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PREFACE 

One o f  t h e  p r i n c i p a l  themes of  t h e  Task on Envi ronmental  
Q u a l i t y  Con t ro l  and Management i n  IIASA's Resources and 
Environment Area i s  a c a s e  s tudy  o f  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  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  from 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-81-108). 

Th is  pape r ,  o r i g i n a l l y  p repared  f o r  t h e  Th i rd  Task Force 
Meeting on Lake Ba la ton  Modeling (Veszprem, Hungary, August 1981 ) ,  
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 t u d y .  The 
r e p o r t  d e s c r i b e s  a mathemat ica l  model BALSECT (Ba la ton  S e c t o r  
Model) of  t h e  phosphorus t r ans fo rma t i ons  i n  t h e  l a k e .  The 
model i s  one o f  t h r e e  models t h a t  have been 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  Lake. 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  s i m u l a t i o n  o f  t h e  phosphorus t r a n s f o r m a t i o n  p rocesses  and 
phytop lankton growth i n  Lake Ba la ton (see a l s o  WP-80-88 and 
WP-80-149). 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  performance o f  t h e  model w i t h  t h e  o b s e r v a t i o n s  recorded  
f o r  1976-1978. 
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ABSTRACT 

The Balaton Sec tor  Model was developed a t  I I A S A .  I t  i nc ludes  
t h e  i n t e r a c t i o n  between f i v e  phosphorus f r a c t i o n s  (d i sso l ved  
organ ic  P, d isso l ved  inorganic  P, non l i v ing  p a r t i c u l a t e  P,  phyto- 
plankton-P, and bac te r i a l -P )  and t a k e s  i n t o  account t h e  wind- 
and temperature- regula ted phosphorus exchange between sediment 
and water a s  we l l  a s  t h e  h o r i z o n t a l  t r a n s p o r t  of phosphorus 
f r a c t i o n s  from b a s i n  t o  bas in  by wind induced and advec t i ve  water 
f low. This model was app l i ed  t o  a r e a l  s e t  of f i e l d  observa t ions  
on t h e  s t a t e  of  t h e  environment, such a s  temperature,  r a d i a t i o n ,  
wind, water  ba lance,  and phosphorus load ing ,  i n  o rde r  t o  examine 
t h e  f e a s i b i l i t y  of t h e  model t o  rep resen t  t h e  phosphorus dynamics 
i n  d i f f e r e n t  p a r t s  of  Lake Balaton f o r  t h e  environmental cond i t i ons  
from 1976-1978. The model adequacy i n  desc r ib ing  phosphorus 
measurements i s  analyzed by s t a t i s t i c a l  methods which show t h a t  
t h e  s imulated phosphorus dynamics agree  s u f f i c i e n t l y  wi th t h e  
a v a i l a b l e  phosphorus measurements f o r  Lake Balaton. The r e s u l t s  
of  s e n s i t i v i t y  a n a l y s i s  t o  determine t h e  r e l a t i v e  importance of 
measurements ( temperature,  r a d i a t i o n ,  and phosphorus load ing)  
o r  t h e  q u a l i t y  of i npu t  d a t a  determining t h e  cond i t i ons  of  simu- 
l a t e d  phosphorus t rans fo rmat ion  a r e  d iscussed i n  terms of  changes 
i n  phosphorus concen t ra t i ons ,  averaged on a monthly and annual  
b a s i s .  Some pre l im inary  in format ion on t h e  phosphorus exchanqe 
i n  t h e  sediment-water l a y e r ,  e x t r a c t e d  from t h e  s imu la t ion  r e s u l t s ,  
i s  presented f o r  d i scuss ion  i n  t h i s  r e p o r t .  Furthermore, t h e  
a n a l y s i s  of  phosphorus f l u x e s ,  e x t e r n a l  a s  w e l l  a s  i n t e r n a l ,  and 
t h e  cond i t i ons  of phosphorus cyc l i ng  i n  1976-1978 were conducted 
i n  o rder  t o  c l a r i f y  t h e  s p e c i f i c i t y  o f  phosphorus t rans fo rmat ion  
w i t h i n  t h e  Lake Balaton ecosystem. 
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APPLYING THE BALATON SECTOR MODEL FOR ANALYSIS 
OF PHOSPHORUS DYNAMICS IN LAKE BALATON, 1976-1978 

A.V. Leonov 

INTRODUCTION 

The study of eutrophication in any water body by modeling 

techniques presupposes the understanding of the overall trends 

in nutrient cycling and of the transformation of the major 

system compounds within the water body, organic as well as inor- 

ganic. This is considered to be a necessary, quantitative base 

in assessing the current status of water quality and in identi- 

fying the possible direction of the trophic changes in the given 

water body, at different nutrient loads. It is possible to for- 

mulate some recommendations for a general solution to the eutro- 

phication problem which would help to prevent the development 

of eutrophication (brought about by excessive nutrient loading) 

or to retain the current-water quality. 

In preliminary testing it became apparent that the model 

of phosphorus transformation, BALSECT (Balaton Sector Model) , 
which was developed for studying the phosphorus transformation 

and eutrophication in Lake Balaton, had to be complenented by 

the sediment-water phosphorus interactions and wind-induced 

interbasin phosphorus transfer (Leonov 1980). These processes, 

in combination with biochemical ones, are of major interest in 



t h e  a n a l y s i s  of  t h e  p resen t  s t a t u s  of water  q u a l i t y  and f o r  t h e  

p red i c t i on  of f u t u r e  eu t roph ica t i on  t rends  i n  Lake Balaton.  The 

b a s i c  i deas  and t h e  t h e o r e t i c a l  background i n  modeling t h e  

sediment-water phosphorus exchange a s  w e l l  a s  t h e  phosphorus 

i n t e r b a s i n  t r a n s f e r  by wind-induced water  f low were r e c e n t l y  

formulated by van S t r a t e n  and Somlyody (1980) . 
This r e p o r t  d e a l s  w i th  an improved v e r s i o n  of BALSECT and 

desc r ibes  t h e  r e s u l t s  of  s imu la t ion  of  t h e  phosphorus dynamics 

f o r  t h e  environmental  cond i t i ons  of  3976-3978. By us ing  t h e  

modeling r e s u l t s  i n  combination w i th  t h e  da ta  a n a l y s i s ,  f u r t h e r  

s t e p s  i n  t h e  e c o l o g i c a l  modeling were examined: (i) t h e  assess-  

ment of model adequacy through s t a t i s t i c s ;  (ii) s e n s i t i v i t y  ana l -  

y s i s ;  (iii) t h e  r o l e  of sediment i n  t h e  phosphorus dynamics and 

( i v )  phosphorus c y c l i n g  w i t h i n  t h e  Lake Balaton ecosystem. 

THE MODEL 

The model equat ions  a r e  cons t ruc ted  on t h e  b a s i s  o f  mass 

conserva t ion  p r i n c i p l e s  f o r  phosphorus compartments--nonliving 

p a r t i c u l a t e  o rgan ic  phosphorus (PD) ,  d i sso l ved  organ ic  phosphorus 

(DOP) , b a c t e r i a l  phosphorus ( B )  , d isso l ved  inorgan ic  phosphorus 

(DIP) and phytoplankton phosphorus (F)--and it i s  given by a set 

of coupled o rd ina ry  d i f f e r e n t i a l  equat ions .  The genera l  f o m  

of  t h e  model equat ions  i n  t h e  improved v e r s i o n  of BALSECT is :  

dci ( Q i n  (Qout + Qwout . 1 
- -  

+ G i n . )  
- R . +  czi . +  - - j  d t  11 1 1 7 V 'it j-I V ' i , j  

j  j  

( G o u t  1 'Qwin 1 (Qpr 1 
- . c  - v &I v I  ' i , j + l  + - c r  v + ' i , j  ( 1  

j  j  j  i 

where i is equa l  t o  1 ,  2 ,  3, 4 and 5 f o r  PD, DOP, B,  DIP and F 

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

j  i s  t h e  number of b a s i n s  considered and t h e  hypothes is  on four-  

b a s i n  segmentat ions used i n  t h e  s imu la t ion  s tudy ;  

, Ci 
and 'if j+ l  a r e  concen t ra t i ons  of p a r t i c u l a r  phosphorus 

, I -1  
compounds i n  t h e  bas ins  under examination ( i n  mgP/!?) ; 



Q i n .  ' Qout and Q a r e  input ,  output  f low r a t e s  and p rec ip i ta -  
I j  p r j  3  

t i o n  r a t e  respec t i ve l y  ( a l l  m /day) ;  

< in i  and ein a r e  inpu t  r a t e s  of wind-induced flows through 
-4 

0 J J 
l e f t  and r i g h t  i n t e rbas in  c ross  sec t i on  a reas  respec t i ve l y  

3 (both m /day) ; 
b 

<out and Qwout a r e  output  r a t e s  of wind-induced flows through 
j  j  
l e f t  and r i g h t  i n t e rbas in  c ross  sec t i on  a reas  respec t i ve l y  

(both m3/day) ; 

'r, i s  phosphorus concent ra t ions  i n  r a i n  water and it i s  taken 
I 

i n t o  account f o r  DOP ( i = 2 )  and D I P ( i = 4 )  (mgP/&) ; 

. i s  the  sum of r eac t i on  r a t e s  of biochemical processes taken 
R i f  3 

i n t o  account i n  t h e  model (mgP/&-day) ; 

"if j  is t h e  d i r e c t  phosphorus loading r a t e s  from the  watershed 

(mgP/ &-day) and it is taken i n t o  acount f o r  PD (i= 1 ) and 

f o r  D I P ( i = 4 )  ; 

'if j  i s  t h e  d i r e c t  phosphorus loading r a t e s  due t o  sediment-water 

i n t e r a c t i o n s  (mgP/&-day) and it is taken i n t o  account f o r  

P D ( i = l )  and D I P ( i = 4 ) ;  
3 V .  i s  volume (m ) of t h e  bas in  considered. 

3 

Thus i n  t h e  s p a t i a l  mass t r anspo r t  modeled, two bas ic  

mechanisms a r e  taken i n t o  cons idera t ion .  These are :  t he  n e t  

hydro log ica l  t r anspo r t  based on t he  water balance da ta  (weekly 

da ta  f o r  t h e  River Zala and monthly da ta  f o r  i n t e rbas in  exchange) 

and t h e  wind-induced exchange f lows through i n t e rbas in  cross-  

sec t ions .  The n e t  hydro log ica l  t r anspo r t  was a l ready  modeled 

prev ious ly  (Leonov 3980) whi le t he  wind-induced exchange between 

bas ins  has now been included i n  t h e  improved vers ion  of BALSECT. 

The l a t t e r  should s imu la te  t he  long i tud ina l  t r anspo r t  of phos- 

phorus a s  a  consequence of wind ac t i on ,  important f o r  t h e  regu- 

l a t i o n  of phosphorus l e v e l s  i n  d i f f e r e n t  p a r t s  of Lake Balaton. 

E ight  measurements f o r  wind regime per  day, which inc lude wind 

speed and wind d i r e c t i o n ,  were used f o r  t h e  ca l cu l a t i on  of r a t e s  

of wind-induced f lows through i n t e rbas in  c ross  sec t i ons  a s  

shown below: 



3  where Qw i s  t h e  r a t e  of wind-induced f low (m / day ) ;  

k  i s  t h e  p r o p o r t i o n a l i t y  c o e f f i c i e n t ,  equal  t o  0.0018 ( u n i t l e s s ) ;  

W i s  wind speed (m/sec) ; 
2 2 2 A .  i s  t h e  i n t e r b a s i n  a r e a s  ( m  ) equal  t o  8125 m , 12500 m and 

I 2 
7500 m f o r  1-11, 11-111 and 1 1 1 - I V  r e s p e c t i v e l y ;  

a i s  wind d i r e c t i o n ;  

30 i s  t h e  ang le  of dev ia t i on  of Lake Ba la ton ' s  l o n g i t u d i n a l  a x i s  

from t h e  space coo rd ina te  a x i s .  

Another improvement was made t o  t h e  model so  it could t a k e  

i n t o  account t h e  sediment-water i n t e r a c t i o n s .  The sediments i n  

water  bodies a c t  a s  a  p o t e n t i a l  n u t r i e n t  source and t h e  r a t e  of  

n u t r i e n t  exchange through t h e  sediment-water i n t e r f a c e  i s  regu- 

l a t e d  by environmental f a c t o r s .  Among d i f f e r e n t  mechanisms of  

phosphorus exchange r e a c t i o n s  i n  t h e  sediment-water i n t e r f a c e ,  

t h e  most i n t e r e s t i n g  (from t h e  p o i n t  of  view of  importance) a r e  

t h e  sedimentat ion and resuspens ion of p a r t i c u l a t e  phosphorus and 

t h e  r e l e a s e  of  m inera l  phosphorus. They a r e  modeled on t h e  b a s i s  

of  t h e  approaches suggested by Somlyody (1980) who s t u d i e d  t h e  

i n f l uence  of wind a c t i o n  on t h e  exchange processes i n  t h e  s e d i i e n t -  

water  i n t e r f a c e  i n  t h e  c e n t r a l  p a r t  of Lake Balaton,  t h e  Szemes 

Basin,  w i th  a  mean depth of  about  4 . 3  m. Thus i n  t h i s  s tudy ,  it 

has  been assumed t h a t  a d d i t i o n a l  q u a n t i t i e s  of  phosphorus i n c r e a s e  

t h e  l e v e l s  of non l i v ing  p a r t i c u l a t e  phosphorus and d i sso l ved  

minera l  phosphorus, a s  a  r e s u l t  of t h e  sediment-water i n t e r a c t i o n s .  

The r a t e  o f  t h e  non l i v ing  p a r t i c u l a t e  phosphorus load ,  SpD i n  

mgP/k-day, due t o  t h e  combined e f f e c t  of resuspens ion and 'sedi-  

mentat ion,  i s  given by 

where Ksed i s  t h e  r a t e  cons tan t  of PD sedimentat ion,  which i s  

assumed t o  be equal  t o  0.25 day-' ; 

d .  i s  t h e  depth of  t h e  bas ins :  d  =2.28 m; d11=2.87 m; dIII=3.22 m; 
3 I 

dIv=3.68 m; 

W is wind speed i n  m/sec; 

U is t h e  empi r i ca l  c o e f f i c i e n t  which is  assumed t o  be equa l  t o  1 ;  



' ~ r e s  i s  t ime-averaged f l u x  of pa r t i cu la te -P  from t h e  sediment 

which i s  assumed t o  be s i m i l a r  f o r  a l l  t h e  bas ins  (mgP/R-day) ; 

4.3 is  t h e  depth of t h e  Szemes Basin ( m ) .  

The f l u x  of m inera l  phosphorus from t h e  sediment i s  given a s  

where Kt r  is  t he  r a t e  cons tan t  of  phosphorus t rans fo rmat ion  i n  

sediment which is assumed t o  be equa l  t o  0 .125  day-'; 

T i s  water  temperature i n  O C ;  

DIPr i s  t h e  t ime-average f l u x  of DIP from t h e  sediment (mgP/k-day). 
j 

Among t h e  biochemical  processes which a r e  important  i n  t h e  

phosphorus t rans fo rmat ions ,  t h i s  model t a k e s  i n t o  account:  

(i) phytoplankton product ion and n u t r i e n t  uptake which a r e  

cha rac te r i zed  by a  func t ion  of temperature,  l i g h t  and 

DIP con ten t ;  

(ii) b a c t e r i a l  product ion which i s  temperature-dependent and 

is an impor tant  s t e p  of  DOP t rans fo rmat ion  and DIP 

regenera t ion ;  

(iii) metabol ic  e x c r e t i o n  of  DOP and DIP by phytoplankton and 

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

( i v )  nonpreda to r i a l  m o r t a l i t y  of  b a c t e r i a  and phytoplankton 

which a r e  e s s e n t i a l  f a c t o r s  i n  phosphorus cyc l ing ;  

( v )  decomposit ion o f  non l i v ing  p a r t i c u l a t e  phosphorus, 

because t h i s  i s  an important  s t a g e  i n  phosphorus t rans -  

format 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 .  

Mathematical equat ions desc r ib ing  t h e s e  biochemical phos- 

phorus t rans fo rmat ions  a r e  given i n  Appendix A (Leonov 1980).  

Together wi th  equat ions  ( 1 ) - ( 4 )  they  g ive  a  complete s e t  of 

equat ions  f o r  t h e  s l i g h t l y  modif ied ve rs ion  of BALSECT. 

DATA BASE 

This r e p o r t  g i ves  on ly  a  b r i e f  d e s c r i b t i o n  of t h e  d a t a  used f o r  

t h e  s i n u l a t i o n  of t h e  phosphorus dynamics i n  Lake Balaton,  f o r  



t h e  per iod  of 1976-1978. A l l  e x i s t i n g  d a t a  on t h e  l ake  a t  IIASA 

used i n  t h e  s imu la t ion  runs may be subdiv ided i n t o  t h r e e  qroups: 

(i) phys ica l ,  meteoro log ica l  and hydro log ica l  da ta ;  

(ii) t r i b u t a r y  s t ream in f l uence  and watershed n u t r i e n t  load ing 

da ta ;  

(iii) phosphorus, n i t rogen  and phytoplankton d a t a  i n  open water .  

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

temperature,  s o l a r  r a d i a t i o n ,  wind and water ba lance cha rac te r -  

i s t i c s .  The dynamics of  d a i l y  mean va lues  o f  water  temperature 

and s o l a r  r a d i a t i o n  f o r  1976-1978 a r e  p resented  i n  F igures  1 and 

2 respec t i ve l y .  The f l u c t u a t i o n s  i n  wind speeds measured every 

t h r e e  hours dur ing  1976-1978 is  shown i n  F igure 3 .  The water 

ba lance d a t a  i nc ludes  t h e  weekly measurements of  t h e  River Zala 

d ischarge  flow r a t e s  and monthly average input-output  r a t e  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  t h e  bas ins .  F igures 4 and 5 show 

t h e  f l u c t u a t i o n s  of i npu t  and ou tpu t  f low r a t e s  r e s p e c t i v e l y .  

Monthly mean p r e c i p i t a t i o n  r a t e s  a r e  p resented  f o r  1976-1978 i n  

Table 1 .  A l l  t h e  d a t a  from t h e  f i r s t  group i s  used i n  t h e  simu- 

l a t i o n  of  t h e  phosphorus dynamics a s  environmental f a c t o r s  regu- 

l a t i n g  t h e  r a t e s  of phosphorus t rans fo rmat ions .  

The second group of d a t a  con ta ins  in format ion on t h e  phos- 

phorus load.  Sources o f  phosphorus load a r e  River Zala d ischarge  

water ,  watershed runo f f ,  r a i n f a l l ,  sewage and sediments.  The 

f l u c t u a t i o n s  i n  t h e  concent ra t ions  of non l i v ing  p a r t i c u l a t e  

phosphorus a r e  ob ta ined  by t h e  d i f f e r e n c e  between weekly measure- 

ments of  t o t a l  phosphorus f r a c t i o n s  and d i sso l ved  inorgan ic  phos- 

phorus and phytoplankton phosphorus i n  t h e  River Zala d i s c h a r s e  

water  f o r  1976-1978, and a l l  of  t h e s e  a r e  presented i n  F i s u r e  6. 

The concent ra t ions  of  t h e  bac te r i a l -P  i n  t h e  River Zala d ischarqe  

water  a r e  assumed t o  be cons tan t  and equa l  t o  4 - 1 0 - ~  mgP/!L 

whi le  t h e  DOP concen t ra t i ons ,  because t h e  in format ion i s  absent ,  a r e  

assumed t o  be n e g l i g i b l y  low (Leonov 1980) . The DIP and DOP 

con ten ts  i n  t h e  r a i n f a l l  were assumed t o  be cons tan t  f o r  t h e  d i f -  

f e r e n t  years  and equa l  t o  0.1  and 0.06 maP/!L r e s p e c t i v e l y .  To- 

ge the r  wi th  t h e  water  ba lance d a t a  presented above, t h e s e  phos- 

phorus loads al lowed inc lus ion  of  t he  d i r e c t  i n f l uence  of t h e  
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Figure 1.  Dynamics of daily average water temperature in Lake 
Balaton for 1976-1978. 
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F i g u r e  2 .  Dynamics  o f  d a i l y  a v e r a g e  v a l u e s  o f  so la r  r a d i a t i o n  
f o r  1976-1978. 
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Figure 3 .  Di rec t l y  measured wind speeds f o r  Keszthely Bay 
(1976-3978)  . 
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6 
T a b l e  1 .  Water b a l a n c e  data:  m o n t h l y  a v e r a g e  p r e c i p i t a t i o n  rates ( 1 0  m3/day) f o r  1976-1978.  

Months 

Jan  

Feb  

Mar 

APr 

May 

June  

Ju ly  

Aug 

Sept  

Oct 

Nov 

Dec 

B a s i n s  

I 

1976 1977 1978 

0.576 0.650 0.135 

0.131 0.760 0.421 

0.429 0.601 0.319 

0.697 0.583 0.608 

0.417 0.319 0.993 

0.545 0.975 1.165 

0.723 0.613 1.226 

0.613 0.797 0.355 

0.912 0.557 0.304 

0.563 0.233 0.404 

0.659 0.899 0.165 

1.213 0.429 0.404 

IV 

1976 1977 1978 

3.457 3.898 0.809 

0.786 4.560 2.524 

2.574 3.604 1.912 

4.180 3.496 3.648 

2.501 1.912 5.957 

3.268 5.852 6.992 

4.339 3.677 7.355 

3.677 4.781 2.133 

5.472 3.344 1.824 

3.380 1.397 2.427 

3.952 5.396 0.988 

7.281 2.574 2.427 

I1 

1976 1977 1978 

2.183 2.462 0.511 

0.496 2.880 1.594 

1.626 2.276 1.208 

2.640 2.208 2.304 

1.579 1.208 3.763 

2.064 3.696 4.416 

2.741 2.323 4.645 

2.323 3.019 1.347 

3.456 2.112 1.152 

2.137 0.883 1.532 

2.496 3.408 0.624 

4.599 1.626 1.532 

I11 

1976 1977 1978 

2,820 3.180 0.660 

0.641 3.720 2.059 

2.100 2.940 1.560 

3.410 2.852 2.976 

2.040 1.560 4.860 

2.667 4.774 5.704 

3.540 3.000 6.000 

3.000 3.900 1.740 

4.464 2.728 1.488 

2.760 1.140 1.980 

3.224 4.402 0.806 

5.940 2.100 1.980 



m m m m  - - ti C i  

m m m m  - 
4 

- & i  
\ 
a 
e 
E 



River Zala d ischarge  and p r e c i p i t a t i o n  on t h e  phosphorus dynamics 

i n  Lake Balaton f o r  1976-1978. 

The i n f l uence  of  sediment a s  t h e  DIP source i s  taken i n t o  
-5 account a s  being equal  t o  1.45-1 0 , 5 . 2  - 1  o - ~ ,  4 . 2  1 0-6 and 

3 . 3  1 0-6 mgP/R-day f o r  Basins I through I V  r e s p e c t i v e l y .  ~ i m e -  

averaged f l u x  of pa r t i cu la te -P  from t h e  sediment t o  water  was 

assumed t o  be equa l  t o  7 - 1 0 - ~  mgP/2-day f o r  a l l  t h e  bas ins  

dur ing  1976-1978. 

Table 2 g ives  t h e  r a t e s  of DIP load  used i n  t h e  s imu la t ion  

runs from o t h e r  n u t r i e n t  sources,  p r imar i l y  from sewage. These 

r a t e s  were eva lua ted  on t h e  b a s i s  of  t h e  hypotheses of  t h e  four-  

bas in  e x t r a p o l a t i o n  from t h e  River Zala DIP load  d i s t r i b u t i o n  

(van S t r a t e n  and Somlyody 1980) . 
Addi t iona l  en t rance  of  nonl iv ing pa r t i cu la te -P  from t h e  watershed 

was a l s o  taken i n t o  account i n  t h e  s imu la t ion  runs ,  us ing t h e  hypoth- 

e s i s  on t h e  l o n g i t u d i n a l  d i s t r i b u t i o n  of  non-point sources  over 

Table 2 .  T i m e  d i s t r i b u t i o n  of sewage DIP load r a t e s  ( i n  mgP/R-day) 
used i n  s imu la t ion  runs.  

! 
I 

I B a s i n s  i 

M o n t h s  
I I I I11 IV ! 

L I 

1 , J a n  .00021 
i 

.OOOIO .00007 .00009 i 

Mar j .ooo21 .OOOIO .00007 .00009 
I I 

I J u n e  / .0002I .OOOIO .00007 .00009 1 

i Apr  

1 May 
I 

! 
I J u l y  1 .00042 .00020 .00014 .00018 1 , 
! I 

. 000 2 I .OOOIO .00007 

.OOO 2 I .OOOIO .00007 
-00009 I 
.00009 1 

Aug 1 .00042 .00020 .00014 .00018 i 
I 

Nov 1 .0002I .OOOIO .00007 .00009 ~ 
I 

Dec j .00021 .oooIo .oooo7 .00009 , 
L 



t h e  fou r  bas ins  (from Keszthely Bay t o  ~ i o f o k )  d iscussed by van 

S t r a t e n  and Somlyody (1980) .  The b a s i s  of t h i s  approach is t h e  

River Zala load  f o r  nonl iv ing pa r t i cu la te -P  ( o r  River Zala run- 

o f f )  eva lua ted  on t h e  d a t a  of t h e  River Zala PD concen t ra t i on  

f l u c t u a t i o n s  and River Zala d ischarge f low r a t e s .  F igure 7 

presen ts  t h e  t ime s e r i e s  of t h e  River Zala runof f  accord ing t o  

d a t a  used. P a r t i c u l a t e  phosphorus load  f o r  Basins 1 1 - I V  i s  ca l -  

cu la ted  us ing  t h e  formula: 

Runoff 
(11-177) 

= E Runoff 
(1) v ( ~ ) / v ( ~ ~ - ~ v )  (5 )  

where E i s  t h e  p r o p o r t i o n a l i t y  c o e f f i c i e n t  equa l  t o  1 ,  0.45 and 

0.3 f o r  Basins 1 1 - I V  r e s p e c t i v e l y ;  

a r e  t h e  volumes of  t h e  bas in  cons idered which a r e  v(l-lv) 6 3 
82-10 m , 4 1 3 . 1 0 ~  m3, 6 0 0 . 1 0 ~  m3 and 8 0 2 . 1 0 ~  m3 f o r  bas ins  

I - I V  r e s p e c t i v e l y ;  

RunoffI i s  t h e  River Zala runo f f ,  mgP/k-day. 

The t h i r d  group of  da ta  con ta ins  t h e  phosphorus concentra-  

t i o n s  i n  d i f f e r e n t  p a r t s  of t h e  lake .  D i r e c t l y  measured phos- 

phorus compounds a r e  d i sso l ved  inorgan ic  phosphorus o r  or tho-  

phosphate phosphorus (PO4), t o t a l  d i sso l ved  phosphorus (TDP), 

p a r t i c u l a t e  i no rgan ic  phosphorus (P IP ) *  and t o t a l  phosphorus 

(TP).  The concen t ra t i ons  of o t h e r  phosphorus f r a c t i o n s  were 

c a l c u l a t e d  from those  d i r e c t l y  measured: 

(i) d isso l ved  o rgan ic  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 rgan ic  phosphorus, POP = PP - PIP. 

On account of vary ing  t h e  number of  sampling s t a t i o n s ,  t h e  

average concen t ra t i ons  of phosphorus f r a c t i o n s  and ch lo rophy l l  

"a "  w e r e  c a l c u l a t e d  f o r  each bas in  cons idered (van S t r a t e n  e t  a l .  

1979).  A l l  t h e  d a t a  from t h e  t h i r d  group was used f o r  a com- 

pa r i son  wi th  t h e  modeling r e s u l t s  f o r  d i f f e r e n t  b a s i n s  i n  1976- 

1978. 

*This phosphorus f r a c t i o n  is not  taken i n t o  account i n  t h e  
g iven model. 
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Figure 7. Time s e r i e s  f o r  River Zala load f o r  non l i v ing  
p a r t i c u l a t e  phosyhorus i n  1976-1978. 



S IIIULATION 

The o rd ina ry  non l inear  d i f f e r e n t i a l  equat ions of  t h i s  model 

were coded i n  FORTRAN and run on IIASA's computer. The equat ions  

w e r e  solved numer ica l ly ,  us ing  t h e  Runge-Kutta-4 a lgor i thm.  The 

t ime s t e p  used was 0.1 day f o r  a l l  t h e  d i f f e r e n t i a l  equat ions .  

The i n i t i a l  concent ra t ions  of phosphorus f r a c t i o n s  s e l e c t e d ,  

which correspond t o  t h e  environmental cond i t ions  of January 1 ,  

1976, a r e  given i n  Appendix B. A l l  t h e  model c o e f f i c i e n t s  used 

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

t i o n  of t h e  phosphorus dynamics i n  Lake Balaton,  f o r  t h e  environ- 

mental cond i t i ons  o f  1977 (Leonov 1980).  I n  t h i s  s tudy,  t h e  same 

model c o e f f i c i e n t s  were used f o r  t h e  s imu la t ion  of t h e  phos- 

phorus t rans fo rmat ions  f o r  t h e  t h r e e  year  per iod 1976-1978. A l l  

model c o e f f i c i e n t s  used a r e  given i n  Appendix B. 

The modeling r e s u l t s  were compared t o  t h e  phosphorus con- 

c e n t r a t i o n s  a f t e r  t h e  averages were ob ta ined  f o r  t h e  d i r e c t  

measurements taken i n  t h e  fou r  bas ins .  A comparison of  t h e  model 

c a l c u l a t i o n s  and 1976-1978 d a t a  a r e  p resented  i n  F igures  8-12 

( f o r  p a r t i c u l a t e  o rgan ic  phosphorus, DIP, DOP, t o t a l  so lub le  

phosphorus and t o t a l  phosphorus r e s p e c t i v e l y ) .  

A l l  t h e  phosphorus observa t ion  d a t a  a r e  p l o t t e d  i n  F igures  

8-12 a s  po in t s ,  each p o i n t  being an a r i t h m e t i c  mean of t h e  range 

of  minimum and maximum observa t ions . *  A l l  t h e  curves i n  t h e  

f i g u r e s  a r e  t h e  r e s u l t  of model c a l c u l a t i o n s  and they show t h e  

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

t h r e e  year  per iod ,  1976-1978, s t a r t i n g  from January 1 ,  1976. 

A pre l iminary  a n a l y s i s  of F igures 8-12 a l lows one t o  con- 

c lude  t h a t  t h e  model q u a n t i t a t i v e l y  desc r ibes  t h e  major tendenc ies  

i n  t h e  phosphorus concen t ra t i on  changes i n  t h e  va r ious  bas ins  

dur ing 1976-1978 and t h e  modeled phosphorus concen t ra t i ons  a r e  

*A p o s s i b l e  e r r o r  i n  phosphorus measurements may be expected 
i n  t h e  range o f  + l o % .  Because i n  t h e  Basin I t h e r e  was on ly  one 
sampling s t a t i o n ,  t h i s  range is  i n d i c a t e d  i n  F igures  8-12 f o r  
phosphorus concen t ra t i ons  i n  Basin I .  













c l o s e  t o  those  i n  t h e  observa t ions .  To o b t a i n  t h e  c r i t e r i a  f o r  

showing how t h e  s imu la t ion  r e s u l t s  correspond t o  t h e  observa t ions  

a v a i l a b l e  and a r e  used f o r  comparison, s t a t i s t i c a l  methods should 

be app l ied .  Th is  i s  d iscussed i n  t h e  fo l lowing s e c t i o n  o f  t h i s  

paper.  

MODEL ADEQUACY 

I t  is c l e a r  t h a t  t h e  method f o r  t h e  q u a n t i t a t i v e  assessment 

of  model adequacy should be very f l e x i b l e ,  and it must t ake  i n t o  

account,  t o  a c e r t a i n  e x t e n t ,  t h e  u n c e r t a i n t i e s  which e x i s t  i n  

t h e  i n i t i a l  s e t  of  d a t a  ( i n  t h i s  case  i n  obse rva t i ons )  used f o r  

t h e  comparison wi th  t h e  modeling r e s u l t s .  

The pre l im inary  a n a l y s i s  of raw measurements genera l i zed  by 

van S t r a t e n  e t  a l .  (1979) shows t h a t  phosphorus observa t ions  i n  

Lake Balaton may be cha rac te r i zed  by t h e  fo l lowing f e a t u r e s :  

(i) t h e  obse rva t i ons  do n o t  provide a s i m i l a r  degree o f  i n fo r -  

mation f o r  each year  s tud ied  because: 

( a )  they  were performed e r r a t i c a l l y  and obv ious ly  i n  

accordance wi th  weather cond i t i ons ,  so  t h a t  some 

important  extremes i n  t h e  phosphorus compound con- 

c e n t r a t i o n s  may have been omi t ted and 

(b )  t h e  d a t e  on which t h e  f i r s t  observa t ions  were made 

each year  a s  we l l  a s  t h e  i n t e r i m  per iod  between 

observa t ions  d i f f e r  somewhat, t h e r e f o r e  it i s  reason- 

a b l e  t o  assume t h a t  t h e  t ime i n t e r v a l  ( o r  t ime s t e p )  

between observa t ions  i s  i naccu ra te l y  r e l a t e d  wi th  

t h e  course of t h e  phenomena ( t h e  phosphorus t rans -  

format ion) under examination ; 

(ii) t h e  observa t ions  a r e  no t  s i m i l a r l y  in format ive f o r  t h e  

i nd i v idua l  b a s i n s  ( i . e . ,  i n  a space s c a l e )  because t h e  

number of  t h e  sampling s t a t i o n s  pe r  u n i t  a r e a  i s  va r ied  

f o r  each bas in ,  so  t h a t  " t h e  d e n s i t y  c o e f f i c i e n t  of  

observat ion"  is 1.9, 1.6 and 2 t imes lower f o r  Basins 

1 1 - I V  r e s p e c t i v e l y  than  f o r  Basin I; 

(iii) when ana lyz ing  raw measurements f o r  1976-1978, t h e r e  a r e  

s i g n i f i c a n t  f l u c t u a t i o n s  i n  t h e  va lues  o f  r e l a t i v e  



d e v i a t i o n s  of t h e  i nd i v idua l  phosphorus observa t ions  from 

t h e i r  mean, i n  t h e  d i f f e r e n t  bas ins  (Table 3 )  . 
Taking i n t o  account t h e  f e a t u r e s  of t h e  o r i g i n a l  d a t a ,  we 

have t o  ensure t h e  app rop r ia teness  of apply ing some of t h e  

s t a t i s t i c a l  c r i t e r i a  t o  t h e  observa t ions .  They acqu i re  a  spe- 

c i f i c  meaning when t h e  process under s tudy i s  descr ibed  by some 

of  t h e  s t a t i s t i c a l  r u l e s .  

The s e t  of  observa t ions  used f o r  t h e  comparison w i th  modeling 

r e s u l t s  inc ludes  t h e  averages from t h e  measured concen t ra t i ons  of 

t h e  phosphorus f r a c 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  s e l e c t e d  

a t  random from t h e  spring-autumn per iod i n  1976-1978. Thus we 

have a random sample of t ime-var iab le  measurements from t h e  genera l  

popula t ion of p o i n t s  t h a t  i l l u s t r a t e  t h e  p r o p e r t i e s  of  i nd i v idua l  

phosphorus f r a c t i o n s  and t h e  phosphorus system a s  a whole. The 

next  sample of  d a t a  is  t h e  r e s u l t s  of modeling which inc ludes  

t h e  phosphorus compound concen t ra t i ons  from t h e  o t h e r  genera l  

popula t ion of p o i n t s ,  descr ibed  by t h e  cont inuous curves and 

showing t h e  temporary changes i n  t h e  concen t ra t i ons  of a l l  phos- 

phorus f r a c t i o n s .  However f o r  t h e  comparison w i th  observa t ions ,  

on ly  a  l i m i t e d  number of  phosphorus concen t ra t i ons  from modeling 

r e s u l t s ,  w i th  correspondence i n  t h e  t ime of  measurement, i s  used. 

Therefore,  we should examine how t h e  d a t a  on two samples, obser-  

v a t i o n s  and modeling r e s u l t s ,  correspond w i th  each o t h e r .  

F i r s t  of a l l ,  we must e s t i m a t e  t h e  q u a l i t y  of  d a t a  i n  obser-  

va t i ons*  t o  know how t h e  sample of i nd i v idua l  obse rva t i ons  i s  

r e p r e s e n t a t i v e  of t h e  genera l  popula t ion,  a s  it may be cha rac te r -  

i zed  by ex tens i ve  f i l e s  o f  da ta ;  however on ly  a  smal l  sample of 

measurements a r e  used which a r e  r e p r e s e n t a t i v e  of  a  c e r t a i n  moment 

of t ime. One should  ensure t h a t  decreas ing  t h e  obse rva t i ons  

s e r i e s  o r  t h e  removal of  a  few samples w i l l  have l i t t l e  e f f e c t  

on t h e  d i s t r i b u t i o n  of  t h e  remaining group of p o i n t s  ( o b s e r v a t i o n s ) .  

For t h e  g iven random sample of obse rva t i ons ,  we can c a l c u l a t e  

I *Average va lues  from measured phosphorus concen t ra t i ons  a t  
a c e r t a i n  t i m e  f o r  each bas in .  



Table  3 .  P o s s i b l e  ranges  o f  r e l a t i v e  d e v i a t i o n s  i n  i n d i v i d u a l  
phosphorus measurements from mean v a l u e s  ( i n  % % ) *  
f o r  Bas ins  11-IV**. 

Note : x ~ ~ a l c u l a t i o n s  were made by the formula: 

I 

t  - t  
max 

Rel.dev. = 
D 
t 

t 
m 

and P where Pmaxt  P m i n  are maximum, minimum and m 
mean concentrat ions in t ime t  in  raw set o f  

I 

Phosphorus 
fract ion 

Total  P 

Total  dis- 

solved P 

Part iculate 

o r g a n i c P  

Dissolved 

organic P 

Dissolved 

inorganic P 

measurements;  

") In Basin I  there was  only one measurement station. 

Bas in  

I1 

111 

IV 

11  

I11 

IV 

I1 

I11 

IV 

I1  

111 

IV 

1 1  

111 

IV 

Relative dev iat ions ( % % I  

maximum 

50.0 

64.3 

105.0 

52.4 

72.2 

90.9 

81.1 

171.4 

237.5 

133.3 

130.0 

162.5 

88.9 

142.9 

150.0 

minimum 

2.3 

7.1 

2.2 

4.8 

5.3 

5.6 

4.0 

4.0 

18.7 

6.7 

10.0 

6.7 

11.1 

16.7 

16.7 

average 

18.0 

35.3 

29.4 

22.8 

35.8 

33.0 

27.2 

80.3 

93.1 

43.0 

67.2 

50.0 

36.6 

60.5 

59.4 



t h e  sample mean va lue  and i ts  var iance  ( o r  s tandard  d e v i a t i o n ) .  

The r e s u l t  of t h e s e  c a l c u l a t i o n s  a r e  g iven i n  Table 4 .  Analys is  

of Table 4 shows t h a t :  

(i) mean va lues  of  t h e  phosphorus f r a c t i o n s  i n  an  obse rva t i on  

s e r i e s  i n  t h e  d i f f e r e n t  bas ins  of t h e  l a k e  may change 

from 2 t o  5  t imes dur ing t h e  three-year  per iod  of  s tudy 

(1976-1978) ; 

(ii) w i t h i n  b a s i n s ,  t h e  mean va lues  of phosphorus f r a c t i o n s  

a r e  changed i n  a  r e l a t i v e l y  narrow range f o r  t h e  i nd i v idua l  

year  cons idered;  

(iii) t h e  va lues  o f  s tandard  dev ia t i ons  may d i f f e r  from 1.5 t o  

2.5 t imes i n  a  comparison of  t h e i r  va lues  f o r  t h e  ind i -  

v i dua l  b a s i n s  and yea rs  of  s tudy;  however, they  a r e  

s l i g h t l y  lower than  t h e  mean va lue ;  

( i v )  va lues  of mean and s tandard  d e v i a t i o n s  computed f o r  t h e  

whole l ake  a r e  c l o s e  t o  those  computed f o r  each year .  

Thus t h e  genera l  conc lus ion i s  t h a t  t h e  obse rva t i ons  f o r  

t h e  i nd i v idua l  b a s i n s  may be genera l i zed  i n  one s e t  of d a t a  f o r  

t h e  e n t i r e  per iod  of  s tudy  (1976-1978) and t h e  s t a t i s t i c a l  

c h a r a c t e r i s t i c s  of t h i s  genera l i zed  observa t ion  s e r i e s  may be 

cons idered a s  r e p r e s e n t a t i v e  f o r  t h e  p rocess  of phosphorus t r a n s -  

format ion t h a t  i s  under s tudy .  

The s t a t i s t i c s  f o r  t h e  time-based observa t ion  s e r i e s  t h a t  

c h a r a c t e r i z e  t h e  behavior  of i nd i v idua l  phosphorus f r a c t i o n s  i n  

each of t h e  l a k e ' s  b a s i n s  a r e  given i n  Table 5. Using t h e  d a t a  

from Table 5, we can a r r i v e  a t  an  understanding of t h e ' g r a d i e n t  

of changes i n  t h e  concen t ra t i ons  of a l l  phosphorus f r a c t i o n s  and 

t h e  p o s s i b l e  o r d e r  of t h e i r  f l u c t u a t i o n s  accord ing t o  t h e  obser-  

v a t i o n s  a v a i l a b l e .  

Now it i s  p o s s i b l e  t o  e s t i m a t e  how t h e  mean sample f o r  t h e  

i nd i v idua l  phosphorus f r a c t i o n s  i n  observa t ions  may correspond 

t o  t h e  unknown mean f o r  t h e  genera l  popula t ion.  I f  t h e  obser-  

v a t i o n s  i n  t h e  genera l  popula t ion and i n  a  random sample have a 

normal d i s t r i b u t i o n ,  i . e . ,  concen t ra t i ons  w i th in  both s e r i e s  

have a p a r t i c u l a r  k ind of  s tandard mathematical shape, then using 
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T a b l e  5 .  Summary s ta t is t i cs  f o r  t h e  t i ne  series o f  p h o s p h o r u s  
o b s e r v a t i o n s  g e n e r a l i z e d  f o r  t h r e e  y e a r s ,  1976-1978.  

p h o s p h o r u s  
f r a c t i o n  

T o t a l  
p h o s p h o r u s  

P a r t i c u l a t e  

o r g a n i c  P 

T o t a l  

d i s s o l v e d  P 

D i s s o l v e d  o r -  

g a n i c  P 

D i s s o l v e d  i n -  

o r g a n i c  P 

b a s i n  

I 
I1 

I11 

IV 

l a k e  

I 

I1 

111 

IV 

w h o l e  
l a k e  

I 

I1 

111 

IV 

w h o l e  
l a k e  

I 

I1 

I11 

IV 

l a k e  

I 

I1 

I11 

IV 

l a k e  

mean 

0 .0785  
0 .0524  

0 . 0 3 6 0  

0 .0299  

0 .0492 

0 .0403  

0 . 0 2 5 0  

0 .0144  

0 .0097  

0 . 0 2 2 3  

0 .0285  

0 . 0 2 0 1  

0 . 0 1 5 6  

0 . 0 1 4 3  

0 .0196  

0 .0218  

0 . 0 1 4 1  

0 .0104  

0 .0098  

0 .0140  

0 .0067  

0 .0062 

0 . 0 0 5 2  

0 .0045  

0 .0056  

standard 
d e v i a t i o n  

0 .0162  
0 . 0 1 3 9  

0 .0104  

0 .0136  

0 .0232  

0 .0134  

0 .0119  

0 . 0 0 8 1  

0 . 0 0 9 8  

0 .0160  

0 .0140  

0 .0092  

0 .0057  

0 .0049  

0 .0106  

0 .0135  

0 . 0 0 9 1  

0 .0056  

0 .0046 

0 .0100  

0 . 0 0 3 1  

0 .0023  

0 .0015  

0 .0019  

0 .0024  

minimum 

0 .039  
0 . 0 2 0  

0 . 0 1 5  

0 . 0 1 1  

0 . 0 1 1  

0 .012  

0 . 0 0 7  

0 . 0 0 5  

0 . 0 0 2  

0 .002 

0 .010 

0 . 0 0 8  

0 .008  

0 .006  

0 .006  

0 .005 

0 . 0 0 2  

0 .002  

0 .002  

0 .002  

0 .002  

0 .002  

0 .002 

0 . 0 0 2  

0 .002  

maximum 

0.102 
0 . 0 7 8  

0 . 0 6 0  

0 .082 

0 .102  

0 . 0 6 6  

0 .048  

0 .037  

0 . 0 4 5  

0 .066  

0 . 0 6 3  

0 . 0 4 9  

0 .034  

0 . 0 2 3  

0 . 0 6 3  

0 . 0 5 7  

0 .042  

0 . 0 2 7  

0 .017  

0 . 0 5 7  

0 .012 

0 . 0 1 1  

0 .008  

0 .009  

0 .012  
t 



t h e  formal s t a t i s t i c a l  method we can f i n d  t h e  conf idence i n t e r -  

v a l  f o r  unknown expec ta t ions  of t h e  genera l  popula t ion on t h e  

known mean i n  a  sample cons idered (Cowden 1957).  Thus we must 

now e s t i m a t e  how t h e  observa t ions  a r e  d i s t r i b u t e d  i n  samples 

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

I n  o rde r  t o  do t h i s ,  we w i l l  opera te  by va lues  of  t h e  mean 

and t h e  s tandard  dev ia t i on ,  f o r  each of t h e  phosphorus f r a c t i o n s  

t h a t  were c a l c u l a t e d  f o r  t h e  i n d i v i d u a l  bas ins .  These cha rac te r -  

i s t i c s  a r e  c a l l e d  t h e  parameters of  t h e  d i s t r i b u t i o n s  (A l la rd  

1977) .  The r e s u l t s  of t h e s e  es t ima tes  a r e  p resented  i n  Table 6 .  

I t  shows t h a t  t h e  concen t ra t i ons  of a l l  phosphorus f r a c t i o n s  i n  

obse rva t i ons  l i e  i n  t h e  range + 3  a. Thus on t h e  b a s i s  o f  formal 

s t a t i s t i c s  we have rece ived  evidence t h a t  t h e  mean va lues  of a l l  

phosphorus f r a c t i o n s  from a random sample of obse rva t i ons  a r e  

r e p r e s e n t a t i v e  and c h a r a c t e r i z e  t h e  process of phosphorus t rans -  

format ion i n  Lake Ba la ton ' s  ecosystem. 

A s i m i l a r  t e s t  f o r  modeling r e s u l t s  a l s o  presented i n  

Table 6 shows t h a t  t h e  d i s t r i b u t i o n  of t h e  phosphorus concentra-  

t i o n s ,  c a l c u l a t e d  by t h e  model, is very c l o s e  t o  a  normal d i s t r i -  

bu t ion .  Thus we can say  w i th  c e r t a i n t y  t h a t  t h e  given model 

desc r ibes  t h e  p rocess  of phosphorus t rans fo rmat ion  i n  accordance 

w i th  a v a i l a b l e  observa t ions .  Therefore,  t h i s  t e s t  i l l u s t r a t e s  

t h a t  two independent s e t s  of  d a t a ,  drawn a t  random from t h e  ob- 

s e r v a t i o n s  and modeling r e s u l t s ,  have a s i m i l a r  ( o r  c l o s e  t o  

s i m i l a r )  d i s t r i b u t i o n ,  which i s  normal. Each phosphorus f r a c t i o n  

i n  t h e s e  samples of d a t a  have a s p e c i f i c  va lue  of  mean, u ,  and 

a var iance  u 2  and a l s o  a s tandard  e r r o r  of  mean o .  These s t a -  

t i s t i c a l  c r i t e r i a  a r e  c a l c u l a t e d  us ing  t h e  formulae: 



Table 6 .  Test  on normal i ty  of  d i s t r i b u t i o n  of phosphorus 
concen t ra t i ons  i n  observa t ions  and model ou tpu t  da ta  
aenera l i zed  f o r  1976-1978.  

Phosphorus  

f r a c t i o n  

T o t a l  phospho rus  

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

n i c  phospho rus  

T o t a l  d i s s o l v e d  

phospho rus  

D i s s o l v e d  o r g a n i c  

phospho rus  

D i s s o l v e d  i n o r g a -  

n i c  phospho rus  

B a s i n  

I 

I1 

I11 

IV 

l a k e  

I 

I1 

I11 

IV 

whole 
l a k e  

I 

I I 

I11 

IV 

l a k e  

I 

I1 

I11 

IV 

l a k e  

I 

11 

I11 

IV 

whole 
l a k e  

' ~ k i s e r v a t i o n s  
Number o f  p o i n t s ( % )  

Model o u t p u t  d a t a  
Number o f  p o i n t s ( % )  

+ 
-3 a 

100.0  

100.0 

100.0 

96.0 

99 .0  

100.0 

- 
100.0 

96.0  

99.0  

100 .0  

100 .0  

100.0 

- 
100.0  

100 .0  

100 .0  

100 .0  

- 
100.0  

100 .0  

100 .0  

100 .0  

100 .0  

100.0 

i n  

+ 
-1 a 

20.0 

24.0 

65.4 

76.0 

46.5  

80 .0  

80 .0  

69.2 

60 .0  

72.3  

76.0 

44.0 

63 .0  

52.0  

58 .8  

68.0  

64 .0  

61 .5  

36.0  

57.4  

76.0 

20.0 

81 .5  

76.0  

65 .7  

i n  

+ 
-1 a 

72.0 

72.0 

65.4 

80.0  

72.3 

72.0 

56.0 

7 3 . 1  

88 .0  

72.3  

72.0 

72.0 

77.8 

68.0  

72.5 

68.0  

76.0 

80 .0  

60 .0  

71.3  

56.0  

68.0  

70.4 

68 .0  

65.7 

r a n g e  

+ 
-2 a 

92.0 

96.0 

92.3  

96.0 

94 .1  

96.0 

100.0 

96 .1  

96.0 

97.0 

92.0 

96.0  

96 .3  

100 .0  

96.0  1 
92.0 

96.0  

96 .1  

100.0 

96.0 1 
96 .0  

96 .0  

96 .3  

96.0  

96 .1  

r a n g e  

+ 
-20  

80.0  

80 .0  

84.6 

96.0  

8 5 . 1  

96.0  

100 .0  

88 .5  

92.0  

94 .0  

100.0 

100.0 

92.6  

92.0  

96.0  

100 .0  

100 .0  

100 .0  

100 .0  

100 .0  

96.0  

100 .0  

96.3  

92.0  

9 5 . 1  

+ 
-3  a 

100 .0  

100 .0  

96.2 

100.0 

9 9 . 1  

100.0 

- 
96.2 

96.0  

98.0  

- 
- 

100.0 

100 .0  

100 .0  

- 
- 
- 
- 
- 

100.0 

- 
96.3  

96.0  

9 8 . 1  



where Pi i s  t h e  concent ra t ions  of phosphorus compound i n  obser-  

v a t i o n s  o r  modeling r e s u l t s  and n i s  t h e  t o t a l  number of  

components i n  t h e  s e r i e s  cons idered.  

With t h e s e  s t a t i s t i c s ,  it is p o s s i b l e  t o  c a l c u l a t e  t h e  

var iance  of mean, p ,  f o r  observa t ions  and modeling r e s u l t s  wi th  

a 95% conf idence i n t e r v a l  us ing  a s imple s t a t i s t i c a l  express ion  

p + 1.96 a (A l l a rd  1977).  The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s ,  

given i n  Table 7, show t h a t  95% conf idence i n t e r v a l s  of  mean 

va lues  f o r  a l l  phosphorus f r a c t i o n s  a r e  i n  reasonab le  agreement 

f o r  two samples, exc lud ing t h e  da ta  f o r  Basin 11, where phos- 

phorous load ing  s e e m s  t o  be lower than  expected,  accord ing t o  

observed phosphorus l e v e l s .  Thus it al lows one t o  conclude t h a t  

mean va lues  f o r  phosphorus f r a c t i o n s  es t imated  on t h e  b a s i s  o f  

modeling r e s u l t s  i n  t h e  same degree a s  observa t ions  correspond 

t o  t h e i r  genera l  popula t ion and t h e r e f o r e  t h e  process o f  phos- 

phorus t rans fo rmat ion  i s  s i m i l a r l y  exp la ined  by two independent 

s e t s  of  data--observed and s imulated phosphorus concent ra t ions .  

A s  t he  model g i ves  d e t a i l e d  in format ion on t h e  cont inuous 

temporary changes o f  phosphorus concent ra t ions  ( f o r  t h e  th ree -  

year  per iod ,  i n  t h e  d i f f e r e n t  b a s i n s )  it i s  p o s s i b l e  t o  d e f i n e  

more e x a c t l y  t h e  mean va lues  of  t h e  phosphorus f r a c t i o n s  and 

t h e i r  v a r i a t i o n s  f o r  a n  i nd i v idua l  year and f o r  va r ious  b a s i n s  

w i th in  t h e  l ake .  I n  o r d e r  t o  be a b l e  t o  compare t h e s e  new and 

more p r e c i s e l y  eva lua ted  s t a t i s t i c a l  va lues  wi th  those  ob ta ined  

on t h e  l i m i t e d  obse rva t i ons  a v a i l a b l e ,  on ly  t h e  phosphorus con- 

c e n t r a t i o n s  modeled, which cover t h e  spring-autumn per iod ,  i .e. ,  

when t h e  observat . ions were a c t u a l l y  made, w i l l  be analyzed.  

The r e s u l t s  of  c a l c u l a t i o n s  of  mean and va r iances  from t h e  

modeling r e s u l t s  on t h e  b a s i s  of  d a t a  f o r  each f ive-day per iod  

w i t h i n  t h e  spring-autumn months o r  between day 90 and 320, a r e  

presented i n  Table 8. These va lues  d i f f e r  s l i g h t l y  from those  

est imated prev ious ly  (Table 7 ) .  The a n a l y s i s  of t h e  d a t a  i n  

Table 8 shows t h a t  

( i) f o r  t h e  environmental cond i t i ons  of  1976, t h e  mean va lues  

of  phosphorus f r a c t i o n s  a s  we l l  a s  t h e i r  s tandard  d e v i a t i o n s  

a r z  h igher  by about 1.5-2 t imes than  those  f o r  1977 and 1978; 
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Table 7 .  Summary s t a t i s t i c s  of phosphorus data.  
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(ii) f o r  1977 and 3978 t h e  mean va lues  of  phosphorus f r a c t i o n s  

a s  we l l  a s  t h e  va r iances  a r e  c l o s e  t o  each o t h e r ;  

(iii) g r a d i e n t s  of phosphorus concen t ra t i ons  changes s i m i l a r  t o  

those  i n  obse rva t i ons  f o r  1976-1978, have been ob ta ined  

by s imu la t ion .  

A comparison of  mean va lues  and va r iances  f o r  observa t ions  

(Tables 4-5) and modeling r e s u l t s  (Table 8 )  shows t h a t  t h e r e  is 

some d i f f e r e n c e  i n  t h e s e  c h a r a c t e r i s t i c s .  S ince we rece ived  

t h e s e  d a t a  independent ly of each o t h e r ,  it i s  i n t e r e s t i n g  t o  

check how s t a t i s t i c a l l y  s i g n i f i c a n t  t h e  d i f f e r e n c e s  ob ta ined  by 

t h e  so-ca l led  va r iance  r a t i o  of  F - tes t  a r e .  I t  i s  def ined  a s  

t h e  r a t i o  of  l a r g e r  t o  sma l l e r ,  of t h e  two var iance  es t ima tes  
2 2 f o r  two smal l  d a t a  s e t s ,  a l  and a2:  

Ca lcu la ted  va lues  o f  t h e  F - ra t i o  p resented  i n  Table 9 should 

be compared w i th  t h e  s t a t i s t i c a l  var iance  r a t i o  taken from t a b l e s  

of t h e  F -d i s t r i bu t i on  (Ba i ley  1959). These va lues  f o r  t h e  5% 

l e v e l  of s i g n i f i c a n c e  and known degrees of freedom a r e  a l s o  

shown i n  Table 9. The comparison of F va lues  shows t h a t  computed 

F - ra t i os  a r e ,  a s  a r u l e ,  smal le r  than s t a t i s t i c a l  F -d i s t r i bu t i on .  

Therefore,  t h e  genera l  conc lus ion of  t h e  a n a l y s i s  i s  t h a t  t h e  

va r iances  of means i n  two group of d a t a ,  observa t ions  and modeling 

r e s u l t s ,  a r e  homogenous s o  f a r  a s  we can t e l l  by comparing d a t a  

s e t s  wi th a d i f f e r e n t  number of components. Fur ther :  

( i) d i f f e r e n c e s  ob ta ined  f o r  DIP and DOP var iances  i n  obser-  

v a t i o n s  and s imu la t ion  r e s u l t s  f o r  Basin I1 a r e  s t a t i s t i -  

c a l l y  s i g n i f i c a n t  wh i le  f o r  o t h e r  bas ins  it may be con- 

s ide red  q u i t e  reasonable;  DIP dynamics a r e  s imulated b e t t e r  

f o r  1976-1977 than f o r  1978, wh i le  DOP dynamics a r e  b e t t e r  

s imulated f o r  1976 and 1978 than  f o r  1977; t h e  mean va lues  

of  DIP and DOP a s  shown by t h e  modeling r e s u l t s  a r e  smal le r  

than  i n  observa t ions ;  

(ii) d i f f e r e n c e s  ob ta ined  f o r  t o t a l  d i sso l ved  phosphorus i n  a l l  

cases  a r e  i n  accep tab le  agreement w i th  t h e  s t a t i s t i c a l  

p o i n t  o f  view a s  a whole, excluding t h e  r e s u l t s  f o r  Basin 



Table 9, Comparison of variances in the phosphorus concentrations, 

P h o a p h o r u 8  

f r a c t i o n  

T o t a l  P 

P a r t i c u l a r 8  

o r g a n i c  P 

T o t a l  

d i 8 8 0 l v . d  

P 

D i a a o l v 8 d  

I a 8 i n 8  

o r g a n i c  P 

D i a a o l v m d  

i n o r g a n i c  P 

Y e a r  

1976 

1977 

1978 

1 9 7 6 -  
1 9 7 8  

1 9 7 6  

1977 

1978 

1 9 7 6 -  
1 9 7 8  

1976 

1977 

1978 

1 9 7 6 -  
1 9 7 8  

1 9 7 6  

D a t a  

88 t 

O b 8 8 r v m d  
S i m u L a t 8 d 0 . 0 2 5 4  

O b a a r v a d  
S i m u L a t a d  

Obsmrvmd 
S i n u L a t m d  

O b 8 0 r v 8 d  
S i n u l a t 8 d  

Obamrvmd 
S i m u l a t e d  

O b 8 8 r v m d  
S i m u l a t m d  

Ob8mrv.d 
S i m u l a t m d  

O b 8 m r v 8 d  
S i m u l a t e d  

O b 8 8 r v m d  
S i m u l a t 8 d  

Obsmrvmd  
S i m u l a t m d  

O b a 8 r v e d  
S i m u l a t 8 d  

O b a m r v a d  
S i m u l a t a d  

Obnarvmd 

I v 
. 

! 

a 

0 . 0 1 9 7  

0 . 0 0 8 0  
0 . 0 1 3 6  

0 . 0 2 0 4  
0 . 0 1 4 0  

0 . 0 1 6 2  
0 . 0 2 0 2  

0.0120 
0 . 0 1 6 0  

0 . 0 1 0 1  

1977 

1978 

1 9 7 6 -  
1 9 7 8  

1976 

1977 

1978 

1 9 7 6 -  
1 9 7 8  

?- 
d i s t r .  

3 . 3 3  

2 . 1 6  

2 ' 2 3  1 
1 . 6 0  

3 . 3 3  

0 . 0 1 1 7  
0 . 0 2 1 1  

:::::; 
0 . 0 1 3 9  
0 . 0 0 9 5  

0 . 0 1 3 9  
0 . 0 1 6 9  

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

0 . 0 0 8 4  

0 . 0 1 5 5  
0 . 0 0 9 1  

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

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

0 . 0 0 8 2  
0 . 0 0 7 0  

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

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

0'0189 

" 
0 . 0 0 8 0  
0 . 0 1 6 2  

0 . 0 1 7 8  
0.0075 

0'0114 
0 . 0 0 6 6  

0.0136 
0.0130 

0 . 0 0 3 7  
0.0102 

F- 
r a t i o  

4.10 

5 . 6 3  

2 ' 3 8  

1 - 0 9  

7 . 5 9  

I 

?- 
r a t i o  

2 . 8 9  

2.12 

I . 55  

O b s e r v a d  
S i m u l a t m d  

O b 8 m r v 8 d  
S i m u l a t 8 d  

O b a m r v 8 d  
S i m u l a t m d  

O b ~ 8 r v 8 d  
S i n u l a t 8 d  

Obsmrvmd 
S i m u l a t m d  

O b s m r v a d  
simula.md 

O b s a r v e d  
S i m u l a t m d  

r -  
d i r e r .  

3 .33  

2 . 8 2  

2 . 2 3  

1 . 7 5  

3 . 3 3  

a 

0 . 0 1 0 0  
0 . 0 1 8 6  

0 . 0 0 8 2  
o.0084 

0 . 0 1 0 4  
0 . 0 0 7 7  

0 . 0 1 0 4  
0 . 0 1 5 1  

0 . 0 1 1 5  
0.0045 

0.0070 
0 . 0 0 6 4  

0.0109 o.0064 

0 . 0 1 1 9  
0 . 0 1 1 0  

0 . 0 1 1 3  
0 . 0 0 8 3  

0 . 0 0 6 1  
0 . 0 0 4 5  

0 . 0 1 0 5  
0 . 0 0 4 6  

0 . 0 0 9 2  
0 . 0 0 6 8  

0 . 0 1 1 5  

I I 

C- 
r a t i o  

3 ' 2 5  

1 . 1 2  

2'14 

3 ' 7 7  

?- 
d i a t r .  

3 ' 3 3  

1 . 0 3  

2 . 2 3  

I .78 

3.33 

1 . 4 5  

2 . 9 0  

I . I I  

2 - 4 4  

2 - 9 6  

2 -08  

111 

r- 
r a t i o  

3 ' 4 5  

1 - 0 5  

1 . 8 2  

2 . 1 1  

6 . 5 3  

?- 
d i s t r .  

3.03 

2.23 

I . 78  

2 . 1 6  

2 . 2 3  

2 .23  

2.16 

2 . 2 3  

0 . 0 0 7 5  
0 . 0 0 6 7  

0 . 0 1 2 6  
0 . 0 0 8 3  

0 . 0 1 3 5  
0 . 0 0 9 3  

0 . 0 0 3 3  
0 . 0 0 2 5  

0 . 0 0 2 1  
0 . 0 0 1 6  

0 . 0 0 3 0  
0.0032 

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

0 . 0 0 8 4  
o.oo53 

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

0 0 0 8 1  
0 : 0 0 9 2  

0'0072 
0 . 0 0 8 3  

0 . 0 0 4 3  
0 . 0 0 3 9  

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

0 . 0 0 5 7  
0 . 0 0 6 6  

2 . 9 0  

I.17 

1 . 8 5  

5 - 2 1  

2 . 5 1  2.16 

2 . 2 3  

2 .23 

2.16 

2 - 2 3  

I.60 

1 . 2 5  

2 . 3 0  

2.11 

1 . 7 4  

1 I . 72  

1 - 1 ~  

2 . 1 0  / :::::: 
2 .23  

I . 7 5  

3 . 3 3  

2.10 

7 . 2 2  2 . 1 6  1 

2 . 1 6  

2 .23  

I.60 

I 2 . 2 3  

0 . 0 0 6 8  
0.0045 

0 . 0 0 9 8  
0 . 0 0 8 2  

0 . 0 0 4 8  
0.0070 

0 . 0 0 4 2  
0 . 0 0 1 7  

2 . 2 8  2 . 2 3  

.16 
0.0011 2 .  I1 0 . 0 0 0 9  
0 . 0 0 0 5  ( 4 - 8 4  0 . 0 0 1 5  

0 . 0 0 2 5  2 . 2 3  
0 . 0 0 0 8  

3 - 3 3  0 . 0 0 0 4 i  39.1 

I.60 0 . 0 0 2 3  I .60 0 . 0 0 1 5  
0 . 0 0 0 9  

6.53 0 . 0 0 2 7  0.0025 
1 . 7 3 '  1 . 7 7  

I -  1 
I 

2 . 1 2 1  3 . 3 3  

I 1 . ~ ~ 1  2.16 

2 . 4 9 1  2 . 2 3  
I 

1 . 3 1 '  1 . 7 7  

2 . 2 3  0 . 0 0 4 9  I o_oo31 

0-0065 
0 . 0 0 2  1 2 - 3 9  

I .75  

'.I6 

2 . 2 3  

I.60 

2 .23  

0'0099 
0 . 0 0 4 5  

0 . 0 0 9 1  
0.0061 

: 

0 . 0 0 4 9  
0.0056 

4.84 

4 . 0 0  

0 . 0 0 3 8  

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

0 . 0 0 5 3  
0 . 0 0 2 9  

0 . 0 0 5 6  
0.0014 

: 

2 - 3 5  

1 . 6 2  

I 0 0 0 2 4  
3 . 0 2  1 3 . 3 3  , o:oo29 1 1 - 4 6  3 . 3 3  

, 
2 . 3 7  2 . 1 6  

3 . 8 5  2 . 2 3  

2.10 

2 .23  

1 . 5 9  / o . oo37  1 . 5 4  1 - 6 0  1 ' 0-0046 1 

0 . 0 0 4 0  
0.0026 

:::::: 



11, 1978; t h e  dynamics of t h i s  phosphorus f r a c t i o n  a r e  

descr ibed  wi th  approximately s i m i l a r  accuracy f o r  a l l  

yea rs  s tud ied ;  

(iii) d i f f e r e n c e s  ob ta ined  f o r  p a r t i c u l a t e  o rgan ic  phosphorus 

i n  two samples a r e  s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  Basin 11, 

1976 and Basin 1 1 1 - I V ,  1976-1977, and a s  a whole t h e  

dynamics of t h i s  phosphorus f r a c t i o n  a r e  descr ibed  b e t t e r  

f o r  1977-1978 than  f o r  1976; 

( i v )  d i f f e r e n c e s  ob ta ined  f o r  t o t a l  phosphorus var iances  a r e  

s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  Basin I V ;  t h e  dynamics of  

t o t a l  phosphorus a r e  b e t t e r  descr ibed  f o r  1976 and 1978 

than  f o r  1977. 

I n  t h e  nex t  s t a t i s t i c a l  test ,  a l l - t h e  phosphorus d a t a  a v a i l -  

a b l e  f o r  i n d i v i d u a l  phosphorus f r a c t i o n s  w e r e  combined and t h e  

var iances  c a l c u l a t e d  f o r  both samples, observa t ions  and modeling 

r e s u l t s ,  w e r e  compared. A s  a r e s u l t  of  t h i s  t e s t ,  a model e r r o r  

( C )  i s  c a l c u l a t e d  by 

where oe and ad a r e  s tandard  d e v i a t i o n s  f o r  model l ing r e s u l t s  and 

observa t ions ,  r e s p e c t i v e l y  and t h e s e  a r e  

'obs and Psim a r e  t h e  observed and s imulated concen t ra t i ons  of  

phosphorus f r a c t i o n s  ; 

AP is t h e  d i f f e r e n c e  between observed and s imulated va lues  of  

phosphorus f r a c t i o n s ;  
m 

'obs is t h e  mepn phosphorus concent ra t ion  i n  observa t ion ;  

'e is t h e  mean d i f f e r e n c e  i n  phosphorus concen t ra t i ons  i n  t h e  

observed and s imulated t ime s e r i e s  and it i s  equal  t o  

C r i t e r i a  B al lows one t o  es t ima te  how t h e  model d e s c r i b e s  t h e  



dynamic changes of phosphorus concen t ra t i ons  a s  a whole i n  both 

samples and t o  determine how f l u c t u a t i o n s  i n  phosphorus f r a c t i o n s  

i n  both samples correspond wi th  each o t h e r .  A reasonab le  agree- 

ment of modeling r e s u l t s  t o  observa t ions  may be assumed f o r  t h e  

cases  when t h e  model e r r o r s  c a l c u l a t e d  by formulas (1 0 ) - (1 3 ) a r e  

between 25-75% (Beck 1978).  Resu l ts  of c a l c u l a t i o n s  of t h i s  model 

e r r o r  presented i n  Table 10  show t h a t  eva luated e r r o r s  l i e  i n  t h e  

range 20.4-73.2% excluding two cases  wi th  115.5% and 139.25 f o r  

Basins 1 1 1 - I V ,  1976. Table 1 0  a l s o  shows t h a t  a b e t t e r  model 

d e s c r i p t i o n  o f  observed phosphorus concen t ra t i ons  i s  obta ined 

f o r  1978 than f o r  1976-1977 and f o r  t h e  e n t i r e  per iod  cover ing  

1976-1978, t h e  phosphorus dynamics f o r  Basins I - I V  i s  s imulated 

wi th  an  accuracy eva luated t o  be equa l  t o  34.7-77.9% (w i th  t h e  

mean e r r o r  f o r  t h e  whole l a k e  being 41.6%).  

I n  o rde r  t o  seek a q u a n t i t a t i v e  r e l a t i o n s h i p  between phos- 

phorus concen t ra t i ons  i n  t h e  observed and s imulated t ime s e r i e s ,  

t h e  method of reg ress ion  a n a l y s i s  was a l s o  used. The s imp les t  

form of  t h e  r e l a t i o n s h i p  i s  presented by t h e  s imple reg ress ion  

equat ion 

where a and b a r e  reg ress ion  c o e f f i c i e n t s ,  i n t e r c e p t  and s lope  

respec t i ve l y .  

Taking i n t o  account t h e  f e a t u r e s  of t h e  o r i g i n a l  phosphorus 

d a t a  i n  obse rva t i ons  mentioned above, t h e  fo l lowing assumptions 

were formulated a s  important  f o r  t h e  reg ress ion  a n a l y s i s :  

(i) each phosphorus observa t ion  should have an i nd i v idua l  

weight i n  keeping wi th  t h e  p e c u l i a r i t i e s  i n  raw measure- 

ments; 

(ii) t h e  weight  of  an observa t ion  wi th  a l a r g e  var iance  should 

be lower than  f o r  one wi th  a smal l  var iance ;  

(iii) t h e  weight of  an  observa t ion  i n  t h e  b a s i n  where t h e r e  a r e  

a l a r g e r  number of sampling s t a t i o n s  per  u n i t  a r e a  ( i . e . ,  

when a va lue  of "dens i ty  c o e f f i c i e n t  of  observa t ion"  i s  

h ighe r )  should be h igher  than f o r  one i n  a b a s i n  w i th  a 

lower d e n s i t y  of observa t ions ;  

( i v )  t h e  weight  o f  an  observa t ion  wi th  a h igh mean va lue  should 

be h igher  than  f o r  one wi th  a low mean va lue.  



Table 1 0 .  Review of model e r ro rs  calculated on equations (10-13)  
f o r  samples with a l l  the phosphorus data. 

Year 

1976 

1977 

1978 

1976-8 

Basin 

whole 
lake 

whole 
lake 

whole 
lake 

whole 
lake 

Sample 

Observed 
Simulated 

Observed 
Simulated 

Observed 
Simulated 

Observed 
Simulated 

Observed 
Simulated 

Observed 
Simulated 

Observed 
Simulated 

Observed 
Simulated 

Observed 
Simulated 

Observed 
Simulated 

Observed 
Simulated 

Observed 
Simulated 

Observed 
Simulated 

Observed 
Simulated 

Observed 
Simulated 

Observed 
Simulated 

Observed 
Simulated 

observed 
Simulated 

Observed 
Simulated 

Obaerved 
Simulated 

0 

=gP/I1 

0.0268 
0.0211 

0.0162 
0.0138 

0*0116 0.0125 

0*0100 
0.0118 

0.0192 
0.0155 

0.0276 
0.0136 

0.0218 
0.0136 

0.0143 
0.0088 

0.0147 
0.0111 

0.0215 
0.0124 

0.0285 
0.0129 

0.0168 
0.0099 

0.0108 
0.0065 

0.0096 
0.0071 

0.0200 
0.0101 

0.0274 
0.0162 

0.0187 
0.0134 

0.0125 
0.0099 

0.0118 
0.0104 

0.0203 
0.0131 

U 

=gP/I1 

0.0353 
0.0300 

0.0219 
0.0207 

0.0161 
0.0191 

0.0139 
0.0171 

0.0218 
0.0218 

0.0354 
0.0270 

0.0276 
0.0146 

0.0177 
0.0135 

0.0154 
0.0128 

0.0238 
0.0169 

0.0347 
0.0255 

0.0207 
0.0133 

0.0144 
0.0122 

0.0114 
0.0115 

0.0203 
0.0156 

0.0352 
0.0276 

0.0235 
0.0162 

0.0162 
0.0148 

0.0136 
0.0138 

0.0221 
0.0180 

2 2 
ae'Od 

% %  

61.9 

73.2 

115.5 

139.2 

65.4 

24.3 

38.8 

38.3 

57.1 

33.3 

20.4 

34.4 

36.0 

54.4 

25.2 

34.7 

51.5 

63.1 

77.9 

41.6 



The a p p l i c a t i o n  o f  we ight  is  g e n e r a l l y  accep ted  i n  t h e  re- 

g r e s s i o n  a n a l y s i s  when t h e  o b s e r v a t i o n s  i nc lude  some measurement 

e r r o r s  o r  when s t a t e  v a r i a b l e s  do n o t  q u i t e  cor respond t o  t h e  

one s p e c i f i e d  i n  t h e  model ( A l l a r d  1977) . According t o  t h e  

assumpt ions formula ted above, t h e  equa t i on  f o r  t h e  computat ion 

o f  t h e  weight ,  WG, of i n d i v i d u a l  phosphorus o b s e r v a t i o n s  may be 

w r i t t e n  a s  

where N is  t h e  number o f  sampl ing s t a t i o n s  i n  t h e  b a s i n  cons idered ;  

S i s  a square  o f  t h e  b a s i n  cons idered ;  
t and P: a r e  maximum, minimum and mean phosphorus con- 'max ' 'min 

c e n t r a t i o n s  a t  t i m e  t i n  raw sets of  measurements. 

The u n c e r t a i n t i e s  i n  t h e  o b s e r v a t i o n s  ( o r  t h e  measurement 

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

'ob s v a l u e s  around t h e i r  expected v a l u e  a t  each v a l u e  o f  P i n  s i m  
t h e  r e g r e s s i o n  r e l a t i o n s h i p .  The s t a n d a r d  l i n e a r  r e g r e s s i o n  

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

t i o n s  w e r e  computed w i t h  equa t i on  ( 15) . The adequacy o f  t h e  

model a s  a  whole may be  e v a l u a t e d  on t h e  s t a t i s t i c a l  v a l u e s  o f  

mean, s t a n d a r d  d e v i a t i o n ,  minimal and maximal c o n c e n t r a t i o n s  o f  

phosphorus f r a c t i o n s  i n  two sets o f  independent  d a t a ,  a s  w e l l  a s  

on t h e  va lues  o f  r -squared,  b  and s t a n d a r d  e r r o r  o f  e s t i m a t e  f o r  

t h e  r e g r e s s i o n  r e l a t i o n s h i p  between bo th  d a t a  series. 

The r e s u l t s  o f  t h i s  a n a l y s i s  f o r  t h e  t i m e  series j o ined  f o r  

a l l  phosphorus compounds and f o r  t h e  whole l a k e  i n  1976-1978 a r e  

summarized i n  Tab les  11 and 12. The fo l l ow ing  conc lus ions  may 

be e x t r a c t e d  from a n  a n a l y s i s  o f  t h e  s t a t i s t i c s  i n  Tab les  11 and 

12: 

(i) t h e  g iven  model reasonab ly  d e s c r i b e s  t h e  range  o f  t h e  

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

measurements; 

(ii) t h e  we igh t ing  i n c r e a s e s  t h e  l e v e l  o f  mean v a l u e s  o f  a l l  

phosphorus f r a c t i o n s  and s l i g h t l y  changes t h e  va lues  o f  

s tanda rd  d e v i a t i o n s  i n  t h e  t i m e  series o f  phosphorus obser -  

v a t i o n s  ; 



Table  31. S t a t i s t i c s  from r e g r e s s i o n  a n a l y s i s  ( c a l c u l a t e d  from 
r e y r e s s i o n  o f  "Observat ion"  on "S imu la t ion" )  of e n t i r e  
phosphorus d a t a .  



Table 1 2 .  Weighted r e g r e s s i o n  a n a l y s i s  f o r  phosphorus concen- 
t r a t i o n s  i n  observed and s imulated phosphorus con- 
c e n t r a t i o n s  combined f o r  t h e  three-year  per iod  (1976- 
1978) and f o r  t h e  e n t i r e  l ake .  

Phosphorus Weighted regression 2 Standard error 
r  

fraction equation . of  regression 

Total phosphorus 
'obs 

= 0.0192 + 0.827*Psim 0.441 0.0174 

(8.7) 

Particulate orga- Pobs = 0.0172 + 0.464*Psim 0.135 0.0142 

nic phosphorus (3.9) 

Total  dissolved 
'obs 

= 0.0103 + 0.947-P 
s im 

0.269 0.0105 
I 

(6.0) 
I phosphorus 

- 

Dissolved organic 
'obs = 0.0105 + 0.722*Psim 0.224 0.0101 

phosphorus (5.3) 
p~ ~~~ ~ ~. 

Dissolved inorga- 
'obs 

= 0.0049 + 0.261*Psim 0.100 0.0024 

nic phosphorua (3.1) 

Note: T-statistics is shown in brackets 

(iii) t h e  s a t i s f a c t o r y  c o r r e l a t i o n  between phosphorus concentra-  

t i o n s  i n  observed and s imulated t ime s e r i e s  were eva lua ted  

w i th  a tendency f o r  reg ress ion  c o e f f i c i e n t  a t o  be s l i g h t l y  

l a r g e r  than  zero* and t h e  r e l a t i o n s h i p  between phosphorus 

f r a c t i o n s  i n  both s e r i e s  may be cons idered a s  d i s t i n c t l y  

p o s i t i v e ,  w i th  b changing from 0.261 ( f o r  DIP)  t o  0.827 

( f o r  t o t a l  phosphorus) and s i g n i f i c a n t  T - s t a t i s t i c s  (3.1- 

8 . 7 ) ;  

( i v )  t h e  va lues  of  r -squared,  show t h a t  t h e  g iven model a l s o  

acceptab ly  descr ibed  t h e  t r e n d  i n  t h e  temporary changes 

i n  concen t ra t i ons  of  t h e  i nd i v idua l  phosphorus f r a c t i o n s ,  

such a s  t o t a l  phosphorus, d i sso l ved  phosphorus and d i s -  

so lved o rgan ic  phosphorus; t h i s  t rend  i s  descr ibed  by t h e  

model w i th  l e s s  accuracy f o r  p a r t i c u l a t e  o rgan ic  phosphorus 

and d isso lved  inorgan ic  phosphorus. 

*Order of  a i s  comparable w i th  a s tandard  e r r o r  of  reg ress ion .  



F i n a l l y ,  i n  a n  e x a m i n a t i o n  o f  mode l  adequacy ,  T h e i l ' s  

i n e q u a l i t y  c o e f f i c i e n t  ( T h e i l  1971)  w a s  c a l c u l a t e d  b y  

T h i s  c o e f f i c i e n t  i s  t h e  i n d e x  wh i ch  m e a s u r e s  t h e  d e g r e e  t o  wh i ch  

a s i m u l a t i o n  model  d e s c r i b e s  t h e  o b s e r v a t i o n .  T h i s  i n d e x  v a r i e s  

be tween 0 a n d  1  a n d  i f  p = 0 ,  t h e  model  d e s c r i p t i o n  o f  t h e  ob- 

s e r v a t i o n s  i s  p e r f e c t .  The v a l u e s  o f  t h i s  c o e f f i c i e n t ,  p ,  com- 

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

f o r  e a c h  y e a r  s t u d i e d ,  as w e l l  as f o r  combined p h o s p h o r u s  d a t a  

a n d  t h e  t o t a l  p e r i o d  o f  s t u d y  c o v e r i n g  1976-1978, are p r e s e n t e d  

i n  T a b l e  13 .  Summar iz ing  t h e  r e s u l t s  i n  T a b l e  13 ,  it i s  p o s s i b l e  

t o  c o n c l u d e  t h a t :  

( i) t h e  r a n g e  o f  errors i n  t h e  s i m u l a t i o n  o f  t h e  dynamics  o f  

i n d i v i d u a l  p h o s p h o r u s  f r a c t i o n s  are 0.154-0.221 (mean 0 .2 )  

f o r  t o t a l  P,  0.214-0.291 (mean 0 .251)  f o r  DIP; 0.243-0.353 

(mean 0.283)  f o r  p a r t i c u l a t e  o r g a n i c  P; 0.269-0.325 (mean 

0 .296)  f o r  t o t a l  d i s s o l v e d  P a n d  0.303-0.405 (mean 0.369)  

f o r  DOP; 

(ii) t h e  r a n g e  o f  errors i n  t h e  s i m u l a t i o n  o f  p h o s p h o r u s  dynamics  

i n  B a s i n  I i s  0.203-0.261 (mean 0 .225)  w h i l e  f o r  B a s i n s  

11-IV it i s  e q u a l  t o  0.250-0.347 ( 0 . 2 9 5 ) ,  0.204-0.284 

(0 .252)  a n d  0.237-0.307 (0 .290)  r e s p e c t i v e l y ;  

(iii) t h e  error i n  t h e  s i m u l a t i o n  o f  p h o s p h o r u s  dynamics  i s  

e s t i m a t e d  t o  b e  e q u a l  t o  0 .267 f o r  1976,  0.262 f o r  1977,  

0 .223  f o r  1978 a n d  0 .253 f o r  t h e  t h r e e - y e a r  p e r i o d  o f  

s t u d y ,  1976-1978. 

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

a l l o w  o n e  t o  c o n c l u d e  t h a t  as a who le ,  t h e  s i m u l a t i o n  r e s u l t s  

may b e  c o n s i d e r e d  as r e p r e s e n t i n g  t h e  p h e n o ~ e n a  o f  p h o s p h o r u s  

t r a n s f o r m a t i o n ,  s o  f a r  as w e  c a n  t e l l  f r om r e l a t i v e l y  s p a r s e  

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

p e r i o d  1976-1978. 
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Table 33. Model assessment by Theil's inequality coefficient. 

Year 

1 9 7 6  

1 9 7 7  

1978  

7 

1 9 7 6 - 8  

All  P- 
f r a c t i o n s  

0 . 2 6 1  

0 . 2 5 0  

0 . 2 8 4  

0 . 3 0 7  

0 . 2 6 7  

0 . 2 0 3  

0 . 3 4 7  

0 . 2 4 8  

0 . 3 0 4  
- 

0 . 2 6 2  

0 . 2 0 5  

0 . 2 7 6  

0 . 2 0 4  

0 . 2 3 7  

0 . 2 2 3  

0 . 2 2 5  

0 . 2 9 5  

0 . 2 5 2  

0 . 2 9 0  

0 . 2 5 3  

Basin 

1 

2  

3  

4  

l a k e  

1 

2  

3  

4  

l a k e  

1 

2  

3  

4  

l a k e  

1 

2  

3  

4  

l a k e  

DOP 

0 . 4 4 9  

0 . 3 0 9  

0 . 3 4 5  

0 . 4 0 7  

0 . 4 0 5  

0 . 2 8 1  

0 . 4 0 0  

0 . 3 6 0  

0 . 3 9 5  

0 . 3 3 3  

0 . 3 0 3  

0 . 3 7 4  

0 . 3 5 3  

0 . 4 1 8  

0 . 3 3 6  

0 . 3 7 3  

0 . 3 5 3  

0 . 3 5 1  

0 . 4 0 6  

0 . 3 6 9  

PSOL 

0 . 3 7 7  

0 . 3 0 2  

0 . 2 0 9  

0 . 2 5 5  

0 . 3 2 5  

0 . 2 3 3  

0 . 3 7 3  

0 . 2 4 9  

0 . 2 7 3  

0 . 2 7 2  

0 . 1 9 4  

0 . 4 2 8  

0 . 2 7 7  

0 . 2 2 6  

0 . 2 6 9  

0 . 2 9 5  

0 . 3 5 6  

0 . 2 3 8  

0 . 2 5 4  

0 . 2 9 6  

T P  

0 . 1 9 7  

0 . 2 0 0  

0 . 2 6 7  

0 . 2 9 2  

0 . 2 2 1  

0 . 1 5 7  

0 . 3 0 2  

0 . 1 8 7  

0 . 1 8 1  

0 . 2 0 6  

0 . 1 4 2  

0 . 1 7 6  

0 . 1 3 5  

0 . 1 8 5  

0 . 1 5 4  

0 . 1 6 8  

0 . 2 3 9  

0 . 2 2 9  

0 . 2 3 1  

0 . 2 0 0  

D I P  

0 . 1 3 5  

0 . 3 1 9  

0 . 2 2 2  

0 . 1 9 7  

0 . 2 1 4  

0 . 3 2 2  

0 . 2 8 1  

0 . 1 8 1  

0 . 3 6 1  

0 . 2 9 1  

0 . 2 3 3  

0 . 4 5 6  

0 . 1 4 9  

0 . 1 9 4  

0 . 2 5 8  

0 . 2 3 3  

0 . 3 6 2  

0 . 1 8 7  

0 . 2 5 3  

0 . 2 5 1  

PPART 

0 . 2 4 9  

0 . 3 6 0  

0 . 4 9 6  

0 . 5 8 1  

0 . 3 5 3  

0 . 1 9 8  

0 . 3 0 6  

0 . 2 4 8  

0 . 3 5 9  

0 . 2 5 5  

0 . 2 0 0  

0 . 2 5 0  

0 . 3 0 4  

0 . 4 4 3  

0 . 2 4 3  

0 . 2 1 4  

0 . 3 0 5  

0 . 3 5 2  

0 . 4 3 8  

0 . 2 8 3  



SENSITIVITY ANALYSIS 

I n  prov id ing a d d i t i o n a l  i n s i g h t  on t h e  model 's  behav ior ,  

20 s e n s i t i v i t y  a n a l y s i s  model runs  were conducted, us ing  a l l  

t h e  a v a i l a b l e  d a t a  f o r  1977. The primary purpose of  t h e s e  runs 

i s  t o  understand how t h e  q u a l i t y  of i npu t  d a t a  used i n  t h e  model 

f o r  c a l c u l a t i n g  t h e  r a t e s  of phosphorus t rans fo rmat ion  may change 

t h e  model ou tpu t .  Among a l l  t h e  d a t a  used, most a t t e n t i o n  i n  

these  runs was given t o  cons ider ing  t h e  r o l e  o f  f a c t o r s  de f i n ing  

t h e  s t a t e  of t h e  environment. They may be subdiv ided i n t o  non- 

c o n t r o l l a b l e  f a c t o r s  such a s  temperature and r a d i a t i o n ,  a s  we l l  

a s  c o n t r o l l a b l e  ones such a s  n u t r i e n t  load ing.  I n  s e n s i t i v i t y  

a n a l y s i s  runs ,  d i f f e r e n t  degrees of t ime averag ing were done f o r  

t h e  raw measurements o f  temperature,  r a d i a t i o n  and phosphorus 

load ing ,  which were used a s  i npu t  da ta .  The observa t ions  a v a i l -  

a b l e  inc luded t h e  d a i l y  average measurements of temperature and 

r a d i a t i o n  and weekly measurements of phosphorus load ing  from t h e  

River Zala f o r  1977. The dynamics of t h e s e  c h a r a c t e r i s t i c s  f o r  

t h i s  year  a r e  shown i n  F igures  1 ,  2 and 3. During s imu la t ion  

of t h e  annual phosphorus dynamics given above, t h e  i n t e r p o l a t e d  

va lues  of phosphorus concen t ra t i ons  i n  River Zala d ischarge  water 

f o r  each day is used so  t h a t  t h e  t ime s c a l e  of averag ing a l l  

v a r i a b l e s  de f i n ing  t h e  s t a t e  of  t h e  environment i s  a day. 

I n  s e n s i t i v i t y  a n a l y s i s  runs a d i f f e r e n t  t i m e  s c a l e  o f  

averag ing was used, corresponding t o  day, week, month and season, 

of  t h e  va lues  of t h e  c h a r a c t e r i s t i c s  mentioned. Appendixes C ,  

D and E show t h e  va lues  of temperature,  r a d i a t i o n  and phosphorus 

concen t ra t i ons  i n  River Zala d ischarge  water ,  averag ing f o r  week, 

month and season, s t a r t i n g  from January 1 ,  1977. These va lues  

were used i n  s e n s i t i v i t y  model runs .  

Tables 14-15 p r e s e n t  some of t h e  r e s u l t s  f o r  Basin I ,  ob- 

t a i n e d  i n  va r ious  s e n s i t i v i t y  runs where d i f f e r e n t  combinat ions 

of averaged c h a r a c t e r i s t i c s  were used. Under t h e  column 

"Averaging d a t a "  i n  Tables 14-15 c a p i t a l  l e t t e r s  T ,  R ,  and L 

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

and t h e  indexes d ,  w ,  m ,  and s mean t h e  t ime s c a l e  of averag ing,  

t h a t  i s  day, month o r  season, r e s p e c t i v e l y .  



Table 14. Monthly and annual  mean v a l u e s  o f  phosphorus concen- 
t r a t i o n s  eva lua ted  a t  t h e  examinat ion o f  model sen- 
s i t i v y  t o  changes o f  i n p u t  d a t a  on temperature ,  
r a d i a t i o n  and River  Zala ~ h o s ~ h o r u s  load  ( 5 a s i n  I ,  1977) .  

Annual 

0 .0100  
0 .0111  
0 .0334  
0 . 0 1 2 1  
0 . 0 5 5 5  

2 7 . 1  
0 .0098  
0 .0119  
0 .0333  
0 .0217  
0 .0550  

2 7 . 0  
0 .0097 
0 .0119  
0 .0330  
0 .0116  
0 .0546  

2 6 . 9  

Armraqlnq 

d a t a  

TdRdLd 

T w R ~ L ~  

TIRILI 

T m R I L .  
- 

DIP 0 .0168  0 . 0 1 9 1  0 . 0 1 8 5 ~ 0 . 0 0 4 7 ~ 0 . 0 0 4 1  0 .0044 0 .0045 0 .0074  0 .0105  0 .0130  0 .0093  
DOP 0.0064 0 .0089  0 .0123 0 .0223  0 .0167 0 .0118 0 .0103 0 .0070  0 .0070  0 .0095  0 .0108 

PPART 0 .0280  0 .0318  0 .0303  0 .0395  0 .0336  0 .0383 0 .0374 0 .0256 0 . 0 2 5 0  0 .0251  0 .0311  
PSOL 0 .0232  0 .0280  0 .0308 0 .0269 0 .0207  0 .0162  0 .0148  0 .0143  0 .0175  0 .0224  0 .0101  

T o t a l  P  0 . 0 5 1 1  0 .0598 0 .0610  0 .0665  0 .0544  0 .0545 0 .0522  0 .0400  0 .0425 0 .0475  0 .0511  
Chl . .a '  1 5 . 7  1 0 . 3  2 3 . 6  3 0 . 1  28 .7  15 .0  33 .9  20 .5  1 0 . 3  22 .2  . 2 6 . 3  

Phomphorum 

f r a c t i o n #  

DIP 
DOP 

PPART 
PSOL 

T o t a l  P  
Ch l . 'am 

DIP 
DOP 

PPART 
PSOL 

To ta l  P  
Ch1."am 

DIP 
DOP 

PPART 
PSOL. 

T o t a l  P  
Ch1:a' 

M o n t h m  

Oct 

0 .0046 
0 .0043 
0 .0273  
0 .0150 
0 .0362 

2 4 . 0  
0 .0014 
0 .0042 
0 . 0 2 7 2  
0 .0086  
0 .0358 

2 3 . 8  
0 .0043 
0 .0045 
0 .0276 
0 .0088 
0 .0364 

2 3 . 8  

Jan 

0 .0189  
0 .0057  
0 . 0 2 7 1  
0 . 0 2 4 6  
0 .0517  

1 3 . 8  
0 .0186  
0 .0058  
0 .0272  
0 .0244 
0 .0517  

1 4 . 0  
0 .0182  
0 .0059  
0 . 0 2 7 1  
0 .0240  
0 .0511  

1 4 0  

Junm 

0 .0053  
0 .0210 
0 .0405  
0 .026310.0262 
0 .0668  

37.7  
0 .0052 
0 .0205 

Nor 

0 .0091  
0 .0045 
0 .0257 
0 .0136  
0 .0394  

2 0 . 0  
0 .0089  
0 .0045 
0 .0257  
0 .0134 
0 .0392  

2 0 . 0  
0 .0092  
0 .0046  
0 .0251  
0 .0138  
0 .0389  

1 9 . 7  

Dmc 

0 .0197 
0 .0052  
0 .0203  
0 . 0 2 4 9  
0 .0452  

1 4 . 5  
0 .0190  
0 .0054  
0 . 0 2 0 3  
0 .0244  
0 .0448  

14 .6  
0 .0187 
0 .0065  
0 .0114  
0 .0252  
0 .0466 

1 5 . 8  

J u l y  

0 .0063  
0 .0199 
0 .0487 

0 .0749  
4 5 . 0  

0 .0062  
0 .0190  

P.b 

0 .0219  
0 .0080  
0 .0323  
0 .0300 
0 .0623  

2 0 . 2  
0 .0214  
0 .0081  
0 .0322  
0 .0295  
0 .0618  

2 0 1  
0 .0208  
0 .0083  
0 .0316  
0 .0291  
0 .0607  

20 .1  

Apr 

0 .0071  
0 .0168 
0 .0361 
0 .0239  
0 .0600 

2 3 . 2  
0 .0069  
0 .0168 
0 .0361  
0 .0237  
0 .0599 

23 .6  
0 .0075 
0 .0164 
0 .0361  
0 .0239 
0 .0600  

2 4 . 0  - 

Mar 

0 .0137 
0 .0136 
0 .0326  
0 .0273  
0 .0599  

2 7 . 7  
0 .0138 
0 .0135  
0 .0324 
0 .0272  
0 .0597  

2 7 . 5  
0 .0140 
0 .0137 
0 .0324 
0 .0277 
0 .0601 

2 7 . 2  

0 .0385 
0 .0146 
0 .0531 

33.2 
0 .0041  
0 .0076  
0 .0363  
0 .0118 
0 .0481  

31.6  

Aug 

0 .0049  
0 .0139  
0 .0423  
0 .0188  
0 .0611  

37 .6  
0 .0048  
0 .0135 

May 

0 .0036 
0 .0212 
0 .0289 
0 .0249  
0 .0538 

2 7 . 4  
0 .0036  
0 .0207 
0 .0287 
0 .0242  
0 .0529  

2 7 . 0  
0 .0035 
0 .0221  
0 .0288  
0 .0256  
0 .0544  

27 .2  

0 .0401  0 .0486  0 .0418 
0 .0257 0 .0261  0 .0103  
0 .0658 0 .0747 0 .0601  

37 .4  4 5 . 0  1 3 7 . 2  

Sep t  

0 .0048 
0 .0102  
0 .0387 
0 .0080 
0 .0538 

33.5  
0 .0047  
0 .0099  

0 .0048  
0 .0137 
0 .0422  
0 .0185 
0 .0607 

37 .4  

0 .0053  
0 .0218 
0 .0413  
0 .0271  
0 .0604 

38.5  

0 .0059  
0 .0175 
0 .0461  
0 .0234 
0 .0695  

4 2 . 8  



Tab le  15. Seasona l  v a l u e s  o f  phosphorus c o n c e n t r a t i o n s  eva lua ted  
a t  t h e  examinat ion  o f  model s e n s i t i v i t y  t o  changes o f  
i n p u t  d a t a  on tempera tu re ,  r a d i a t i o n  and R ive r  Zala 
phosphorus load  (Bas in  I ,  1977) .  

Winter(Jan-Mar) 

TdRdLd 

TwRwLw 

TmlmLm 

Klximum 
d ~ t r l v . ~ l u e  

.0094 28 M .OI72 2 A .OI59 .0232 23 ?I .030I 30 S -0051 .0143 2 J .0228 2 N .0029 .0045 31 D .0071 

.0302 30 M .0504 18 M .0240 .0366 16 A .0518 30 S .O317 .0427 23 J .0546 21 D .O165(.0243 27 N .0392 

.0283 18 F .0349 1 A .0219 .0314 I9 A .Oh26 30 S .0090 .0195 2 J .0293 31 0 .0064 .0182 25 D .0394 

.0585 30 M .0723 I 8  M .0552 .0680 I 6  A .0927 30 S .0408 .0622 I J .0805 31 0 .0229 .0426 26 D .0639 
20.7 25 M 34.1 2 A 19.3 33.0 28 J 44.5 30 S 25.3 38.2 6 J 47.4 I 2  D 14.0 19.4 I 0  26.0 

I,RdLd DIP 31  M .OK54 .OIL36 I0  F .0246 I 3  J .0025 .0043 I A .OI58 4 A .0032 .0047 26 J .5070 I 0 ,0046 .OI07 22 D .OI47 
WP I J .0055 .0090 28 M .OI42 I 6  J .OOH) .015I 21 A .0257 I J .0070 .OII4 27 J .0148 2 N .0062 .0078 I 0 .OI03 

P 

I 0  F 
28 M 
30 M 
10 F 
30 M 
25 M 
11 F 
28 fi 
30 M 
I 1  F 
M M 
25 I4 
I 8  F 
28 H 
30 M 
I 8  P 
30 M 
2 5 M 3 0 . 5  
I0  F 

T,RsLs 

TwRwL9 

T,,RsLw 

TaRwLw 

TmRmLa 

TmRsLm 

T,RmLm 

Sumnrr(Ju1y-Sept) Spr in~(Apr-June)  
Minimum 

"dace  ~ v ~ l ~ e ' ' ~ "  

DIP 
WP 

PPART 
PSOL 

To ta l  P 
Chl."aW 

DIP 
WP 

PPART 
PSOL 

To ta l  P 
Chl."amm 

DIP 
WP 

PPART 
PSOL 

Tors1 P 
Chl."aq' 

.0276 

.a181 

.0516 

.0348 

.0754 
40.1 
.U?64 
.OI76 
.0505 
.0338 
.0766 
37.1 
.0225 
.Or65 
.048I 
.O314 
.0732 

.0267 

I 
Maximum 

da ta  v a l u e  

28 J .0092 
28 J ~.0248 
27 J 1.0540 

PPABT 
PSOL 

To ta l  P 
Chl."al' 

DIP 
WP 

PPMT 
PSOL 

Tota l  P 
Chl."a" 

DIP 
DOP 

PPMT 
PSOL 

To ta l  P 
Chl."aW 

DIP 
WP 

PPARr 
PML 

To ta l  P 
Chl."am 

DIP 
W P  

PPART 
PSOL 

To ta l  P 
Chl."at' 

DIP 
DOP 

WART 
PSOL 

Tom1 P 
Chl."al' 

DIP 
W P  

PPMT 
PSOL 

To ta l  P 
Chl."a" 

DIP 
DOP 

PPABI 
PSOL 

To ta l  P 
Chl."al' 

.MI54 

.Or97 

.035I 

.02W 

.060I 
129.4 
.0052 
.OI93 
.0349 

Hinimum 

29 M 
8 J 
8 J 

I 2  J 
8 J 
8 J 

31 M 
6 J 
8 J 

I 2  J 
8 J 
6 

31  M 
3 J 
8 J 

I 2  J 
8 J 

I 7  M 
I 9  A 
I 0  J 
11 J 
4 M 

29 A 
I 7  M 
I 0  A 
I 8  M 

28 J 
28 J 
30 J 
28 J 
30 J 
27 J 

, 

.0053 

.Or47 

.0433 

.020I 

.0634 

.0245 

.0595 
2 9 . 3  
.0054 
.0201 
.0353 
.0255 
.0609 
29.9 
.0082 

4 A 
30 S 
30 S 
30 S 
30 S 

.0027 

.0165 

.0?30 

.OL09 

.0461 
19.9 
.0026 
.OI65 
.0?28 

I 0  J 
4 M 

29 A 
I 7  M 
I A 

18 M 
30 A 
30 A 
3 0 A 1 9 . 9  
I7 M 

.0332 

.0862 
52.8 
.O087 

1.0241 
.0535 

8 J 
12 J 
8 J 

31 M 
I J 
8 J 

12 J 
8 J 

31 M 
6 J 
8 J 

31  !4 
8 J 

31 M 
2 J 
8 J 

I 2  J 
8 J 
I J 

31 M 
2 J 
8 J 

12  J 
8 J 

31 M 
3 J 
8 J 

31 U 
8 J 
I J 

31 M 
2 J 
8 J 

12 J 
8 J 

31 M 
I J 
8 J 

12 J 
8 J 

d a t e  

27 0 
2 N 

21 D 
31 0 
31 0 
I ?  D 

0 2i N 
21 D 
I N 

31 0 
I 2  D 
30 0 
5 N 

31 D 
30 0 
31 0 
I 2 D I 4 . 5  
27 O 

dnce 'va lu r  

.0035 

.0051 

.03I3 

.0089 

.0i03 

.W63 

.Our4 

.OI90 
,0230 
.0432 
12.1 
.W65 
.0054 
.0193 
.0228 
.Oh31 

1 1 2 . 3  
.0087 
.0055 
.0202 
.022I 
.043I 

I J 1 2 . 6  

.0206 

.0467 
20.6 
.0027 
.0156 
.0232 
.OZI6 
.067I 

.0027 

Auckunn(0cr-Dec) 

.OI I i  

.Or21 

.0247 

.OI6I 

.0407 
19.6 
.OIIO 
.GO48 
.0246 
.0158 
.0404 
19.6 
.OIIO 
.0053 
.0249 
.OI62 
.0412 
19.9 
.OI37 

2 J 
I J 
2 

23 J 
2 J 

23 J 
2 J 
I J 

26 J 

X:IX 
dntc  

I J 
2 J 

23 J 
2 J 
I J 

Hinimusi 
v .~ luc 

.0032 

.OU33 

.0I46 

.0072 

.0?50 
12.5 
.OU 3 
.00:3 
.OI49 
.007I 
.0248 
13.5 
.0033 
.0033 
.OI58 
.007I 
.0256 

,0030 

30 
4 A 

30 S 
30 S 

.OI8I 

.0092 

.0306 

.0272 

.0578 
20.6 
.0178 
.0092 
.0306 
.0270 
.0576 
20.5 
.OI75 
.GO93 
.OM3 
.0269 
.0572 
20.5 
.OI89 

30 J 
28 J 
30 J 
I 5  A 
16 M 
27 J 
5 J 

30 J 
3 0 J 4 4 . 9  

.0198 

.0223 

.0435 
I J 1 2 . 8  

.OII7 

.0055 

.0217 

.0216 

.0443 
I J I 2 . 9  

.0054 

.0054 

.O200 

.0215 

.0642 
I J 1 2 . 6  

.0066 

.0055 

.020I 

.0215 

.0429 
12.6 
.Or49 
.0055 
.0202 
.OZZI 
.0435 

I J 1 2 . 8  
.0075 
.0055 
.0203 
.0225 
.0442 
12.6 
.W87 
.0055 
.0206 
.OZI2 
.0429 

I J 1 2 . 6  
.OI3Y 
.0055 
.02IO 
.02I3 
.0434 

I J 1 2 . 8  

.0326 

.0857 
1 5 2 . 6  

.008I 

.0204 

.0536 

.0273 

.0777 
5 J 4 7 . 4  

.0077 

imum 
value 

.0085 

.0244 

.0565 

.0322 

.0868 1 2 J 
2 J 
2 J 

23 J 

~ 1 2 5 . 0  138.8 
.0OJ4 .0052 
.0050/.0145 
.0312 .0430 
.00861.0197 
.0398 .0628 

S 2 i . 9  138.5 

52.6 
.OO 
.02:: 
.0562 

M.1 x 
dacc 

25 D 
31 D 
27 N 
31 D 
27 N 
I b  0 

D :: D 
27 N 
31 D 
27 N 
14 0 
30 D 
31  D 
27 N 
31 D 
27 N 

I 5  A .0232 4 A 

.O316 

.0837 

.0034 

.0062 
-0319 
.0099 
.0425 

.0300 

.0276 

.0576 
19.6 
.OI74 
.0098 
.0299 
.027I 
.0571 
20.0 
.Or87 
.0094 
.0302 
.0281 
.OM3 
20.7 
.OI66 
.0095 
.0306 
.0261 
.0567 
20.5 
.Or81 
.009I 
.O3OI 
.0272 
.0573 
19.7 
.OI83 
.0095 
.0302 
.0278 
.OM0 
20.6 
.Or65 
.0096 
.0303 
.026I 
.0565 
20.4 
.Ole1 
.0092 
.0300 
.0273 
.0572 
19.8 

imum 
va lue 

.024I 

. a 6 2  

.0387 

.0297 

.057I 
27.7 
.O .2;2 
.0389 
.0293 
.0570 
26.5 
.0224 
.0072 
.0430 
.0295 
.062I 

1 0 2 8 . 1  

30 S 
30 S 

.0049 

.Or30 

.0416 

.0179 

.0595 
37.3 

25 D .0335 .0035 .0052 

30 21 
25 M 
30 M 
2 5 M 2 7 . 5  
I J 

28 M 
30 M 
I 8  F 
30 M 
2 5 M 2 3 . 8  
I0  F 
28 21 
30 M 
I 8  F 
30 M 
2 0 M 3 1 . 9  
I 1  
28 M 
30 M 
I1 F 
30 M 
25 M 
11 F 
28 ?( 

30 1 
25 M 
30 M 
2 7 M 2 7 . 6  

7 F 
28 ?I 
M M 
I 8  F 
M M 
I0 Fl 
18 F 
28 M 
30 M 
I8 F 
30 M 
2 5 M 2 9 . 6  

I J 
28 M 

51.6 130  
-0094 
.02U 
.0524 
.0291 
.078I 

30 S 
24 S 
23 S 
30 S 
23 S 

30 M .OM9 
25 M 1.0337 
30 M 1.0756 
25M127.3 , 

.0470 

.0356 

.0770 

.O213 

.Or41 

.0465 

.0313 

.0724 

.0258 

.0168 

.0495 

.0345 

.0715 

F . 0 2 4 4  
.0177 
.050I 
.0323 
.0742 
36.0 
.0234 
.OI42 
.047I 
.0352 
.0767 

1 

1 3 0 S 2 7 . 9  

4 M 
I 5  J 
I4  J 

I 3  J 
28 J 
25 J 
26 J 
25 J 

I 7  M 
I A 

I 8  M 
I A 

18 M 
I 3 X 2 1 . 7  
I7 ?i 
17 A 
I 8  U 
I 0  J 
4 U 

I 2 9  A 
I 1  J 
I7  J 
4 M 

I 5  J 
I4  J 

I7  M 
I A 

I8 X 
I A 
3 A 
I A 

17 M 
I A 

I 8  M 
30 A 
30 A 

3 0 A 2 0 . 3  
29 A 
I7  J 

.024I 

.0159 

.0478 

.033I 

.0709 

4 l4 
15 J 
25 J 

, 

.0284 

.0078 

.0372 
I A 2 2 . 4  

.0023 

.0051 

.0279 

.0078 

.0362 
I A 1 9 . 2  

.0026 

.OI6O 

.0238 

.O217 

.0546 

.0027 

.OI64 

.0227 

.0204 

.0470 
20.8 
.0025 
.OOW 
.0285 
.0078 
.0372 

I A 2 2 . 5  
.0028 
.OI50 
.024I 
.0227 
.0557 
21.0 
.0027 
.OI5h 
.023I 
.02I8 
.0476 

.00.!4 

.GO56 

28.0 1 
.0215 
.OIh6 
.0478 
.0307 
.0729 

.02I3 
1.0144 

.0275 

.0089 

.0402 
I A Z I . 8  

.0356 

.0194 

.0550 
29.0 
.0052 
.0176 
.0372 
.0229 
.060217 
32.4 
.0080 
.0228 
.0365 
.0308 
.0673 
32.8 
.0052 
.0193 
.0348 
.0246 
.0594 
29.1 
.0042 
.0151 
.0355 
.0193 
.0549 
29.0 
.008I 
.0234 
.0367 
.O316 
.OM3 
33.0 
.0054 
.0202 
.0352 
.0256 
.Oh08 
29.6 
.0042 
.0152 
.0357 
-0194 
.0552 
29.3 

I 6  A 
I 9  A 
I 6  A 

I A 
23 A 
I6 A 
I 9  A 

A 
I 4 A 5 1 . 4  
I5  A 
24 M 
I6  A 
I 5  A 
I 6  A 
3 0 5 1 4 3 . 4  
I4  A 
30 J 
27 J 
30 J 
28 J 
30 J 

I A 
21 A 
I 6  A 
I 8  A 
I 6  A 

15 A 
I 6  M 
I6  A 
15 A 
16 A 
30 J 
I 5  A 
I6  M 
27 J 
5 J 

27 J 
24.543.7 
I A 

23 A 
I6 A 
19 A 
I7 A 

.0843 
4 A 3 8 . 6  

.0558 I0  J 

.0295 I J 
10 J 

.0302 

.0105 

.0436 
I J 2 8 . 6  

.0319 

.0126 

4 J 
I J 
4 J 

.0535 

.029h 

.On22 
4 A 3 7 . I  . 

.0473 
3 0 S 3 I . I  

.037I 

.OI57 

.0528 
34.9 

.0375 

.0161 

.OIZI 

.0319 
-0594 
.0391 

.W30 

.0052 
-0274 
.0085 
.0391 

I J 2 5 . 2  
.OD33 
.00W 
.O316 
.0087 
.Oh03 

3 0 S 2 5 . 2  
.0034 
.0049 
.0315 
.0087 
.0404 
25.6 
.003I 
.0069 
.03I9 
.0127 
.0473 
30.9 
.0036 
.0063 
.0323 
.0100 
.0430 
28.2 
.0035 
.Wh2 
.032I 
.OIOI 
.0428 

.003I 

.OO6I 

9 J 
I J 
4 J 
I J 

.0536 
35.4 

23 J 
27 J 
26 J 
2 7 J 4 2 . 2  

23 5 
26 J 

.0045 

.0I09 

.0366 

.OI54 

.05?0 
34.3 
.005I 
.Or40 
.0425 
.0192 
.O617 
37.9 
.0052 
.0145 
.0428 
.OI97 
.0625 
38.2 
.0046 
.OII4 
.0375 
.OI6O 
.0535 
35.3 
.0049 
.0127 
-0413 
.0176 
.0589 
37.0 
.0049 
.OI3O 
.0414 
.OI79 
.0593 
37.1 
.W45 
.OII2 

.0970 4 J 

23 J 

.0457 

.0204 

.Oh45 

.0465 

.0208 

.0226 

.0282 

.0525 

.0416 

23 J 
27 J 
23 J 
27 J 
26 J 
2 7 J 4 0 . 0  
23 J 
2 J 

23 J 
2 J 
I J 

I J 
2 J 

23 J 
2 J 
I J 
2 

23 J 
27 J 
23 J 
27 J 
23 J 
2 7 3 4 2 . 1  
23 J 

2 J 
23 J 
2 J 
I J 

27 J 
23 J 
2 J 

23 J 
2 J 
I J 

2 7 5 ' 4 6 . 7  
23 J 
27 J 

4 A 
30 S 
30 S 
30 S 

.0653 
2 7 5 4 2 . 9  

31 0 
2 N 

31 0 

31 0 
2 N 

.0063 

.OI40 

.0442 

.OI9I 

.0617 

.0075 

.023I 

.0545 

.0298 

.0796 
6 J b 7 . 6  

.0082 

.0249 
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The r e s u l t s  i n  Tables 14-15 of t h e  t ime s c a l e  averag ing of 

a l l  d a t a  corresponding t o  one day, i . e .  TdRdLd, may be cons idered 

a c o n t r o l  run because e x a c t l y  t h e  same t ime s c a l e  was used f o r  

t h e  averag ing i n  the  s imu la t ion  of phosphorus dynamics f o r  t h e  

three-year  per iod ,  1976-1978, d iscussed above. The a n a l y s i s  of  

d a t a  i n  Tables 14-15 shows t h a t :  

(i) weekly averag ing of  t h e  c h a r a c t e r i s t i c s  mentioned above i n  

t h e  i n p u t  model d a t a  hard ly  change t h e  model ou tpu t  accord ing 

t o  monthly, seasona l  and annual  mean concen t ra t i ons  of  

phosphorus f r a c t i o n s ;  t h i s  procedure may j u s t  s l i g h t l y  

s h i f t  t h e  d a t e s  of  extreme concen t ra t i ons  wi th  + 2 days 

i n  t h e  w in te r  and s p r i n g  months; 

(ii) monthly averag ing of t h e  same inpu t  d a t a  g i ves  s l i g h t l y  

lower va lues  f o r  monthly and seasona l  mean concen t ra t i ons  

of  phosphorus f r a c t i o n s  i n  t h e  w in te r  and summer months 

and s l i g h t l y  h igher  l e v e l s  o f  t h e s e  mean va lues  f o r  t h e  

s p r i n g  and autumn months; however, t h e  mean annual  con- 

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

same a s  i n  t h e  c o n t r o l  run;  

(iii) t h e  procedure o f ' ave rag ing  t h e  same inpu t  d a t a  f o r  a season 

have a s i g n i f i c a n t  e f f e c t  on t h e  model ou tpu t  f o r  t h e  summer 

months ( e s p e c i a l l y  f o r  J u l y  and August) so  t h a t  monthly 

mean concen t ra t i ons  of  D I P ,  DOP, p a r t i c u l a t e  organic-P,  

t o t a l  s o l u b l e  P and t o t a l  P a r e  smal le r  by 31.3-45%, 46.7- 

69%, 18.3-31%, 44-64% and 35-36% r e s p e c t i v e l y  than i n  t h e  

c o n t r o l  run;  t h e  e s s e n t i a l  change of model ou tpu t  may a l s o  

be observed by t h e  d a t e  of minimum and maximum phosphorus 

concen t ra t i ons  dur ing  t h e  s p r i n g  and summer months, a s  

w e l l  a s  i n  mean phosphorus concent ra t ions  f o r  t h e s e  seasons;  

( i v )  from t h r e e  i npu t  d a t a  c h a r a c t e r i s t i c s  s tud ied ,  i .e . ,  t e m -  

pera tu re ,  r a d i a t i o n  and phosphorus load ing,  t h e  temperature 

and phosphorus load ing  have an express i n f l uence  on t h e  

model ou tpu t ,  un l i ke  r a d i a t i o n ;  however, t h e  i n f l uence  of  

averag ing both t h e s e  inpu t  d a t a  ( temperature and phosphorus 

load ing)  a f f e c t  t h e  model ou tpu t  t o  d i f f e r e n t  degrees;  f o r  

example, i n  comparison wi th t h e  c o n t r o l  run,  t h e  seasona l  

average of temperature may change mean concen t ra t i ons  o f  

t o t a l  phosphorus by 0.574, 8.5%, 15.4% and 7.6% f o r  w in te r ,  



sp r ing ,  summer and autumn r e s p e c t i v e l y ,  whi le  t h e  seasonal  

average of phosphorus load ing  d a t a  changes t h e  mean t o t a l  

phosphorus by 1 .2%, 13.15, 1.9% and 4.7% r e s p e c t i v e l y ,  f o r  

t h e  same seasons;  t h e  in f luence of averag ing t h e  i npu t  

r a d i a t i o n  d a t a  i s  t h a t  it decreases  t h e  mean t o t a l  phosphorus 

concent ra t ion  f o r  w in te r  by 1.9%, f o r  t h e  spring-summer 

per iod by 0.4-0.5% and f o r  autumn by 1.5%; 

( v )  i n t e r e s t i n g  r e s u l t s  a r e  a l s o  ob ta ined  by t h e  comparison o f  

t h e  d a t e s  on which minimum and maximum phosphorus concentra-  

t i o n s  occur dur ing t h e  d i f f e r e n t  seasons,  a s  a r e s u l t  of 

averaging t h e  i n p u t  d a t a  d iscussed;  f o r  example, seasona l  

averaging o f  phosphorus load ing d a t a  has  a s i g n i f i c a n t  in-  

f luence on t h e  change of  t h e s e  d a t e s  f o r  t h e  w in te r -spr ing  

months, wh i le  t h e  same t ime s c a l e  of  averag ing t h e  tempera- 

t u r e  d a t a  i n f l uences  t h e  d a t e s  of  extreme phosphorus con- 

c e n t r a t i o n s  dur ing  t h e  sp r ing ,  summer and autumn months; 

t h e  seasonal  averag ing of d a t a  on the  r a d i a t i o n  counted on ly  

f o r  t h e  d a t e s  o f  minimum phosphorus concen t ra t i ons  dur ing 

t h e  w in te r  and autumn months. 

It is apparent  t h a t  t h e  r e s u l t s  of s e n s i t i v i t y  a n a l y s i s  runs 

presented h e r e  have a r a t h e r  p re l im inary  c h a r a c t e r .  For a com- 

p l e t e  p i c t u r e  of t h e  model behav ior ,  t h e  e f f e c t  of  t h e  same t i m e  

s c a l e  averag ing of o t h e r  i npu t  da ta ,  such a s  wind and water  

ba lance d a t a ,  should a l s o  be eva luated.  Th is  i s  cons idered t o  

be important  f o r  apply ing t h e  model i n  t h e  management framework, 

a s  w e l l  a s  f o r  t h e  s o l u t i o n  of  t h e  problem of  how t h e  model and 

inpu t  d a t a  used could  be s imp l i f i ed ,  bu t  wi thout  any s i g n i f i c a n t  

d i s tu rbance  i n  t h e  accuracy of  t h e  model ou tpu t .  

PHOSPHORUS EXCHANGE PROCESSES I N  THE SEDIMENT-WATER LAYER 

Among t h e  phosphorus t rans fo rmat ion  processes developed i n  

t h e  water bodies,  t h e  phosphorus i n t e r a c t i o n s  between sediments 

and water ,  a s  w e l l  a s  t h e i r  q u a n t i t a t i v e  r e l a t i o n s h i p s  have no t  

y e t  been s t u d i e d  s u f f i c i e n t l y  w e l l .  I t  i s  known t h a t  t h e  sedi -  

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

importance a s  a p o t e n t i a l  n u t r i e n t  source i n  t h e  development o f  



wate r  body e u t r o p h i c a t i o n  has  been g e n e r a l l y  recogn ized.  However, 

t h e  q u a n t i t a t i v e  measurements o f  t h e  sediment  e f f e c t  on t h e  nu- 

t r i e n t  ba lance  w i t h i n  t h e  wa te r  body i s  a d i f f i c u l t  t a s k  because 

of t h e  complex i ty  o f  t h e  a n a l y t i c a l  techn iques  used.  Neverthe- 

less, an a t t e m p t  has  been made t o  s i m u l a t e  t h e  c o n t r i b u t i o n s  o f  

phosphorus from t h e  Lake Ba la ton sed iments  t o  t h e  w a t e r ' s  b io-  

chemical  and dynamic c y c l e  a s  a v a r i a b l e  f a c t o r  de f i ned  by 

p h y s i c a l  and chemica l  env i ronmenta l  c h a r a c t e r i s t i c s .  I t  fo l l ows  

t h a t  t h e  model g i v e s  one t h e  p o s s i b i l i t y  o f  q u a n t i t a t i v e l y  est i -  

mat ing t h e  i n f l u e n c e  of sediment  on t h e  phosphorus dynamics i n  

Lake Ba la ton.  Fur thermore,  it i s  i n t e r e s t i n g  t o  n o t e  how t h e  

s imu la t i on  r e s u l t s  ob ta ined  f o r  1976-1978 may e x p l a i n  t h e  in -  

f l u e n c e  of t h e  envi ronment on  t h e  phosphorus exchange through 

t h e  sediment-water i n t e r f a c e ,  i n  accordance w i t h  t h e  model 

hypo thes i s  and t h e  measurements used. 

An a n a l y s i s  o f  t h e  s imu la t i on  r e s u l t s  ob ta ined  may be  made 

t o  e l u c i d a t e  t h e  dynamics of t h e  phosphorus exchange i n  t h e  

sediment-water l a y e r ,  a s  w e l l  a s  t o  c l a r i f y  t h e  r o l e  of t h e  

sediment-water phosphorus f l u x e s  i n  a t o t a l  phosphorus ba lance  

w i t h i n  t h e  g iven  l a k e .  The f i r s t  q u e s t i o n  which a r o s e  i n  t h e  

a n a l y s i s  o f  t h e  s i m u l a t i o n  r e s u l t s  concern ing t h e  sediment- 

w a t e r  phosphorus exchange was on t h e  i n t e r a c t i o n  between t h e  

p rocesses  r e g u l a t i n g  t h e  phosphorus exchange i n  t h e  sediment- 

wa te r  i n t e r f a c e .  I n  accordance w i t h  t h e  hypo thes i s  used du r i ng  

model c o n s t r u c t i o n ,  t h e s e  p rocesses  a r e  t h e  resuspens ion  and 

sed imenta t ion  o f  p a r t i c u l a t e  phosphorus, a s  w e l l  a s  t h e  sed iment  

r e l e a s e  of t h e  d i s s o l v e d  i no rgan i c  phosphorus. The development 

o f  t h e s e  p rocesses  depends on t h e  wind and tempera tu re ,  a s  w e l l  

a s  on t h e  phys ica l -chemica l -b io log ica l  r e a c t i o n s  w i t h i n  t h e  

sediment-water l a y e r .  

According t o  t h e  d a t a  used and t h e  assumpt ions made, t h e  

s imu la ted  t i m e  p a t t e r n s  o f  t h e  non l i v i ng  p a r t i c u l a t e  phosphorus 

t r a n s p o r t  th rough sediment-water  i n t e r f a c e  f o r  t h e  env i ronmenta l  

c o n d i t i o n s  of 1976-1978 a r e  shown i n  F igures  13-16, f o r  Bas ins  

I - I V  r e s p e c t i v e l y .  These p i c t u r e s  e x p l a i n  q u a n t i t a t i v e l y ,  how 

much phosphorus i n  t h e  p a r t i c u l a t e  form may e n t e r  from t h e  
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sed iments  and se t t le  i n t o  t h e  sediment  and what t h e  n e t  phos- 

phorus l o s s e s  t o  sediment  a r e  f o r  eve ry  10 day i n t e r v a l  du r i ng  

1976-1978. They a l s o  a l l ow  one t o  e s t i m a t e  t h e  o r d e r  o f  t h e  

r a t e s  i n  t h e  phosphorus exchange p rocesses  i n  t h e  sediment-water  

l a y e r  f o r  t h e  pe r i od  o f  t i m e  mentioned. 

F u r t h e r  conc lus ions  may be  o b t a i n e d  on t h e  b a s i s  o f  t h e  

a n a l y s i s  o f  s i m u l a t i o n  r e s u l t s  r e p r e s e n t i n g  t h e  exchange o f  

p a r t i c u l a t e  phosphorus through t h e  sediment-water  i n t e r f a c e :  

(i) t h e  t o t a l  amount o f  phosphorus which s e t t l e d  i n t o  t h e  sed i -  

ments was l a r g e r  t h a n  t h a t  resuspended i n  1976-1978. The 

F igu res  13-16 show t h a t  o n l y  du r i ng  r e l a t i v e l y  sma l l  t i m e  

i n t e r v a l s ,  when wind speed was h i g h e r  t han  12-15 m/sec, 

phosphorus e n t e r e d  wa te r  by resuspens ion  and i n  t h e s e  c a s e s ,  

t h i s  phosphorus f l u x  cou ld  have been h i g h e r  t han  phosphorus 

l o s s e s  determined by sed imenta t ion .  These c a s e s  w e r e  ob- 

se rved  d u r i n g  t h e  s p r i n g  and autumn o f  1976 a s  w e l l  a s  

du r i ng  t h e  w i n t e r  o f  1978; 

(ii) f o r  t h e  env i ronmenta l  c o n d i t i o n s  o f  1976, t h e  exchange o f  

p a r t i c u l a t e  phosphorus through t h e  sediment-water  i n t e r f a c e  

was more a c t i v e  t h a n  i n  1977-1978 a s  a  r e s u l t  o f  more f r e -  

quen t  winds, w i t h  speeds h ighe r  t h a n  10-12 m/sec. There- 

f o r e ,  t h e  annua l  p a r t i c u l a t e  phosphorus f l u x e s  t o  and o u t  

o f  t h e  sed iment  w e r e  h i g h e r  f o r  1976 by 1.5 and 1.3 t i m e s  

f o r  sed imen ta t i on  t han  f o r  1977 and 1978 r e s p e c t i v e l y  and 

t hey  w e r e  a l s o  h i ghe r  by 1.7 and 1.4 t i m e s  f o r  r esuspens ion  

i n  1976 i n  comparison w i t h  1977 and 1978 r e s p e c t i v e l y .  

Eva luated v a l u e s  o f  annua l  mean phosphorus sed imen ta t i on  
-3 r a t e s  f o r  Bas in  I w e r e  10.1*10 , 7 . 4 * 1 0 - ~ ,  and 8 . 6 * 1 0 - ~  

mgP/R-day f o r  1976-1978 r e s p e c t i v e l y .  The co r respond ing  
-3 v a l u e s  o f  r a t e s  f o r  t h e  same y e a r s  w e r e  6.0-10 , 3 . 9 * 1 0 - ~  

and 4 . 6 = 1 0 - ~  mgP/R-day f o r  Basin 11, 4 . 6 - 1 0 - ~ ,  2 . 8 0 1 0 - ~  and 

3 . 4 - 1 0 - ~  mgP/R-day f o r  Bas in  I11 and 3 . 5 * 1 0 - ~ ,  2 . 2 * 1 0 - ~  and 

2 . 7 * 1 0 - ~  mgP/R-day f o r  Basin I V .  The annua l  mean r a t e s  o f  

p a r t i c u l a t e  phosphorus resuspens ion  c a l c u l a t e d  on t h e  b a s i s  

o f  s i m u l a t i o n  r e s u l t s  w e r e  equa l  t o  8.5. 4.9 1 O e 3  and 

6.3 1  o - ~  mgP/R-day f o r  Bas in  I i n  1976-1 978 r e s p e c t i v e l y .  

For  t h e  o t h e r  b a s i n s  and t h e  same y e a r s ,  t h e s e  r a t e s  w e r e  



equa l  t o  5.4 1  o - ~ ,  3.1 1  o - ~  and 3.0 1  o - ~  mgP/i-day (Bas in  

I )  ; 4 . 3 - 1 0 - ~ ,  2 . 5 * 1 0 - ~  and 3.1 mgP/k-day (Bas in  111) ; 

and 3.3 1  o - ~ ,  1 .9 1  o - ~  and 2.4 1  o - ~  mg~/P-day (Bas in  I V )  . 
The comparison o f  n e t  losses of  p a r t i c u l a t e  phosphorus f o r  

t h e  t h r e e  yea r  pe r i od ,  1976-1978, shows t h a t  it was l owes t  

i n  1976 a s  a  r e s u l t  o f  a c t i v e  resuspens ion  o f  p a r t i c u l a t e  

phosphorus brought  abou t  by unusua l l y  s t r o n g  winds. 

(iii) e v a l u a t i n g  t h e  seasona l  r a t e s  o f  t h e  p a r t i c u l a t e  phosphorus 

exchange shows t h a t  i n  1976, phosphorus l o s s e s  by sedimen- 

t a t i o n  were h i g h e s t  i n  t h e  s p r i n g - s m . e r  months. Ca lcu la ted  

r a t e s  of phosphorus sed imenta t ion  f o r  t h e s e  seasons  i n  1976 
-3 were equa l  t o  (1  0.9-1 1  .7)  10 mgP/R-day f o r  Bas in  I ,  

(6.3-7.3) mgP/P-day f o r  Bas in  11, (4.7-5.6) 

mgP/P-day f o r  Bas in  I11 and (3.6-4.4) mgP/i-day f o r  

Basin I V .  The o r d e r  of r a t e s  o f  phosphorus sed imenta t ion  

f o r  t h e  w i n t e r  and autumn 1976 were (9.1-9.2) mgP/P-day 

(Bas in  I ) ,  (5.3-5.7) mgP/P-day (Bas in  1 , (4-4.3) -10 -3 

mgP/P-day (Bas in  111) and (3.1-3.3) 1  ow3  mgP/P-day (Bas in  I V )  . 
I n  1977 and 1978, t h e  seasona l  phosphorus l o s s e s  by sed i -  

menta t ion  w e r e  e s t i m a t e d  t o  be  h i g h e s t  i n  t h e  w in te r - sp r i ng  

months. I n  1977, f o r  t h e s e  months, t h e  r a t e s  o f  phosphorus 

sed imenta t ion  eva lua ted  w e r e  equa l  t o  (8-9.6) 1  o - ~  (Bas in  I) , 
(4.1-4.6) (Bas in  11) , (3-3.2) - l o e 3  (Bas in  111) and 

(2.3-2.4) (Bas in  I V  ( a l l  mgP/P-day) , wh i l e  f o r  1978, 

f o r  t h e  same p e r i o d s ,  t h e y  w e r e  (9.8-10.9) ( Basin  I) , 
(5.4-5.9) (Bas in  1 1  (3.9-4.4) * l oe3  (Bas in  111) and 

(3-3.4) 1  0-3 (Bas in  I V )  . The i n t e n s i t y  o f  t h e  phosphorus 

sed imenta t ion  i n  t h e  summer and autumn months w e r e  e s t i m a t e d  

t o  be s i m i l a r  i n  1977-1978 w i t h  t h e  fo l low ing  r a t e s  

(6.2-7.8) (3.4-4.1) (2.5-3) and (2-2.4) 

mgP/R-day f o r  Bas ins  I - I V  r e s p e c t i v e l y .  

( i v )  t h e  s e a s o n a l  changes o f  phosphorus resuspens ion  r a t e s  were 

s i m i l a r  t o  changes o f  sed imenta t ion  r a t e s  f o r  t h e  t h r e e  

yea r  pe r i od  o f  s tudy .  For 1976, resuspens ion  r a t e s  were 

h igheg t  i n  t h e  spring-summer months and t h e y  were e s t i m a t e d  

t o  be  equa l  t o  (9.2-9.6) (Bas in  I )  , (5.8-6.1) -1  o - ~  
(Bas in  11). ( 4 . 6 - 4 . 8 ) * 1 0 - ~  (Bas in  111) and ( 3 . 5 - 3 . 7 ) - 1 0 - ~  

(Bas in  I V ) ,  w h i l e  i n  t h e  winter-autumn months t h e  range  o f  



resuspens ion r a t e s  were eva lua ted  t o  be equal  t o  (7.2-8.6) 1 o - ~ ,  
(4.6-5.4) (3.6-4.3) and (2.8-3.3) mgP/i-day 

f o r  Basins I - I V  r e s p e c t i v e l y .  The i n t e n s i t y  of resuspens ion 

i n  1977-1978 was es t imated  t o  be h igher  i n  t h e  winter -spr ing 

months than  i n  t h e  summer-autumn months. For 1977 it was 

lower than i n  1978, so  t h a t  f o r  t h e  w in te r -spr ing  months, 

t h e  resuspens ion r a t e s  c a l c u l a t e d  were equal  t o  (5.3-5.7) 1 o - ~ ,  
(3.4-3.6) (2.6-2.9) and ( 2 .1 -2 .2 )  mgP/i-day 

f o r  Basins I - I V  r e s p e c t i v e l y .  I n  1978, f o r  t h e  w in te r -spr ing  

months, t h e  resuspens ion r a t e s  c o n s t i t u t e d  (7.1-8.7) 1  o - ~ ,  
(4.5-5.5) (3.5-4.3) and (2.7-3.4) mgP/i-day 

f o r  Basins I - I V  respec t i ve l y .  For t h e  summer and autumn 

months i n  1977-1978, t h e  o rde r  of  resuspens ion r a t e s  eva luated 

were s i m i l a r ,  so  t h a t  they  were (4.2-4.9) (2.6-3.1) 

( 2 . 1 - 2 . 4 ) - 1 0 - ~  and ( 1 . 6 - 1 . 9 ) * 1 0 - ~  mgP/i-day f o r  Basins I - I V  

respec t i ve l y .  

I t  i s  a l s o  p o s s i b l e  t o  eva lua te  t h e  i n t e n s i t y  o f  DIP r e l e a s e s  

by sediment. F igure  17 shows t h e  dynamics of  sediment DIP r e l e a s e  

r a t e  f o r  Basin I i n  1976-1978. According t o  modeling r e s u l t s ,  

t h e  annual  mean va lues  o f  sediment DIP r e l e a s e  i n  t h i s  bas in  were 

es t imated  t o  be equa l  t o  6.24 3 . 3 8 - 1 0 - ~  and 3.05. mgP/i-day 

f o r  1976-1978 r e s p e c t i v e l y .  For Basins 1 1 - I V  t h e s e  r a t e s  were 

3.5, 4 . 9  and 7.2 t imes smal le r  than  i n  Basin I. 

Seasonal  changes of  sediment DIP r e l e a s e  r a t e s  f o r  t h e  t h r e e  

year  per iod show t h a t  t h e  range of t hese  r a t e s  i n  t h e  w in te r  months 

f o r  Basin I was (1.01-1.54) 1  0-3 mgP/i-day a s  eva lua ted  f o r  Basin I .  

During t h e  s p r i n g  and summer months t h e  r a t e s  o f  DIP r e l e a s e  by 

sediment could s i g n i f i c a n t l y  d i f f e r  from year  t o  year  a s  a  r e s u l t  

of t h e  p r e v a i l i n g  environmental cond i t i ons ,  p r imar i l y  wind and 

temperature.  The s imu la t ion  r e s u l t s  show t h a t  t h e  r a t e  of DIP 

r e l e a s e  from t h e  sediment i n  Basin I dur ing  t h e  sp r ing  was equal  

t o  8 . 3 7 * 1 0 - ~ ,  4 . 9 9 * 1 0 - ~  and 4 . 4 4 * 1 0 - ~  mgP/i-day f o r  1976-1978 
- 4  respec t i ve l y .  I n  t h e  summer months t h e s e  r a t e s  were 13.56-10 , 

5.9901 0-4 and 5.28 mgP/i-day f o r  t h e  same years .  During t h e  

autumn months t h e  r a t e  of sediment DIP r e l e a s e  was smal le r  than  

i n  t h e  summer months and it was es t imated  t o  be  equa l  t o  2 . 3 6 * 1 0 - ~ ,  





1.49 1 o - ~ ,  1.10 mgP/R-day i n  1976-1 978. The t o t a l  amount of  

D I P  r e l e a s e d  by sediment pe r  yea r ,  accord ing t o  s imu la t ion ,  was 

es t imated  t o  be equa l  t o  0.2278, 0.1227 and 0.1112 mgP/R f o r  1976- 

1978 r e s p e c t i v e l y  i n  Basin I ,  0.0643, 0.0349 and 0.0317 mgP/2 f o r  

Basin 11, 0.0467, 0.0252 and 0.0228 mgP/R f o r  Basin I11 and 0.0321, 

0.0173 and 0.0157 mgP/R f o r  Basin I V .  

Taking i n t o  account t h e  s imu la t ion  r e s u l t s  p resented  i n  

F igures 13-17, it i s  p o s s i b l e  t o  g i ve  a t o t a l  assessment of  sed i -  

ment in f luence on t h e  phosphorus cyc l i ng  i n  Lake Balaton.  Table 

16 summarizes by season f o r  1976-3978 t h e  d a t a  obta ined by t h e  

model on t h e  phosphorus exchange i n  t h e  sediment-water l a y e r  f o r  

each b a s i n  s tud ied .  The comments below fo l low from t h e  a n a l y s i s  

of t h e  d a t a  i n  Table 16: 

(i) i n  1976, t h e  amount of phosphorus resuspended was h igher  

than  i n  3977-1978; t h i s  may be exp la ined by t h e  more s i g n i -  

f i c a n t  i n f l uence  of wind a c t i o n  a s  t h e  wind speeds w e r e  

much s t r o n g e r  i n  3976 than  i n  1977-3978; 

(ii) p a r t i c u l a t e  phosphorus resuspens ion was h igher  i n  t h e  winter -  

s p r i n g  months than  i n  t h e  summer-autumn months; 

(iii) phosphorus sedimentat ion was h igher  i n  t h e  spring-summer 

months than  i n  t h e  w in te r  and autumn months; 

( i v )  n e t  p a r t i c u l a t e  phosphorus l o s s e s  t o  sediment due t o  t h e  

i n t e r a c t i o n  between resuspension and sedimentat ion w e r e  

higher  i n  t h e  spring-summer months ( a s  wi th  sed imentat ion)  

when t h e  r a t e  o f  eco log i ca l  phosphorus t rans fo rmat ion  was 

r a p i d  and t h e  amount of p a r t i c u l a t e  phosphorus formed by 

biochemical p rocesses  was s i g n i f i c a n t ;  t h e  s t r o n g  winds 

such a s  occurred i n  1976, could decrease t h e  genera l  par- 

t i c u l a t e  phosphorus l o s s e s  by i nc reas ing  t h e  i n t e n s i t y  of  

i t s  resuspens ion;  

( v )  t h e  amount of  DIP r e l e a s e d  by sediment was h ighes t  dur ing  

t h e  spring-summer months, a s  a r e s u l t  of f avo rab le  cond i t i ons  

i n  phosphorus t rans fo rmat ion  i n  t h e  sediment, p r imar i l y  de- 

f i n e d  by temperature;  dur ing t h e  winter-autumn months t h e  

amount o f  t h e  sediment DIP r e l e a s e  was smal le r  by 5-10 t i m e s  

than i n  t h e  spring-summer months; 

( v i )  t h e  amount of  DIP r e l e a s e d  by sediment was no t  s u f f i c i e n t  



Table  1 6 .  Phosphorus exchange f l ows  through sediment-water  i n t e r -  
f a c e  as shown by model c a l c u l a t i o n .  

Basin Season Y e a r  

N e t  phosphorus 
l o s s e s  t o  sedi- 

ment , 

PD sed i -  

menta- 
t i o n ,  

r n g ~ / ~ -  
3  months 

P  re -  
D 

suspen- 
s i o n  , 
mg~/L-  

3  months 
mgP/I1- 

3  months 

. 0 5 I I 3  

. 3 3 8 0 5  

. 0 8 4 1 4  

. 0 8 3 5 9  

. 2 0 1 2 8  

. 3 0 0 5 8  

. 0 6 9 0 0  

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

- 9 8 4 3 5  
. 7 2 3 2 8  
. 9 7 8 3 4  

1 . 0 5 3 4 4  

. 7 7 1 8 9  

. 5 1 6 9 4  

. 7 8 2 6 9  

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

. 8 6 1 3 7  

I 

kgP/day 

4 6 . 6  
3 0 8 . 0 .  

7 6 . 7  

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

6 2 . 9  
Summer 11977 - 3 7 9 5 2  . 5 6 8 5 4  - 1 8 9 0 2  

Net PD 

l o s s e s  t o  
sediment ,  

mg~/ I ( -  
3  months 

I' 

I I I 

N 

DIP r e l e -  
a s e  from 
sediment ,  
mg~ /k -  

3  months 

. 0 6 0 2 6  

. 3 4 8 3 8  
- 0 9 7 9 7  

. I 5 8 9 5  
- 2 4 6 2 0  
- 3 4 0 5 6  

. I 9 1 0 7  

I 9 7 6  
wYity 1 9 7 7  

(Jan-Mar) I 

. 0 0 9 1 3  
0 1 0 3 3  
. O I 3 8 3  

. 0 7 5 3 6  

. 0 4 4 9 2  

. 0 3 9 9 8  

. I 2 2 0 7  

S p r i n g  
( Apr - June ) 

Autumn 
( Oct-Dec 

I 9 7 6  
I 9 7 7  
I 9 7 8  

I 9 7 6  

I 9 7 6  
I 9 7 7  
I 9 7 8  

- 6 5 2 2 6  
. 4 2 0 6 6  
- 4 2 2 8 0  

Winter  
11976 

( Jan-Mar) 
I 9 7 7  
I 9 7 8  

I 9 7 6  
Spr ing  

(Apr-June) 
I 9 7 7  
I 9 7 8  

Summer 
I 9 7 6  
I 9 7 7  

(July-Sept) I 97 

Autumn 
I 9 7 6  

(Oct-Dec) 
I 9 7 7  

11978 

I 9 7 6  
Winter I 9 7 7  

(Jan-Mar) I 

Spr ing  
1 9 7 6  

(~pr-~une)!:::: 

- 4 8 9 4 9  
- 3 2 7 8 2  
- 4 9 6 3 4  

, 5 2 3 4 3  
- 3 0 2 5 4  
. 4 0 4 4 5  

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

. 4 1 3 6 3  

. 2 6 6 7 6  

. 2 6 8 I I  

- 3 8 5 9 4  
. 2 5 8 4 7  
. 3 9 1 3 5  

- 4 1 2 7 0  
. 2 3 8 5 4  
. 3 1 8 8 8  

. 4 3 0 6 9  

. I 8 9 7 6  

. 2 1 9 6 8  

. 3 2 6 1 3  
- 2 1 0 3 3  
- 2 1 1 4 1  

.29732  

. I 9 9 1 2  

. 3 0 1 4 8  

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

. . 3 3 1 7 9  
. I 4 6 1 9  
. I 6 9 2 3  

- 2 5 1 2 3  
. I 6 2 0 2  
- 1 6 2 8 5  

Summer 

Autumn 
(Oct-Dec) 

. 8 2 1 7 9  

. 5 3 8 0 7  

. 5 6 0 4 3  

I 9 7 6  
I 9 7 7  
I 9 7 8  

I 9 7 6  
I 9 7 7  
I 

I 

. 5 1 4 I O  

. 4 1 8 0 7  
- 5 2 8 2 6  

. 5 6 7 0 6  

. 3 6 9 2 2  
- 4 8 9 6 5  

- 6 5 4 9 3  
- 3 1 8 0 8  
- 3 6 8 5 5  

. 4 7 4 1 7  

. 3 0 6 7 4  
- 3 0 6 2 6  

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

- 4 2 5 5 1  
- 2 6 8 9 5  
- 3 5 4 3 6  

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

. 3 5 9 6 8  

. 2 3 5 1 4  
- 2 3 1 4 9  

. 2 9 8 8 8  

. 2 1 4 7 7  

. 3 0 5 2 6  

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

. 3 9 2 3 2  

. I 9 4 1 5  

. 2 1 6 6 0  

- 2 7 9 3 3  
- 1 8 4 4 9  
- 1 7 9 7 7  

- 1 6 9 5 3  
- 1 1 7 4 1  
. I 3 7 6 3  

Winter 
(Jan-Mar) 

Spring 
(Apr-June) 

Summer 
(July-Sept) 

AU tumn 
(Oct-Dec) 

- 0 2 4 6 1  
- 0 9 0 2 5  
- 0 3 1 9 2  

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

. I 0 8 7 0  
- 0 7 7 4 2  
- 0 8 9 9 3  

. 0 6 0 5 4  

. 0 3 9 9 8  
- 0 3 8 1 5  

- 0 0 6 0 8  
- 0 2 9 3 8  
. 0 0 7 3 9  

- 0 1 2 8 1  
. 0 3 0 4 I  
- 0 3 5 4 8  

- 0 7 0 1 0  
. 0 5 2 8 2  
. 0 5 4 5 5  

. 0 3 3 5 5  

. 0 2 4 8 I  

. 0 2 0 0 8  

. 0 0 1 5 6  

.O I565  

. 0 0 3 7 8  

, 0 0 8 7 1  
. O I 8 6 0  
- 0 2 6 5 2  

- 0 6 0 5 3  
. 0 4 7 9 6  
. 0 4 7 3 7  

. 0 2 8 I O  

. 0 2 2 4 7  

. O I 6 9 2  

; I 9 7 6  
I 9 7 7  
1978 

I 9 7 6  
I 9 7 7  
I 9 7 8  

I 9 7 6  
I 9 7 7  
1978 

I 9 7 6  
I 9 7 7  
I 9 7 8  

- 0 2 1 2 7  
. O I 3 4 6  
. 0 0 9 9 I  

. 0 0 2 6 0  

. 0 0 2 9 4  
- 0 0 3 9 4  

. 0 2 1 4 7  
- 0 1 2 8 0  
. O I I 3 9  

. 0 3 4 7 8  

.O I537  
- 0 1 3 5 4  

. 0 0 6 0 6  
- 0 0 3 8 3  
. 0 0 2 8 2  

. 0 0 1 8 7  

. 0 0 2 1 2  

. 0 0 2 8 4  

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

. 0 2 5 0 4  

.O I IO7  

. 0 0 9 7 4  

- 0 0 4 3 6  
- 0 0 2 7 6  
. 0 0 2 0 3  

- 0 0 1 2 9  
- 0 0 1 4 6  
.OOI95 

.OIO62 

. 0 0 6 3 3  

. 0 0 5 6 4  

- 0 1 7 2 2  
- 0 0 7 6 1  
. 0 0 6 7 0  

- 0 0 2 9 9  
.OOI90 
.OOI39 

. I 4 8 2 6  

. I 0 3 9 5  
- 1 2 7 7 2  

1 3 5 . 1  
9 4 . 7  

1 1 6 . 4  

. 0 2 2 0 I  

. 0 8 7 3 I  

. 0 2 7 9 8  

. 0 2 2 1 6  

. 0 5 3 8 8  
- 0 7 3 8 1  

. 0 7 3 9 2  

. 0 6 2 0 5  
- 0 7 6 3 9  

. 0 5 4 4 8  

. 0 3 6 1 5  

. 0 3 5 3 3  

- 0 0 4 2 1  
- 0 2 7 2 6  
. 0 0 4 5 5  

- . 0 0 2 6 5  
. 0 2 1 2 0  
. 0 2 7 2 8  

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

- 0 2 9 1 9  
. 0 2 2 0 5  
. O I 8 0 5  

- 0 0 0 2 7  
. O I 4 1 9  
.OOI83 

- .OOI9 I  
- 0 1 2 2 7  
. 0 2 0 8 8  

- 0 4 3 3 1  
. 0 4 0 3 5  
. 0 4 0 6 7  

. 0 2 5 I I  

. 0 2 0 5 7  
- 0 1 5 5 3  

101.0 
4 0 0 . 7  
1 2 8 . 4  

1 0 1 . 7  
2 4 7 . 2  
338 .7  

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

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

2 8 . 1  
1 8 1 . 7  

3 0 . 3  

-17 .7  
1 4 1 . 3  
1 8 1 . 9  

300 .4  
2 7 8 . 3  
2 9 8 . 7  

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

2 .4  
1 2 6 . 4  

1 6 . 3  

-17 .0  
1 0 9 . 3  
1 8 6  . I  

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

2 2 3 . 8  
1 8 3 . 3  
1 3 8 . 4  



t o  compensate f o r  t h e  phosphorus l o s s e s  due t o  sed imentat ion 

of p a r t i c u l a t e  phosphorus and on ly  dur ing  t h e  spring-summer 

months was t h e  c o n t r i b u t i o n  of sediment DIP r e l e a s e  t o  t h e  

t o t a l  phosphorus ba lance cons idered important  from t h e  quan- 

t i t a t i v e  p o i n t  of view; 

( v i i )  t h e r e  is  a genera l  tendency toward phosphorus accumulat ion 

i n  t h e  sediment throughout a l l  t h e  seasons and it may be 

d i s t u r b e d  i n  per iods  w i th  s t rong  winds which occurred,  f o r  

example, i n  t h e  w in te r -spr ing  months of  1976 when t h e  f l u x e s  

o f  p a r t i c u l a t e  phosphorus by resuspens ion and sedimentat ion 

were almost  i n  ba lance.  

Table 16 i nc ludes  t h e  r a t e s  of n e t  phosphorus l o s s e s  t o  

sediment i n  kgP/day, which a l low one t o  compare t h e  genera l  phos- 

phorus removals from water  t o  sediments i n  t h e  d i f f e r e n t  p a r t s  

of t h e  l a k e  dur ing  t h e  va r ious  seasons w i th in  t h e  i n d i v i d u a l  years  

s tud ied .  Thus t h e  s imu la t ion  r e s u l t s  make it p o s s i b l e  t o  r e c e i v e  

a q u a n t i t a t i v e  exp lanat ion  of  t h e  phosphorus exchange processes 

i n  t h e  sediment-water i n t e r f a c e  on t h e  b a s i s  of assumptions used 

and d a t a  a v a i l a b l e  f o r  Lake Balaton.  

PHOSPHORUS CYCLING W I T H I N  LAKE BALATON 

I n  t h i s  s tudy  phosphorus t rans fo rmat ion  was cons idered  from 

t h e  p o i n t  of  view o f  t h e  func t i on ing  of  t h e  phosphorus system i n  

Lake Balaton. The p r i n c i p a l  goa l  of t h e  s tudy was t o  understand 

how t h e  convers ion of  phosphorus forms developed i n  t h i s  water  

body, i n  o rde r  t o  o b t a i n  t h e  q u a n t i t a t i v e  in format ion of t h e  

phosphorus dynamics and phosphorus c y c l i n g  a s  a whole. These 

a s p e c t s  of t h e  s tudy  a r e  important  f o r  an understanding of  t h e  

r e l a t i v e  importance of t h e  n a t u r a l  phosphorus c y c l e  i n  a q u a t i c  

ecosystem behavior  and i n  water  body eu t roph ica t i on  i n  p a r t i c u l a r ,  

de f ined  by su rp lus  phosphorus e n t e r i n g  t h e  water body from t h e  

watershed a r e a .  

The mathemat ical  model o f  phosphorus t rans fo rmat ion  used i n  

t h i s  s tudy and composed from phosphorus compartments such a s  DIP, 

DOP, non l i v ing  pa r t i cu la te -P ,  phyto- and bac te r i a l -P ,  a l low one 



t o  e v a l u a t e  t h e  q u a n t i t i e s  of phosphorus i n  t h e  i n d i v i d u a l  phos- 

phorus compartments ( o r  phosphorus pools)  and t h e  phosphorus re- 

cyc l i ng  from one phosphorus form t o  another .  Furthermore, on t h e  

b a s i s  of t h e  d a t a  used, t h e  model a l s o  es t ima tes  t h e  va r ious  

f l u x e s  of  phosphorus dur ing  each year  s tud ied .  Consider ing t h e  

fo l lowing phosphorus f l u x e s  i s  i n t e r e s t i n g  f o r  t h e  a n a l y s i s  of  

t h e  phosphorus system: 

(i) e x t e r n a l  input -output  phosphorus f l u x e s  (EF,-OF,) which 
I I 

t ake  i n t o  account  t h e  t o t a l  t r a n s p o r t  of phosphorus through 

t h e  Lake Balaton bas ins ;  

(ii) system phosphorus f l u x  (SPF) which takes  i n t o  account t h e  

e x t e r n a l  phosphorus i npu t  and t o t a l  amount of phosphorus 

t ranspor ted  by advec t i ve  and wind-induced water  f lows;  

(iii) compartment f l u x e s  of  phosphorus (CPi) which take  i n t o  ac- 

count  t h e  amount of  phosphorus t r a n s f e r r e d  through t h e  

given compartment by i n t e r n a l  t rans fo rmat ion  mechanisms 

and i n p u t  from a l l  e x t e r n a l  sources;  

( i v )  t o t a l  phosphorus f l u x  (CFtot ) which is t h e  sum of f lows 

f o r  a l l  phosphorus compartments. 

Informat ion on t h e  e x t e r n a l  input-output  phosphorus f l u x e s  

based on t h e  t e n t a t i v e  e s t i m a t e s  of  p r e s e n t  phosphorus load ing  of  

Lake Balaton a s  we l l  a s  on t h e  d i r e c t  phosphorus measurements i n  

t h e  River Zala i n  1976-1978 i s  summarized i n  Table 17. According 

t o  t h e  d a t a  used, t h e  e x t e r n a l  i npu t  f l u x e s ,  cons idered  i n  Table 

17, inc lude:  

(i) DIP wi th  River Zala d ischarge  water ,  watershed runof f  

(sewage l o a d ) ,  r a i n f a l l  l oad  as w e l l  a s  sediment load ;  

(ii) DOP w i th  r a i n f a l l ;  

(iii) PD wi th  River Zala d ischarge  water ,  watershed runof f  and 

from sediment; 

( i v )  phyto- and b a c t e r i a l - P  w i th  River Zala d ischarge  water .  

I t  should be noted t h a t  t h e  r o l e  of  t h e  e x t e r n a l  sources  

mentioned i n  t h e  phosphorus load ing  is q u i t e  d i f f e r e n t .  For 

example, it i s  p o s s i b l e  t o  eva lua te  t h e  r o l e  of sediment a s  a 

p o t e n t i a l  phosphorus source .  I n  1976, t h e  sediment i n  Basins I- 

I V  con t r i bu ted  31.9%, 50.5%, 49.1% and 36.7% r e s p e c t i v e l y  from 



t h e  o v e r a l l  DIP l oad ;  f o r  1977 t h e s e  es t ima tes  f o r  t h e  same bas ins  

were 19.4%, 35.5%, 34.3% and 23.9% and f o r  1978 they  were equal  t o  

16.5%, 34.3XI 33.2% and 22.9% f o r  Basins I - I V  r e s p e c t i v e l y .  I n  

t h e  t o t a l  ba lance of non l i v ing  pa r t i cu la te -P  i n  1976 t h e  sediments 

provided 90.6%, 96.8%, 98.7% and 99.3% of  p a r t i c u l a t e - P  f o r  Basins 

I - I V  r e s p e c t i v e l y ;  i n  1977 t h e s e  number were 76.1%, 91.1%, 96.2% 

and 97.8% f o r  t h e  same Basins and i n  1978 they were es t imated  t o  

be equal  t o  81.6%, 93.4%, 97.3% and 98.4% f o r  Basins I - I V  respec- 

t i v e l y .  

I n  a  comparison of t h e  e x t e r n a l  input -output  f l u x e s  of phos- 

phorus, p resented  i n  Table 17, we can see  t h a t  phosphorus i s  re -  

moved from t h e  water  i n  Basins I - I V  by sedimentat ion and i n  Basin 

I V  a l s o  by advec t i ve  water f low. Thus t h e  es t imated  va lues  of 

t o t a l  ba lance i n  t h e  e x t e r n a l  input-output  f l u x e s  of phosphorus 

show t h a t  it i s  s t a b l y  p o s i t i v e  f o r  Basin I; f o r  Basins 1 1 - I V  it 

may be p o s i t i v e  a s  we l l  a s  negat ive ,  i n  accordance w i th  t h e  d a t a  

and hypothes is  used f o r  t h e  phosphorus load.  

I t  is i n t e r e s t i n g  t o  no te  t h a t  i n  Basin I t h e  t o t a l  e x t e r n a l  

i npu t  of phosphorus i s  l a r g e r  by 1.12-1.13 t imes than  t h e  ou tpu t  

f o r  1976-1978. Est imated va lues  of t h e  t o t a l  phosphorus ba lance 

f o r  t h e  whole l a k e  show t h a t  i n  1976 t h e  e x t e r n a l  i npu t  f l u x  was 

h igher  than t h e  ou tpu t  f l u x  and t h i s  d i f f e r e n c e  i s  es t imated  t o  

be equal  t o  74.7 kgP/d; i n  3977 t h e  ou tpu t  f l u x  was h igher  by 

65.9 kgP/d than  t h e  i npu t  phosphorus f l u x  and i n  1978, both f l u x e s  

were almost  i n  ba lance and t h e  d i f f e r e n c e  is on ly  0.6 kgP/d. The 

d a t a  i n  Table 17 a l lows one t o  assume t h a t  t h e  e x t e r n a l  i n p u t  of 

phosphorus should be rev i sed ,  e s p e c i a l l y  f o r  Basin 11. This  i s  

cons idered t o  be impor tant  f o r  ob ta in ing  a c o r r e c t  p i c t u r e  of t h e  

phosphorus i n t e r a c t i o n s  i n  t h e  l ake  and us ing  t h e  model f o r  t h e  

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

changeable phosphorus l o a d s ) .  

On t h e  b a s i s  of t h e  s imu la t ion  r e s u l t s  ob ta ined ,  t h e  condi- 

t i o n s  of  t h e  phosphorus cyc l i ng  may be es t imated  f o r  1976-1978 

a s  a r e s u l t  of  a l l  t h e  i n t e r a c t i o n s  cons idered i n  t h e  model. 

The phosphorus f l u x  through t h e  system depends on t h e  t o t a l  f l u x  
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through a l l  t h e  phosphorus compartments and coupl ing between t h e  

compartments. Table 18 shows t h e  r e s u l t s  of t h e  comparison of 

t h e  phosphorus f l u x e s  taken i n t o  account i n  t h e  model. Rat ios  

between compartment f l u x e s  t o  e x t e r n a l  f l u x e s  p resented  i n  Table 

18, demonstrate t h e  r o l e  of t h e  i n t e r n a l  t rans fo rmat ion  processes 

i n  t h e  phosphorus cyc l i ng .  Th is  r a t i o  f o r  DIP, CFDIp/EFDIp was 

r a t h e r  cons tan t  f o r  1976-1978 and equal  t o  1.3-1.4 i n  Basin I 

where t h e  r o l e  of e x t e r n a l  sources i n  t h e  DIP load  was cons idered 

t o  be much more impor tant  than i n  t h e  o t h e r  Basins.  For t h e  

Basins 1 1 - I V  t h e  r a t i o ,  CFDIp/EFDIp was changed from 2 . 4  t o  3 

f o r  1976-1977 and from 2 t o  2 .4  f o r  1978. For DOP, t h e  r o l e  of 

i n t e r n a l  cyc l i ng  was assumed t o  be q u i t e  s i g n i f i c a n t  i n  comparison 

t o  t h e  e x t e r n a l  load because on ly  a s i n g l e  e x t e r n a l  source ,  pre- 

c i p i t a t i o n ,  was used and t h e  corresponding range of t h e  r a t i o  

C F ~ ~ ~ / E F ~ o ~  was 14-42 f o r  Basins I - I V  dur ing  1976-1978. The r a t i o  

CF /EF was q u i t e  s t a b l e  f o r  a l l  t h e  b a s i n s  cons idered i n  1976- 
P~ P~ 1978 and i t was equal  t o  1.2-1.3. For t o t a l  phosphorus, 

t h i s  r a t i o  was more o r  less cons tan t  i n  1976-1977 and equal  t o  

1.8-2.0 wh i le  i n  1978 it decreased t o  1.6. 

The r a t i o  CFTotal /SPF shows t h e  r o l e  of phosphorus cyc l i ng  

by chemica l -b io log ica l  t rans fo rmat ion  i n  c o n t r a s t  t o  phosphorus 

load ing  from e x t e r n a l  sources and a s  a r e s u l t  of  hydrodynamical 

t r a n s p o r t .  Th is  r a t i o  was changed w i th in  t h e  range 1.6-1.9, 1.7- 

2.0 and 1.5-1.6 f o r  1976-3978 r e s p e c t i v e l y .  

F i n a l l y  t h e  r a t i o  SPF/EFTotal shows t h e  r o l e  o f  hydro- 

dynamical t r a n s p o r t  of phosphorus f r a c t i o n s  i n  t h e  phosphorus 

load i n  t h e  i n d i v i d u a l  bas ins  f o r  1976-1978. This r a t i o ,  be ing 

changeable i n  a smal l  range,  was taken a s  1.06-1.14 f o r  Basins 

1-111 and 3.03-1.04 f o r  Basin I V  dur ing  t h e  t h r e e  yea rs  s tud ied .  

A b e t t e r  unders tanding of  phosphorus recyc l i ng  i n  t h e  system 

may be ob ta ined  through an a n a l y s i s  of tu rnover  t ime of t o t a l  

phosphorus a s  w e l l  a s  i t s  i nd i v idua l  f r a c t i o n s  (Pomeroy 1970).  

A s  Watson and Loucks (1979) i nd i ca ted ,  t h e  tu rnover  t i m e  of t h e  

system may be cons idered a s  a func t i on  of t h e  turnover  t ime of 

i t s  p a r t s  and t h e  n a t u r e  of t h e  coupl ing between compartments. 

I t  i s  de f ined  a s  t h e  t ime requ i red  f o r  t h e  amount of t h e  substance 
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t r a n s f e r r e d  i n t o  o r  o u t  of a compartment t o  be e q u a l  t o  t h e  amount 

p r e s e n t  i n  t h e  compartment (Robertson 1957) .  

The mean annua l  t u rnove r  time of a l l  phosphorus compartments 

were c a l c u l a t e d  f o r  each b a s i n  and f o r  i n d i v i d u a l  y e a r s  s t u d i e d  

by d i v i d i n g  t h e  phosphorus pool  s i z e s  averaged f o r  t h e  yea r  con- 

s i d e r e d ,  by t h e  r a t e  of phosphorus f l u x e s  through t h e  poo l s ,  f o r  

t h e  same pe r i od  o f  t ime.  F lux  r a t e  i n  t h i s  c a s e  was d e f i n e d  a s  

t h e  average  o f  t h e  i n p u t  and o u t p u t  r a t e s  o f  t h e  poo l s .  The 

r e s u l t s  o f  c a l c u l a t i n g  t h e  tu rnover  t i m e  o f  t h e  phosphorus com- 

par tments  and t o t a l  phosphorus ob ta ined  w i t &  t h e  a i d  o f  t h e  model 

a r e  summarized i n  Tab le  19. 

The a n a l y s i s  of t h e  t u rnove r  time of  t h e  i n d i v i d u a l  phosphorus 

compartments may h e l p  t o  e x p l a i n  t h e  r o l e  o f  t h e s e  compartments i n  

phosphorus c y c l i n g .  It i s  recogn ized t h a t  compartments may a c t  a s  

a h o l d e r  o r  a mover o f  n u t r i e n t s  i n s i d e  a system (Pomeroy 1974) .  
The a n a l y s i s  o f  t h e  d a t a  i n  Tab le  19 shows t h a t  t h e  f a s t e s t  t u rn -  

ove r  w i t h i n  t h e  phosphorus compartments i n  t h e  l a k e  a s  e s t i m a t e d  by 

by t h e  model, concern o n l y  t h e  b a c t e r i a l - P  and non l i v i ng  p a r t i -  

cu la te -P  ( o r  d e t r i t u s )  formed a s  a r e s u l t  o f  t h e  a c t i o n  o f  micro- 

organisms.  The t u r n o v e r  time of b a c t e r i a l - P  is e s t i m a t e d  t o  be 

changeable  i n  a r e l a t i v e l y  sma l l  range,  3.2-6.7 days (mean 5.5 

day f o r  t h e  whole l a k e  du r i ng  1976-1978). The tu rnove r  t i m e  o f  

n o n l i v i n g  p a r t i c u l a t e - P  i s  a l s o  es t ima ted  a s  be ing  a c h a r a c t e r i s t i c  

w i t h  a sma l l  v a r i a n c e  f o r  t h e  d i f f e r e n t  b a s i n s ,  so t h a t  t h e  pos- 

s i b l e  range o f  t h e  t u rnove r  time i s  2.1-3.4 days (mean 2.7 days 

f o r  t h e  whole l a k e  d u r i n g  3976-1978). The tu rnove r  t i m e  f o r  d i s -  

so lved i no rgan i c  phosphorus and phytoplankton-P a r e  e s t i m a t e d  t o  

be s i m i l a r ,  so t h a t  t h e  ranges  i n  e s t i m a t e s  o f  t h e  t u rnove r  t i m e  

a r e  3.7-13.1 days  (mean 8.0 days)  f o r  D I P  and 5.1-9.7 days  (mean 

8.0 days)  f o r  phytoplankton-P. The assessment  o f  t h e  t u rnove r  

t i m e  f o r  D I P  o b t a i n e d  f o r  t h e  Lake Ba la ton ecosystem by t h e  g iven  

model i s  i n  accordance w i t h  t h e  measured t u rnove r  t i m e  o f  5-10 

days f o r  t h e  phosphates i n  o t h e r  l a k e s  (Golterman 1975) .  The 

range of t h e  t u rnove r  t i m e  f o r  DOP is 8.1-12.1 days  (mean 9.8 

days)  and a s  f o l l o w s  from t h e  a n a l y s i s ,  t h i s  phosphorus compart- 

ment may be  cons ide red  t h e  one w i t h  t h e  s l owes t  t u rnove r  among 

a l l  t h e  compounds t aken  i n t o  account  i n  t h e  model. The tu rnover  



T a b l e  1 9 .  A n n u a l  t u r n o v e r  t i m e s  ( i n  d a y s )  f o r  p h o s p h o r u s  f r a c t i o n s  i n  B a s i n s  I - I V  a s  

e v a l u a t e d  b y  t h e  m o d e l .  

Phosphorus 
f r a c t i o n s  

DIP 

DOP 

P~ 
F 

B 

T o t a l  P  

I I 

1976 1977 1978 

3 . 7  4 . 8  5 . 0  

9 . 2  9 . 7  11.0 

2 . 5  3 . 2  3 . 3  

7 . 2  8 . 8  9 . 7  

5 . 0  5 . 7  6 . 0  

6 . 7  7 . 6  6 . 4  

I 

1976 1977 1978 

4 . 3  3 . 9  4 . 3  

8 . 6  9 . 2  1 1 . 6  

2 . 1  2 . 2  2 . 1  

5 . 1  5 . 4  5 . 8  

3 . 2  4 . 9  5 . 0  

5 .4  6 . 0  5 . 6  

I11 

1976 1977 1978 

9 . 2  1 1 . 4  1 2 . 1  

8 . 8  9 . 0  1 1 . 6  

2 . 2  3 . 1  3 . 4  

8 . 0  9 . 6  9 . 7  

5 . 4  6 . 1  6 . 4  

7 . 8  9 . 3  7 . 2  

I V  

1976 1977 1978 

11.0 1 2 . 8  1 3 . 1  

8 . 1  8 . 8  1 2 . 1  

2 . 4  3 . 2  3 . 2  

8 . 6  8 . 4  9 . 4  

5 . 8  6 . 4  6 . 7  

9 . 6  1 1 . 9  9 . 1  

R a n g e  

3 . 7 - 1 3 . 1  

8 . 1 - 1 2 . 1  

2 .1 -  3 .4  

5 . 1 -  9 . 7  

3 . 2 -  6 . 7  

5 . 4 - 1 1 . 9  

Mean 

8 . 0  

9 . 8  

2 .7  

8 . 0  

5 . 5  

7 . 7  
A 



t i m e  of t h e  t o t a l  phosphorus is comparable wi th  t h e  turnover  t i m e  

f o r  DIP and i t s  range equa l  t o  5.4-11.9 days (mean 7.7 days f o r  

t h e  whole l ake  dur ing  1976-1978). 

Thus t h e  es t imated  va lues  of  tu rnover  t i m e  f o r  t h e  i nd i v idua l  

phosphorus compartments show t h a t  t h e  phosphorus c y c l i n g  i s  

developed s l i g h t l y  f a s t e r  i n  Basins 1-11 than  i n  Basins I I I - I V .  

For t h e  environmental  cond i t i ons  of 1976-1978 t h e  phosphorus 

system shows s i m i l a r  p r o p e r t i e s  i n  annual phosphorus c y c l i n g  

which i n d i c a t e s  t h e  s t a b i l i t y  of  t h e  way i n  which Lake Ba la ton 's  

ecosystem func t i ons .  Undoubtedly, some d i f f e r e n c e s  i n  t h e  phos- 

phorus cyc l i ng  may be  expected from year  t o  year  f o r  t h e  i nd i v idua l  

seasons w i th in  t h e  yea r ,  a s  a r e s u l t  o f  t h e  combined i n f l uence  of 

t h e  weather cond i t i ons  and t h e  n u t r i e n t  loads .  Therefore f u r t h e r  

i n s i g h t  i n t o  t h e  func t i on ing  o f  Lake Ba la ton ' s  ecosystem can be 

gained by cons ider ing  t h e  seasona l  turnover  t i m e  of t h e  phosphorus 

compartments, a s  w e l l  a s  by analyz ing t h e  behavior  of  t h e  i nd i -  

v i dua l  phosphorus compartments i n  t h e  phosphorus t rans fo rmat ion .  

CONCLUSIONS 

1 .  The emphasis i n  t h e  given r e p o r t  i s  on t h e  examination of t h e  

improved ve rs ion  of t h e  Balaton Sector  Kodel (BALSECT), which in-  

c ludes  t h e  f i v e  phosphorus compartments (d isso lved  inorganic-P,  

d isso lved  organic-P, non l i v ing  p a r t i c u l a t e  organic-P, phytoplankton-P 

and bac te r i a l -P )  and takes  i n t o  account t h e  biochemical i n t e r -  

a c t i o n s  between t h e s e  phosphorus compartments a s  w e l l  a s  phos- 

phorus exchange through t h e  sediment-water i n t e r f a c e  and 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 by advec t i ve  and 

wind-induced water f low. 

2 .  The given model w a s  app l i ed  t o  a r e a l  set of o r i g i n a l  f i e l d  

observa t ions  f o r  temperature,  wind, r a d i a t i o n ,  water  ba lance and 

phosphorus load ing  t o  examine t h e  model 's  a b i l i t y  t o  d e s c r i b e  

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

i n  1976-1978. 

3 .  The model adequacy i n  rep resen t i ng  t h e  phosphorus dynamics 

observed i n  Lake Balaton b a s i n s  i n  1976-1978 w a s  eva lua ted  by 



apply ing s t a t i s t i c a l  methods. The adequacy of t h e  s imu la t ion  

r e s u l t s  t o  t h e  observa t ions  was shown by t h e  comparison of mean 

va lues  of phosphorus compartments a s  we l l  a s  t h e i r  var iances .  

I t  was found t h a t  phosphorus concent ra t ions ,  observed and s imu la ted ,  

have a d i s t r i b u t i o n  c l o s e  t o  normal and t h e  f l u c t u a t i o n s  of both 

sets of d a t a  l i e  i n  t h e  range 430 f o r  a l l  phosphorus compartments 

s tud ied .  Est imated va lues  of 95% conf idence i n t e r v a l s  of  mean 

phosphorus concen t ra t i ons  i n  observed and s imulated phosphorus 

da ta  a r e  i n  reasonab le  agreement, exc lud ing d a t a  f o r  Basin 11, 

where phosphorus load ing  seems t o  be  lower than  may be expected 

by observed phosphorus l e v e l s .  The comparison of  mean phosphorus 

concen t ra t i ons  eva lua ted  on t h e  d i f f e r e n t  amount of da ta  i n  samples, 

observa t ions  and s imu la t i on  r e s u l t s ,  by t h e  F - t e s t  shows t h a t  t h e  

va r iances  of means i n  two group of d a t a  may be cons idered a s  a 

homogenous whole. According t o  d a t a  on t h e  F - t e s t ,  t h e  DIP dynamics 

were s imulated b e t t e r  i n  1976-1977 than  i n  1978, whi le  t h e  DOP 

dynamics were b e t t e r  modeled f o r  1976 and 1978 than  f o r  1977; 

however, t h e  mean va lues  of DIP and DOP eva lua ted  on t h e  s imulated 

r e s u l t s ,  a r e  lower than  those  es t imated  on sca rce  observa t ions  

cover ing t h e  spring-autumn pe r iods  w i th in  1976-1978. The dynamics 

of non l i v ing  p a r t i c u l a t e  organic-P i s  b e t t e r  s imulated f o r  1977- 

1978 than  f o r  1976 and t h e  t o t a l  P is modeled b e t t e r  f o r  1976 and 

1978 than  f o r  1977. When a comparison was made between modeling 

r e s u l t s  and obse rva t i ons  f o r  combined s e t s  of d a t a  on a l l  phos- 

phorus f r a c t i o n s  t h e r e  was reasonable agreement. The r a t i o  of 

va r i ances  i n  s imulated phosphorus d a t a  t o  t h a t  observed i s  e s t i -  

mated t o  be equa l  and changeable i n  t h e  range 34.7-77.9% 

(mean 41.9%) i n  Basins I through IV f o r  1976-1978. The quant i -  

t a t i v e  r e l a t i o n s h i p  between phosphorus concen t ra t i ons  i n  t h e  

observed and s imu la ted  t ime s e r i e s  of phosphorus concen t ra t i ons  

was a l s o  analyzed by reg ress ion  a n a l y s i s ,  s imple as we l l  a s  

weighted. F i n a l l y ,  T h e i l ' s  i n e q u a l i t y  c o e f f i c i e n t s  were ca lcu-  

l a t e d  f o r  each phosphorus compartment on t h e  b a s i s  of obse rva t i ons  

a v a i l a b l e ,  and s imu la t ion  r e s u l t s  were ob ta ined .  Th is  c o e f f i c i e n t  

i l l u s t r a t e s  t h a t  t h e  range of e r r o r s  i n  t h e  s imu la t ion  of t h e  

dynamics of i n d i v i d u a l  phosphorus f r a c t i o n s  is 0.154-0.221 (mean 

0 . 2 )  f o r  t o t a l  PI 0.214-0.291 (mean 0.251) f o r  DIP, 0.243-0.353 



(mean 0.283) f o r  non l i v ing  p a r t i c u l a t e  organic-P, 0.269-0.325 

(mean 0.296) f o r  t o t a l  d i sso l ved  P and 0.303-0.405 (mean 0.369) 

f o r  DOP.  The range of e r r o r s  i n  t h e  s imu la t ion  of  t h e  phosphorus 

dynamics i s  es t imated  t o  be  0.203-0.261 (mean 0.225) f o r  Basin I, 

0.250-0.347 (mean 0.295) f o r  Basin 11, 0.204-0.284 (mean 0.252) 

f o r  Basin I11 and 0.237-0.307 (mean 0.290) f o r  Basin I V .  The 

e r r o r s  i n  t h e  s imu la t ion  o f  t h e  phosphorus dynamics a r e  es t imated  

a s  0.267, 0.262 and 0.223 f o r  1976-1978 r e s p e c t i v e l y  and 0.253 

f o r  t h e  t o t a l  t h r e e  year  per iod ,  1976-1978. 

4 .  A s e r i e s  o f  s e n s i t i v i t y  runs  on t h e  b a s i s  of  d a t a  a v a i l a b l e  

f o r  1977 were conducted t o  understand how t h e  q u a l i t y  of i npu t  d a t a  

on t h e  temperature,  r a d i a t i o n  and phosphorus load ing  may change 

a  model ou tpu t  f o r  Basin I. I n  t hese  runs f o r  t h e  va lues  of i npu t  

d a t a ,  a  d i f f e r e n t  degree  of  t i m e  s c a l e  averag ing,  corresponding 

t o  day, week, month and season was used. The r e s u l t s  of t h e  

s e n s i t i v i t y  a n a l y s i s  compared w i th  a  c o n t r o l  run  where t h e  o r i g i n a l  

set of obse rva t i ons  was used, show t h a t :  ( a )  weekly averag ing 

of t h e  mentioned inpu t  d a t a  do n o t  p r a c t i c a l l y  change t h e  model 

ou tpu t ;  (b )  monthly averag ing of t h e  same inpu t  d a t a  g i ves  s l i g h t l y  

lower va lues  of  mean monthly and seasonal  mean phosphorus concen- 

t r a t i o n s  f o r  t h e  w in te r  and summer per iods  and s l i g h t l y  h igher  

ones f o r  t h e  sp r ing  and autumn per iods ;  ( c )  seasona l  averag ing 

s i g n i f i c a n t l y  changes t h e  model ou tpu t  f o r  t h e  summer months, so  

t h a t  mean monthly concen t ra t i ons  of  DIP, DOP,  p a r t i c u l a t e  

organic-P, t o t a l  s o l u b l e  P and t o t a l  P a r e  lower by 31.3-45%, 

46.1-62%, 18.3-31%, 44-64% and 35-362 r e s p e c t i v e l y  than  i n  a  

c o n t r o l  run;  t h i s  procedure a l s o  e s s e n t i a l l y  a l t e r s  t h e  d a t e s  

o f  extreme phosphorus concen t ra t i ons  f o r  t h e  s p r i n g  and summer 

months; (d )  t h e  averag ing of temperature and phosphorus load ing 

d a t a  have an  express  i n f l uence  on t h e  model ou tpu t  i n  c o n t r a s t  t o  

averag ing of t h e  r a d i a t i o n  d a t a ;  f o r  example, t h e  seasonal  averag ing 

of t h e  temperature d a t a  may change t h e  mean seasonal  concen t ra t i ons  

of  t o t a l  P t o  0.5%, 8 .5%, 15.4% and 7.6% f o r  t h e  w i n t e r ,  sp r i ng ,  

summer and autumn r e s p e c t i v e l y ;  t h e  same averag ing o f  t h e  phos- 

phorus load ing  d a t a  g i ves  t h e  change of t h e  mean t o t a l  P  concen- 

t r a t i o n s  on 1.2%, 13.1%, 1.9% and 4.7% f o r  s i m i l a r  seasons ,  wh i le  

t h e  averag ing of t h e  r a d i a t i o n  d a t a  change t h e  model ou tpu t  on ly  



by 1.9% f o r  w in te r ,  by 0.4-0.5% f o r  t h e  spring-summer months and 

by 1.5% f o r  t h e  autumn months; (e) seasona l  averag ing of  t h e  phos- 

phorus load ing  d a t a  has  a  s i g n i f i c a n t  i n f l uence  on t h e  d a t e s  o f  

t h e  minimum and maximum phosphorus concen t ra t i ons  dur ing  t h e  

w in te r -spr ing  months wh i le  t h e  same t ime s c a l e  o f  averag ing of 

t h e  temperature d a t a  has  an in f luence on t h e  d a t e s  of  extreme 

phosphorus concen t ra t i ons  dur ing  t h e  s p r i n g ,  summer and autumn 

months; t h e  seasona l  averag ing of  r a d i a t i o n  d a t a  show t h e  i n f l uence  

on ly  on t h e  d a t e s  of t h e  minimum phosphorus concen t ra t i ons  dur ing  

t h e  w in te r  and autumn months. 

5. The r o l e  o f  t h e  sediments a s  a  p o t e n t i a l  phosphorus source 

was eva luated i n  t h e  g iven r e p o r t .  I n  1976, t h e  sediments provided 

31.9%, 50.5%, 49.1% and 36.7% of DIP from a l l  DIP sources i n  

Basin I through I V  r e s p e c t i v e l y ;  f o r  3977 t h e  sane e s t i m a t e s  were 

19.4%, 35.5%, 34.3% and 23.9% and f o r  1978 they were 16.5%, 34.3%, 

33.2% and 22.9% f o r  Basins I - I V  r e s p e c t i v e l y .  A s  f o r  non l i v ing  

pa r t i cu la te -P ,  t h e  model e s t i m a t e s  t h e  sediment c o n t r i b u t i o n  i n  

1976 a s  90.6%, 96.8%, 98.7% and 99.3% f o r  Basins I - I V  r e s p e c t i v e l y .  

For 1977, t h e s e  e s t i m a t e s  were 76.1%, 91.1%, 96.2% and 97.8% and 

f o r  1978 81.6$, 93.4%, 97.3% and 98.4% f o r  Basins I - I V  r e s p e c t i v e l y .  

According t o  t h e  s imu la t ion  r e s u l t s ,  t h e  genera l  tendency of t h e  

phosphorus t o  accumulate i n  t h e  sediment was expressed f o r  a l l  t h e  

seasons w i th in  1976-1978 and it was d i s t u r b e d  j u s t  i n  t h e  per iods  

wi th  s t r o n g  winds, such a s  occurred i n  t h e  w in te r -spr ing  months 

o f  1976. The n e t  p a r t i c u l a t e - P  l o s s e s  t o  sediment due t o  t h e  

i n t e r a c t i o n  between resuspens ion and sedimentat ion were es t imated  

t o  be h ighe r  i n  t h e  spring-summer months when t h e  r a t e  of t h e  

eco log i ca l  phosphorus t rans fo rmat ion  is h i g h e s t  and t h e  t o t a l  

amount of  p a r t i c u l a t e - P  biochemical ly  formed is  s i g n i f i c a n t .  The 

amount o f  DIP r e l e a s e d  by t h e  sediment is cons idered a s  having an  

i n f l uence  on ly  dur ing  t h e  spring-summer months, b u t  t h i s  p rocess  

may on ly  s l i g h t l y  compensate t h e  t o t a l  phosphorus l o s s e s  due t o  

sed imentat ion,  even dur ing  t h a t  per iod.  

6. The cond i t i ons  of  phosphorus c y c l i n g  i n  Lake Balaton were 

es t imated  by cons ider ing  phosphorus f l u x e s  such a s  e x t e r n a l  input -  

ou tpu t  (EFi-0 F. ) phosphorus f l u x e s ,  system phosphorus f l u x  (SPF) , 
1 



compartment phosphorus f l u x e s  ( c F ~ )  and t o t a l  phosphorus f l u x  

(CFtotap). 
I n  t h e  g iven a n a l y s i s ,  t h e  r a t i o  CFi/EFi demonstrates 

t h e  r o l e  of t h e  i n t e r n a l  phosphorus t rans fo rmat ion  i n  prov id ing 

t h e  n u t r i e n t s  a s  opposed t o  t h a t  of  t h e  e x t e r n a l  load ing.  Th is  r a t i o  

f o r  DIP looks q u i t e  s t a b l e  (1.3-1.4) f o r  1976-1978 i n  Basin I ,  where 

t h e  r o l e  of e x t e r n a l  load ing  is s i g n i f i c a n t l y  h igher  than  i n  

Basins 1 1 - I V .  For t h e  l a t t e r  bas ins  t h e  r a t i o  CFDIp/EFDIp is 

2.4-3 f o r  1976-1977 and 2-2.4 f o r  1978. For DOP t h e  r o l e  of  t h e  

i n t e r n a l  t rans fo rmat ion  i s  considered much more important  than  

e x t e r n a l  load ing  and t h e  r a t i o  CFDOp/EFDOp i s  es t imated  t o  be 

equal  t o  14-42 f o r  Basins I - I V  dur ing  1976-1978. For non l i v ing  

pa r t i cu la te -P  t h i s  r a t i o  appears t o  be cons tan t  and equa l  t o  

1.2-1.3 f o r  Basins I - I V  f o r  1976-1978, which t e s t i f i e s  t o  t h e  

d e f i n i t e  ba lance between a l l  t h e  processes prov id ing e x t e r n a l  

and i n t e r n a l  i n p u t  of pa r t i cu la te -P .  The r a t i o  CFtotep /SPF 

showing t h e  r o l e  of phosphorus biochemical c y c l i n g  i n  c o n t r a s t  

t o  t h e  load ing  by e x t e r n a l  i npu t  and hydrodynamical t r a n s p o r t ,  

is es t imated  t o  be i n  t h e  range 1.6-1.9, 1.7-2 and 1.5-1.6 f o r  

1976-1978 r e s p e c t i v e l y .  The r o l e  of  hydrodynamical t r a n s p o r t  

i n  phosphorus load ing  may be  eva luated by t h e  r a t i o  SpF/EFtoteP 

and t h e  range of  t h i s  r a t i o  i s  r e l a t i v e l y  smal l ,  1.06-1.14 f o r  

Basins 1-111 and 3.03-1.04 f o r  Basin I V  dur ing  1976-1978. 

7. The p r o p e r t i e s  o f  t h e  l a k e ' s  ecosystem a s  w e l l  a s  t h e  r o l e  

of  t h e  phosphorus compartments i n  t h e  phosphorus cyc l i ng  w e r e  

i n v e s t i g a t e d  through t h e  a n a l y s i s  of  t h e  s imulated phosphorus 

dynamics and phosphorus f l uxes .  Flux r a t e s ,  pool  s i z e s  and 

tu rnover  t imes were computed f o r  t h e  i nd i v idua l  phosphorus f rac -  

t i o n s .  The a n a l y s i s  of  tu rnover  t ime i n d i c a t e s  t h a t  t h e  

bac te r i a l -P  and non l i v ing  p a r t i c u l a t e  organic-P a r e  t h e  f a s t e s t  

phosphorus compartments w i th in  Lake Ba la ton 's  ecosystem and t h e i r  

annual mean turnover  t i m e  w a s  es t imated  t o  be equa l  t o  5 - 5  day 

and 2.7 days r e s p e c t i v e l y .  The turnover  t i m e  of DIP is comparable 

w i th  t h o s e  f o r  t h e  phytoplankton-P and it i s  equa l ,  f o r  both of  

t h e s e  f r a c t i o n s ,  t o  8.0 days. The turnover  t ime of DOP i s  e s t i -  

mated t o  be s l i g h t l y  h igher  than  f o r  DIP and i s  equal  t o  9.8 days. 

The turnover  t ime of  t h e  t o t a l  P is c l o s e  t o  DIP and phytoplankton-P 

turnover  t i m e  and it i s  es t imated  t o  be 7.7 days. The turnover  



of t o t a l  P occurs  i n  5.4-7.6 days w i th in  Basins 1-11 and i n  7.2-  

11.9  days w i t h i n  Basins 111-IV. On an annual  b a s i s  t h e  va lues  of 

turnover  t ime of  t h e  i nd i v idua l  phosphorus compartments i n d i c a t e  

s t a b i l i t y  and a l s o  show t h a t  s i m i l a r  cond i t i ons  e x i s t e d  i n  t h e  

phosphorus cyc l i ng  i n  t h e  per iod  1976-1978. 



Appendix A 

Model eauations of  biochemical ~ h o s ~ h o r u s  transformation. 

1.Microorganism growth (or substance uptake): 

- for phytoplankton UPF = 
K1 ' R ~ ~ ' R ~ ~  

j 1 + F i / ( Y - D I P i )  

-1 K1 is  maximum uptake rate (day ) ;  

y is coefficient of  substrate conversion per 

unit biomass (unit less);  

R~~ 
is light reduction factor (unit less) : I 

R = (e/Ke - h) [exp (-rx) - exp ( -rl)] IF 

Ke 
is light extinction coefficient (m- '1 

I is dai ly course of l ight intensity 

(cal/cm2-day) : 

" (tnow-tpeak) ] 
I = I -h.[l + COs 

max f 

t is current time of day in hours; 
now 

t is I 2  o'clock when light intensity 
peak 

is maximum; 

f is photoperiod in hours; 

Imax 
is maximum light intensity 



- 
Imax 

- 2.1av/f 

is mean daily l ight intensity 
I av 

2 
(cal/cm -day). 

R~~ 
is  temperature reduction factor(unit1ess)i 

0 
T is water temperature in C. 

- for bacteria 

UP- = 
K2 ' R~~ 

K 2  is maximum uptake rate (day-'); 

R is temperature reduction factor 
TB 

(unit less) : 

2.Microorganism's metabolical excretion: 

- for phytoplankton LF = r 'UPF F 
j j j 

r is the coefficient representing the 
4 ' fraction of excretion over uptake: 

- for bacteria 

r is  the coefficient representing the 
B; 

fraction of excretion over uptake: 

a are coefficients with dimensions(day). 
i 



3 .M ic roo rgan ism m o r t a l i t y  : 

- f o r  p h y t o p l a n k t o n  MF - - ( v l ' F . ) / U p F  

j 
3 

j 

- 1  - 2 
v  i s  c o n s t a n t  ( m g  P/R) ( d a y )  

1  

- f o r  b a c t e r i a  

v  and  v  a re  c o n s t a n t s  w i t h  d i m e n s i o n s  
2 3 

day-' - 1  
- 2 

a n d  ( m g  P / R )  ( d a y )  r e s p e c t i -  

ve l y .  

4 .Tempera tu re -dependen t  r a t e  o f  d e t r i t u s  d e c o m p o s i t i o n :  

0 
T is  w a t e r  t e m p e r a t u r e  i n  C. 
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Appendix C. Weekly average temperature,radiation and phosphorus 

concentrations in River Zala discharge water(data for I 9 7 7  

W e e k  Tempera tu re  Radia t ion Or thophosphate-P Tota l  P 
s tar t ing 
f rom 1st  0 

C 
2 

of January  cal /cm -day - mgP/  



Appendix D. Monthly average temperature, radiation and phosphorus 

concentrations in River Zala discharge water (data for 1977) 

Temperature Radiation Orthophosphate-P Total  P 
Month 

0 
C 

2 
cal/cm -day mgP/ mgP/ R 

Jan 

Feb 

Mar 

AP r 

May 

June 

July 

Aug 

Sept 

Oct 

Nov 

De c 

Appendix E. Seasonally average temperature, radiation and phosph.orus 

concentrations in River Zala discharge water(data for 1977) 

Temperature Radiat ion Orthophosphate-P Tota l  P 
Season 

0 
C 

2 
cal/cm -day mgP/ R m g P / ~  

Winter 
3.27 175.96 0.0728 0.2783 

(Jan - Mar) 

Spring 
15.45 428.04 0.2087 0.4295 

(Apr  - June) 

Summer 

(July - Sept)  I 
Autumn 

7.97 114.93 0.2471 0.3732 
(Oct - Dec) 
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