r  t i m e s  o f  t h e  v a r i o u s  phosphorous compart- 

ments a r e  s i g n i f i c a n t l y  reduced;  t h e  phosphorous 

t u r n o v e r  i n  a l l  compartments,  e x c e p t  n o n l i v i n g  





Table 8. Data on Phosphorous Compartment Turnover Times a s  Calcula ted  by t h e  
Model f o r  Basin I. 

Phoaphorua M o n t h s  
f r a c t l o n a  D a t a  A ~ u a l  

Jnn ? e l  Mar A way June ;uly ~ u q  s e p t  mt NOV DOC 

1 9 7 6  Phytoplankton-P M l n i m u a r d a y  17 2'1 25 30 15 18 31 2 6 8 1 27 - 
value  2.8 3.2 2.9 2.3 2.4 2.5 2.3 2.6 2.2 2.7 2.5 3.n 

~ a x i m u m :  day 8 5 1 2 14 11 2 30 17 10 30 29 
value  17.2 12.2 11.8 10.0 8.8 9.2 8.5 7.2 9.6 11.2 13.0 13.1 

I4 9 a n t  8.5 8.3 7.2 6.1 5.6 5.2 4.9 4.9 5.8 7.5 8.1 8.6 6.7 

h c t u i a l - P  Minimum: day 17 26 25 26 21 1 6 6 1 8 6 1 2 7  
value  4.1 5.5 3.9 3.0 2.0 2.4 2.8 3.4 3.3 4.5 3.7 4.7 

M a x i m u m t d a y  8 5 1 4 1 5 21 31 29 28 29 2 
va lue  9.1 8.7 8.5 7.6 6.2 4.7 4.2 5.1 6.7 10.1 10.2 9.6 

n e a  n :  6.8 7.3 7.0 4.9 3.8 3.7 3.8 4.3 5.2 6.7 7.4 7.4 5.7 - 

P~ 
n ln imum:  day 2 15 20 26 21 25 11 1 4 6 1 2 6  

value  0.9 1.2 0.6 0.9 0.5 1.1 0.7 1.0 0.8 1.0 0.7 1.0 
n a x i m u m : d a y  30 10  29 18 4 21  17 13 22 7 28 29 

- -  -. 
va lue  4.1 3.7 4.1 4.0 3.9 3.4 3.3 3.1 3.8 3.4 3.6 3.4 

C( a a n :  2.0 2.1 2.2 2.1 2.1 1.9 '1.7 2.0 2.1 2.1 2.1 2.0 2.0 
DOP ? l i n i m u m : d a y  4 26 25 10  21 1 8  6 22 1 8  7 1 27 

va lue  4.4 8.6 6.2 5.8 4.6 4.2 3.8 3.9 3.0 3.1 3.6 6.0 
Maximum: day 26 28 17 4 1 5 1 9  1 8 28 29 29 

value  54.9 81.3 82.6 90.4 58.7 20.0 9.0 9.2 12.1 19.5 32.6 35.5 ~ - .- .- ~ - . ~  .--- 

n 9 a n :  18.3 30.7 29.8 27.7 17.8 7.5 6.3 6.3 6.3 7.8 12.9 17.5 15.7 

DIP n in lmum:  day 4 16 25 23 22 24 6 19  3 5 1 4  
va lue  2.6 6.7 4.7 1.0 0.8 0.7 0.7 0.9 0.8 0.9 1.8 4.6 

n e a n: 8.3 16.5 14.3 4.2 2.6 1.8 1.8 1.9 2.5 3.8 6.7 12.3 6.4 
T o t a l  P Minimum: day 4 26 21 28 21 1 6 22 18 6 1 28 

value  1.3 4.2 2.5 2.4 1.9 2.8 3.7 3.5 2.1 2.3 1.4 2.1 
Maximum: day 26 21 18 4 19  29 21 31 1 5 9 2 3  

va lue  9.9 16.5 18.4 15.0 13.7 14.8 24.6 17.3 13.0 10.3 8.1 9.4 ~ ~ . -.-. 

M e a , n :  3.9 9.0 7.2 6.4 6.8 6.6 10.0 9.0 6.1 5.8 4.2 4.5 6-6 
1 9 7 7  ~hytnplankton-P n i n i m u m : d a y  1 23 13 9 22 17 26 22 10 13 13 27 

va lue  3.3 2.3 2.7 2.8 2.7 2.5 2.5 3.0 3.1 3.0 3.0 2.7 
Max imum:day  7 1 6 4 2 8 13 lo 21 31 3 14 

va lue13 .4  10.0 9.8 9.3 10.2 10.3 8.7 8.8 10.1 11.8 12.6 14.7 . --. ---. 

M e a n: 8.5 7.0 6.4 6.1 . 6.3 5.9 5.3 5.7 6.4 7.9 8.5 10.0 7.0 

nac t a r l a l -P  n i n i m u m : d a v  15 23 29 9 22 27 12 24 10  2 26 31 
va lue  5.1 3.6 2.8 3.4 2.6 3.0 3.3 3.7 3.9 4.7 5.5 6.0 

n a x i m u m : d a y  7 3 3 1 1 33 30 lo 30 31 30 5 
va lue  8.7 8.0 8.1 8.1 4.9 4.4 5.1 5.6 8.2 8.5 10.0 10.0 

M e a n :  7.1 6.8 6.3 6.2 3.6 4.0 4.5 5.0 5.8 7.2 7.9 8.3 6.1 

P~ 
n i n i m u m : d n y  13 23 29 9 19 27 11 9 9 2 1 1 6  

va lue  1.1 1.1 0.9 1.0 1.1 0.9 0.9 0.7 0.8 0.9 0.8 0.9 
n a x i n u m : d a y  3 23 31 1 8  23 8 24 12  17 13 30 5 

va lue  3.4 3.2 3.8 3.5 3.6 3.4 3.5 3.5 3.4 3.9 3.8 3.9 
M e a a: 2.1 2.0 2.1 2.1 2.0 1.9 1.9 2.0 2.0 2.3 2.2 2.2 2.1 

DOP l i n i m u m : d a y  1 23 29 16  22 27 26 11 6 7 2 2 7  
va lue  7.4 4.6 4.9 7.3 5.6 3.6 3.2 3.2 3.3 3.1 3.7 7.2 

Maximum:day 31  16  9 1 2 2 17 4 22 31 30 30 
v a l u e 4 4 . 5  43.6 70.8 84.1 56.3 14.1 9.7 9.0 10.4 13.1 34.3 51.8 

M e a n :  22.4 23.4 30.2 31.9 18.7 7.5 6.1, 5.5 6.3 7.8 13.0 26.4 16=6 

DIP n i n i m u m : d a y  15 23 29 30 22 20 7 19  9 3 2 27 
va lue  5.6 3.2 1.4 1.8 0.8 0.8 0-8 0.8 0.8 1.1 1.4 6.5 

Maximum: bay 24 16  9 1 8  2 5 27 2 29 25 30 31 
va lue  25.0 25.4 16.7 9.7 5.3 3.6 3.3 3.4 5.2 6.2 16.0 33.5 

M e a n :  13.7 11.8 7.9 4.9 2.1 1.8 1.8 1.9 2.4 3.5 6.3 16.7 6.3 

- o r a l  P n i n i m u m : d a y  13 23 29 16 6 27 12 9 27 2 26 16  
va lue  2.1 2.3 2.0 2.1 3.3 3.7 4.0 3.6 3.9 2.5 1.9 2.8 

Max imum:day  8 26 28 3 25 25 7 14  9 31 1 31 
v a l u e  8.0 7.9 10.3 8.0 14.5 19.9 21.9 18.9 19.3 13.911.2 15.9 

. n  e a n: 4.5 4.8 6.0 4.9 7.8 9.8 12.2 11.1 9.4 7.4 5.6 7.3 7.6 

1 9 7 8  Phytoplankton-P l 4 i n i m u m : d a y  24 26 16 22 31 24 24 8 27 4 29 30 
va lue  3.3 2.7 2.3 2.5 3.0 2.7 2.8 3.1 2.7 2.4 3.1 2.4 

Maximum: day 25 13 1 12 16  30 1 18 22 31 23 2 
va lue14 . 9  13.6 11.6 10.9 9.5 8.9 9.1 8.6 10.4 11.8 14.7 14.1 

I e a n: 9.4 8.7 7.0 6.3 5.9 5.5 5.5 5.7 6.7 7.5 10.2 9.3 7.3 
B a c t e r i a l - P  Minimum: day 24 li 30 30 23 2 4 8 12 4 29 29 

va lue  4.8 4.2 3.3 3.0 2.7 3.0 3.4 3.5 3.9 4.4 6.1 5.1 
Max1mum:day 6 1 1 8 12 29 11 31 22 29 14 2 

va lue  9.3 9.0 8.3 7.4 7.4 5.1 5.6 6.6 8.2 10.0 10.5 9.9 
n e a n: 7.7 7.3 6.5 5.4 4.2 ?.9 4.a 5.0 6.3 7.5 9.1 8.0 6.3 

D 
Min lmua :  day 5 4 6 15 2 28 4 30 27 18 27 29 

value  0.8 0.8 0.9 1.0 1.0 0.9 1.0 0.9 0.6 0.9 1.1 1.1 
n a x i m u m : d a y  23 15 14 20 15 M 6 19 1 6 21 26 

va lue  3.9 4.0 4.2 3.5 3.4 3.1 3.4 3.4 3.6 3.7 3.7 4.0 

w e a n :  32.2 29.1 29.3 24.5 22.4 10.9 6.2.  6.0 6.6 12.3 25.7 26.5 19.4 
DIP Minimum: oay 24 14 31 30 2: 8 4 7 7 4 1 3 1  

value 5.3 5.3 1.9 1.1 0.8 0.3 0.8 0.8 0.8 1.1 3.2 5.3 
I (ax1mum:day 14 1 13 24 1 5  30 26 29 22 29 26 7 

v a l u e 3 6 . 1  21.1 20.8 9.2 6.4 3.3 3.6 3.7 5.7 10.5 30.0 ?7.7 
e a ns i'1.e 12.0 9.5 4.1 2.4 1.9 1.9 1.9 2.5 4.7 14.1 18.8 7.7 

~ 0 t r l  P n ln lmn~m:  day 5 14 7 15 2 28 4 30 27 18 29 29 
value  1.9 1.8 2.2 2.0 2.6 2.3 3.5 2.8 1.8 2.5 2.6 3.4 

Wnxlmumt day 24 1 4 24 2 10 28 6 6 14 23 7 
valua 11." 10.4 12.1 9.1 9.2 14.4 13.7 19.0 11.9 13.1 17.3 14.1 

a e a n :  6 . 0  5 . 1  5.9 4.7 5.5 7.7 a.2 9.0 7.0 7.1 7.7 7.2 h , d  



Table 9. Data on Phosphorous Compartment Turnover Times a s  Calculated by 
khe liodel f o r  Basin 11. 

n o n t h a  
year ?haphorn* Dee. Annual 

t r a c e i o n s  J M  ?.b N u  Apr May mnm J u l y  AUg Smpt OCt Nov DeC 

1 9 7 6 P h y t o p l a n k t o n - P  M i n i m u m : d a y  17 26 25 30 15 17 31 2 6 8 1 27 
valum 4.2 4.6 4.3 3.9 3.4 3.4 3.0 3.2 3.2 3.9 3.8 4.1 

I a x i m u m r d a y  8 S 1 2 14 11 2 30 28 3 1  30 19  
v a l u m 2 1 . 3  1 6 3  6 6  13.4 12.3 11.1 10.1 8.5 11.9 14.2 1 8  17.2 - - - -. - . - . -. - ~ .  ~. ~ 

n a a n :  12.1 11.5 10.2 8.7 8.0 6.6 6.0 6.0 7.3 9.6 11.1 12.0 9 .1  
B a c t m r i a l - P  M i n i m u m r J a y  4 26 25 27 21 1 6  2 6 6  1 27 

valum 5.5 6.7 5.6 3.7 2.8 3.2 3.6 4.1 4.4 5.8 5.5 6.6 
Nsximumr day 26 5 1 2 1 6 2 3 1  29 28 28 2 

valum 9.1 9.2 9.1 8.0 6.6 5.3 4.6 5.7 7.6 11.7 11.4 10.8 
n l a n :  7.8 8.4 8.1 5.4 4.2 4.4 4.3 4.9 6.2 8.0 9.3 8.8 6.7 

?D 
n i n i m u m : d a y  2 1 5  20 28 21 25 11 2 4 6 1 26 

valum 0.9 1.6 0.7 1.2 0.7 1.4 0.9 1.3 1.0 1.2 0.9 1-1 -. ~ 

Maximum: day 30 28 29 18 4 11 1 7  10 22 7 29 29 
valum 5.1 4.8 5.2 5.1 5.0 4.4 3.9 3.8 4.8 4.3 4.8 4.7 

M l a n :  2.7 2.8 2.9 2.7 2.8 2.4 2.1 2.5 2.6 2.7 2.7 2.7 2.6 
DOP M i n i m u m : d a y  17  26 25 10 21 24 6 22 18  7 1 4 

v a l u e  12.4 17.1 11.9 10.6 6.1 4.5 4.1 4.1 3.4 3.3 4.4 7.7 
Maximum: day 8 28 1 4 1 5 27 4 8 28 29 29 

va lue lOO.1  123.8 124.0 123.2 69.1 15.9 7.9 8.2 11.1 16.9 28.8 38.8 
M e a n :  39.2 54.8 51.0 40.0 20.3 7.1 6.0 6.0 6.1 7.4 12.5 20.6 22.4 

DIP M l n 1 m u m : d a y  4 26 25 23 22 24 6 18  3 5 1 4 
v a l u e  3.9 5.8 4.1 1.0 0.8 0.8 0.8 0.9 0.8 0.9 1.7 4.3 

Max1mum:day 30 5 17  2 4 6 1 3  24 8 28 29 29 
v a l u e  21.6 30.7 33.6 19.0 7.3 3.5 3.0 3.4 4.9 8.9 21.7 27.6 

n l a n :  10.6 17.2 14.9 4.3 2.4 1.8 1.7 1.9 2.4 3.8 7.1 13.9 6.8 
T o t a l  P Minimum: day 4 27 21 9 21 4 6 22 1 8  6 1 27 

v a l u e  1.8 4.2 2.3 2.7 2.3 3.5 4.9 4.3 2.7 2.8 1.6 2.3 
M a x i m u m : d a y  26 LO 18 4 21 29 21 3 1  1 5 9 25 

v a l u e  10.7 17.2 17.7 18.0 18.1 19.4 32.3 22.2 16.5 13.6 9.6 13.0 
M a a n :  4.9 9.0 7.4 7.4 8.4 8.7 13.0 11.4 7.4 6.9 4.8 5.6 7.9 

1 9 7 7 P h y t o p l a n k t o n - P  n i n i m u m : d a y  1 23 29 9 22 27 26 22 LO 7 13  27 
v a l u e  4.3 3.2 3.8 4.3 3.7 3.5 3.4 4.1 4.1 4.7 4.8 3.9 

M a x i m u m : d a y  7 9 9 4 2 8 1 3  LO 21 31  3 20 
v a l u a  16.9 15.6 15.2 15.2 15.6 12.7 11.0 10.8 13.8 16.5 18.0 19.8 

M e a n :  12.0 10.7 9.9 9.5 9.0 7.6 6.9 7.5 8.5 11.2 12.2 13.8 9.9 
B a c t e r i a l - P  Minimum: day 1 23 29 9 22 1 1 2  24 LO 2 12 31  

valum 5.3 5.2 3.7 4.7 3.2 3.9 4.3 4.6 4.8 6.5 7.3 7.7 
M a x i m u m : d a y  7 3 3 1 1 11 30 4 30 3 1  20 1 

v a l u e  9.5 9.1 8.9 8.6 5.1 5.2 5.9 6.4 9.8 11.3 11.6 11.3 
M e a n :  8.5 8.1 7.1 7.0 3.9 4.8 5.3 5.8 6.9 9.2 9.8 9.5 7.2 

D 
M i n i m u m : d a y  13 23 29 9 19 27 11 9 9 2 2 3 1  

v a l u e  1.2 1.3 1.0 1.2 1.2 1.0 1.0 0.9 1.0 1.1 0.9 0.9 
M a x i m u m : d a y  7 23 31  1 8  23 8 24 12 22 13  30 5 

v a l u e  4.6 4.5 5.0 4.9 4.8 4.4 4.3 4.3 4.2 5.0 5.1 5.2 
n e a n  2.8 2.7 2.8 2.9 2.7 2.4 2.4 2.5 2.5 3.0 2.8 2.9 2.7 

DOP M i n i m u m : d a y  1 23 29 1 6  22 27 26 11 6 7 2 27 
v a l u e  11.0 8.8 8.3 13.0 6.6 3.8 3.3 3.2 3.3 3.4 3.4 9.1 

M a x i m u m : d a y  31  1 8  9 1 8  2 2 17  4 22 3 1  30 30 
v a l u e  60.1 65.1 97.7 114.5 68.4 10.5 8.3 7.7 8.8 9.8 27.1 45.7 

M e a n :  32.5 38.1 47.4 50.3 20.9 6.4 5.3 5.0 5.7 6.6 11.1 25.6 21.2 
D I P  M i n i m u m : d a y  29 23 29 30 22 20 7 1 9  9 3 2 27 

v a l u e  5.8 3.0 1.2 1.7 0.8 0.8 0.8 0.8 0.8 1.0 1.3 4.9 
Maximum: day 7 1 6  4 1 8  2 5 25 1 9  30 25 30 31  

v a l u e  32.2 27.0 20.4 11.7 5.6 3.3 3.1 3.1 4.9 5.6 17.4 29.3 
M l a n :  17.9 14.0 8.5 5.3 2.0 1.8 1.8 1.8 2.3 3.4 6.1 16.4 6.8 

- T o t a l  P Minimum: day 13  23 29 1 6  6 27 12 9 27 2 26 16 
v a l u e  2.4 2.6 2.1 2.5 4.0 4.3 4.8 4.3 4.2 2.7 1.8 2.4 

M a x i m u m : d a y  8 26 9 30 17  25 7 1 5  9 31  1 20 
valum 11.5 11.0 14.0 13.0 22.0 27.8 29.7 24.7 25.5 15.9 12.5 14.7 

M l a n :  6.3 6.6 7.4 6.8 10.3 12.3 15.5 13.8 1 . 2  8.1 5.9 6.8 9.3 
1 9 7 8  Phytoplankton-P n i n i m u m : d a y  24 26 16 11 31 24 5 2 27 4 29 30 

v a l u e  4.6 4.0 3.7 4.3 4.2 3.9 4.1 4.1 4.3 4.1 4.3 3.3 
M a x i m u m : d a y  25 13  1 12 16 4 4 1 8  27 31  23 2 

v a l u e  18.9 17.2 15.3 15.0 :3.9 12.4 11.8 10.9 15.4 17.9 21.4 19.9 
n e a n :  12.8 11.6 7 9.1 8.7 7.5 7.5 7.6 9.6 11.3 15.0 13.1 10.3 

B a c t s r i a l - P  Minimum: day 24 11 30 30 23 2 5 8 12 4 29 30 
v a l u e  6.6 6.0 4.0 3.5 3.4 3.6 4.6 4.4 5.2 5.9 8.1 6.5 

Maximum: day . 2 1 1 17 12 29 22 3 1  30 29 14 2 
v a l u e  10.1 9.6 8.9 8.2 8.0 6.4 6.7 7.9 9.9 12.4 12.7 11.3 . ~-~ ~. 

M e a n :  8.9 8.4 7.4 6.1 4.7 4.7 5.8 6.0 7.8 9.7 11.2 9.2 7.5 

D 
M i n i m u m : d a y  5 4 6 1 5  2 28 30 28 27 18  27 1 8  

v a l u e  0.9 1.0 1.0 1.3 1.1 1.1 1.2 1.1 0.7 1.0 1.1 1.3 
Msx1mum:day 23 1 5  14 2 1 5  7 3 1 9  1 6  21 26 

v a l u e  5.2 5.2 5.3 4.8 4.8 4.2 4.3 4.1 4.7 4.e 4.9 5.2 
M e a P :  2.9 2.9 2.9 2.7 2.7 2 5  2.6 2.4 2.9 2.9 2.8 2.9 2 . 8  

DO P n i n i m u m : d a y  24 1:. 16 11 31 24 4 18  1 2  4 29 1 
v a l u e  11.0 11.3 9.2 11.7 8.2 3.9 3.3 3.1 3.0 3.0 6.8 7.4 

M a x 1 m u m : d a y  24 2; 20 15 14 14 1 0  10 22 29 26 28 
v a l u e  72.5 82.8 102.2 81.5 67.1 14.0 8.2 7.5 10.7 20.8 30.4 47.6 

M e a n: 36.4 38.0 43.0 36.9 25.3 8.5 5.3 5.3 5.8 9.7 19.6 24.4 21.5 
D I P  n i n i m u m : d a y  24 14 30 jo 23 8 4 7 27 4 1 31 

v a l u e  5.3 5.0 1.7 1.0 0.8 0.8 0.8 0.8 0.8 1.0 2.9 4.3 
Maximumt day 23 13 1 20 14 29 26 29 22 28 26 7 

v a l u e  36.9 27.6 22.4 8.5 6.1 3.3 3.3 3.7 5.2 10.1 28.4 32.8 
n e a n :  18.2 13.7 9.2 4.0 2.3 1.9 1.9 1.9 2.4 4.4 13.0 17.4 7.5 

T o t a l  P n i n i m u m ~ d a y  5 4 7 15 2 28 4 30 27 18 29 21 
v a l u e  1.7 2.0 2.2 2.3 2.9 2.9 4.0 3.2 1.7 2.1 2.3 3.0 

M r x i m u m ~  day 27 3 3 24 9 13 2a 6 6 14 25 17 
v a l u e  1 1 . 9 1 1 . 0  11.6 1 .  13.2 2 18.0 2 3 .  14.3 15.3 13.6 12.5 

n a n. 6.k 6 6 . 1  7 1 1 n . 6  17.: 1n.n ~ , 7  7 .7  6 . 5  6 . 4  7 . 6  














































