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PREFACE 

An i m p o r t a n t  s u b t a s k  w i t h i n  t h e  Resources  and Environment  
Area (REN) o f  t h e  I n t e r n a t i o n a l  I n s t i t u t e  f o r  Appl ied  Systems 
A n a l y s i s  (IIASA) i s  t h e  development  and a p p l i c a t i o n  o f  models  f o r  
e n v i r o n m e n t a l  q u a l i t y  c o n t r o l  and management. The i n i t i a l  o b j e c -  
t i v e s  o f  t h i s  t a s k  a r e  t o  a s s e s s  e x i s t i n g  mode ls ,  t o  d e v e l o p  i m -  
proved h y d r o p h y s i c a l  and e c o l o g i c a l  models  a s  t o o l s  f o r  t h e  a n a l -  
y s i s  o f  w a t e r  q u a l i t y  p rob lems ,  and t o  a p p l y  t h e s e  models  t o  l a k e s ,  
r e s e r v o i r s ,  and r i v e r  sys tems .  

On September  13-16, 1977,  a  workshop on t h e  g e n e r a l  a s p e c t s  
o f  w a t e r  q u a l i t y  mode l ing  (IIASA CP-78-10) was h e l d  a t  IIASA. 
The mos t  r e c e n t  t h e o r e t i c a l  deve lopments  i n  t h e  f i e l d  o f  Water 
Q u a l i t y  were  d i s c u s s e d  a t  t h i s  mee t ing .  A t  t h e  same t i m e  t h e  
a p p l i c a t i o n  of  h y d r o p h y s i c a l  and  e c o l o g i c a l  models  t o  v a r i o u s  
w a t e r  b o d i e s  was c o n s i d e r e d .  As a  r e s u l t  o f  t h i s  workshop it 
was d e c i d e d  t h a t  a t t e n t i o n  s h o u l d  b e  f o c u s s e d  on  t h e  w a t e r  q u a l -  
i t y  p rob lems  o f  n a t u r a l  l a k e s  and man-made impoundments (reser- 
v o i r s ) .  I n  a d d i t i o n ,  it was f e l t  t h a t  IIASA c o u l d  make a n  impor-  
t a n t  c o n t r i b u t i o n  t o  t h e  u s e  o f  mode ls  f o r  w a t e r  q u a l i t y  c o n t r o l  
and management p u r p o s e s  by a t t e m p t i n g  t o  b r i d g e  t h e  g a p  between 
t h e  h y d r o p h y s i c a l  and e c o l o g i c a l  mode l ing  d i s c i p l i n e s .  Accord-  
i n g l y ,  it was d e c i d e d  t o  convene two s p e c i a l i z e d  workshops.  The 
f l r s t  o f  t h e s e  was on Hydrophys ica l  and E c o l o g i c a l  P lode l l ing  o f  
Deep Lakes and R e s e r v o i r s  (IIASA CP-78-7) h e l d  on December 12-15, 
1977,  i n  Laxenburg.  The second  of  t h e s e  was on h y d r o l o g i c a l  and 
e c o l o g i c a l  mode l ing  o f  s h a l l o w  l a k e s  and r e s e r v o i r s ,  and was h e l d  
on  A p r i l  11-14, 1978,  i n  Laxenburg.  

The s u b j e c t  o f  d e e p  l a k e s  and r e s e r v o i r s  chosen  f o r  t h e  
December workshop i m p l i e s  a  b a s i c  c o n c e r n  w i t h  s t r a t i f i c a t i o n  
and i n t e r a c t i o n s  a t  t h e  f r e e  s u r f a c e  boundary r a t h e r  t h a n  w i t h  
c o n d i t i o n s  o f  f u l l  v e r t i c a l  mix ing  and bot tom s e d i m e n t  i n t e r -  
a c t i o n s .  



The subject of shallow lakes and reservoirs chosen for the 
April workshop implies a basic concern with the condition of full 
vertical mixing and bottom sediment interactions. This report 
summarizes the results of this second workshop, which was attended 
by 28 people representing 14 countries and by 13 IIASA staff mem- 
bers from 5 countries. Prior to the workshop, a set of questions 
related to ecological and hydrophysical modeling problems were 
formulated by the IIASA staff and sent to the participants with 
the request to indicate on which questions they would like to 
give a short presentation as a start to the discussion of the 
questions. Topics discussed at the workshop included: 

- - C h a r a c t e r i s t i c  F e a t u r e s  o f  S h a l l o w  L a k e s  and  R e s e r v o i r s :  
influence of wind and wave action, longitudinal and ver- 
tical mass transport processes, exchange of nutrients 
between the water body and the sediments, influence of 
sediment types on the transformation processes of chem- 
ical compounds 

- - H y d r o p h y s i c a l  M o d e l s :  horizontal and vertical transport 
and diffusion processes, interaction across the water/ 
sediment interface 

-- Eco l o g i c a l  M o d e l s :  evaluation of available data by 
simple models, sensitivity analysis, improvement in the 
quantity of data, further development of ecological 
models of shallow lakes taking into account the binding 
and mobilization of nutrients in the sediments 

- - W a t e r  Q u a l i t y  M o d e l s :  limiting nutrients/carbon, nitro- 
gen, phosphorus, element-cycle models/simple and complex 
models 

-- F i e l d  Data C o l l e c t i o n  and Model V e r i f i c a t i o n  T e c h n i q u e s :  
coordination of chemical and biological field measure- 
ments with water quality models, choice of parameters -- P o s s i b l e  Case  S t u d i e s  

These discussions are summarized in the Introduction. 

In addition, some of the participants presented original 
papers at the discussion of the ecological and hydrophysical 
questions. These papers are included in the second part of this 
Proceedings following the Discussion. It should be noted that a 
paper by H.A. Tsvetova on Numerical Modeling of the Dynamics of 
Lake Baikal was presented at the workshop. It is not included in 
these proceedings but will be published separately in IIASA's 
Professional Paper Series. The paper was originally intended for 
presentation at the workshop on Hydrophysical and Ecological 
Modelling of Deep Lakes and Reservoirs. 

This workshop was an excellent opportunity for experienced 
modelers from both the ecological and hydrophysical areas to come 
together for a discussion of problems of mutual interest and to 
exchange ideas and viewpoints. 

Oleg F. Vasiliev 
Leader , Resources and 
Environment Area 

International Institute for 
Applied Systems Analysis 

Sven E. J4rgensen 
Royal Danish School 
of Pharmacy 
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INTRODUCTION 

S . E. Jfbrgensen 

There are many specialized models for solving eutrophication 

problems. They range from those in which one to four nutrients 

may be considered, to those in which one or several layers and 

segments may be considered. Some models are based on constant 

stoichiometry, others on independent nutrient cycles. Unfortu- 

nately most of the models have not been validated or calibrated. 

No universal model exists for solving the above problems. 

A particular model is selected on an individual basis according 

to the nature of the problem to be solved, and most models are 

based on biological/chemical knowledge of the processes taking 

place in the lake. A black box approach seems to be inappropriate 

for modeling a lake system, because it does not provide general 

information about the aquatic system; but experience indicates 

that a multidisciplinary scientific approach is required. 

Many models are limited by the lack of suitable field data 

for model calibration and verification. Therefore, in the model, 

the description of an ecosystem is based upon the data, and thus 

an accurate description of the ecosystem is dependent upon the 

accuracy of the data (e.g., measurement error levels, sampling 

accuracy). These general items will be mentioned briefly in 

several of the questions listed in the agenda of this workshop. 



What i s  t h e  s t a t e  o f  t h e  a r t  o f  l a k e  modeling today? Using 

a u n i v e r s a l  model, it i s  imposs ib le  t o  f i n d  an improved s c i e n t i f i c  

d e s c r i p t i o n  o f  a s p e c i f i c  p roces s  i n  an a q u a t i c  ecosystem, b u t  it 

i s  p o s s i b l e  t o  o b t a i n  an improved d e s c r i p t i o n  of  a s p e c i f i c  pro-  

c e s s  by u s i n g  a submodel based on i n t e n s i v e  i n  situ measurements, 

o r  by examining an i n d i v i d u a l  b io log ica l / chemica l  p roces s  i n  t h e  

l a b o r a t o r y .  Th i s  does  n o t  mean t h a t  u n i v e r s a l  models a r e  n o t  

usefu l - - they  can  be used t o  examine t h e  o v e r a l l  behav io r  o f  sev- 

e r a l  i n t e r a c t i n g  p roces se s ,  and may t h e r e f o r e  be neces sa ry  f o r  

management purposes .  

Submodels, however, a r e  more u s e f u l  a s  a s c i e n t i f i c  t o o l .  

The s e l e c t i o n  of  an a p p r o p r i a t e  model i s  dependent  upon f i n d i n g  

t h e  c o r r e c t  ba l ance  o f  i n fo rma t ion ,  f o r  example, a l l  impor t an t  

p r o c e s s e s  must be  i nc luded ,  b u t  n o t  eve ry  d e t a i l  o f  l e s s  impor- 

t a n t  p roces se s .  I f  t o o  many s t a t e  v a r i a b l e s  a r e  i nc luded  t h e  

model w i l l  be unwieldy, and i f  t o o  many parameter  va lues  a r e  

i n t r o d u c e d ,  t h i s  cou ld  l e a d  t o  i n a c c u r a c i e s .  But ,  i n  c o n t r a s t ,  

a model t h a t  is t o o  s imple  might  n o t  d e s c r i b e  adequa te ly  t h e  

dynamics o f  t h e  system. 

No g e n e r a l  p r i n c i p l e s  unde r ly ing  t h e  r e a c t i o n s  o f  ecosystems 

have been formula ted ,  and a more r e d u c t i o n i s t  approach t o  modeling 

does  n o t  seem t o  be f e a s i b l e .  I n s t e a d  a h o l i s t i c  approach em- 

bodying a s e t  o f  e c o l o g i c a l  p r i n c i p l e s  i s  needed. The d e s c r i p t i o n  

o f  c u r r e n t  e c o l o g i c a l  systems can  be compared t o  t h a t  of  g a s e s  

i n  a room, by means of  v e l o c i t y ,  d i r e c t i o n ,  and groups of  mole- 

c u l e s .  I n  t h e  f u t u r e ,  e c o l o g i c a l  systems w i l l  be exp re s sed  by 

g e n e r a l  laws ana logous  t o  t h o s e  o f  g a s e s ,  and w i l l  c o n t a i n  te rms  

e q u i v a l e n t  t o  Avogadro's number and t h e  l i k e .  These and o t h e r  

fundamental  problems o f  c u r r e n t  water  q u a l i t y  modeling w i l l  be 

d i s c u s s e d  i n  t h e  cou r se  o f  t h e s e  Workshop Proceedings .  



Part I 

DISCUSSION 





DISCUSSION OF QUESTIONS RELATED TO 
HYDROPHYSICAL AND ECOLOGICAL MODELING 
OF SHALLOW LAKES AND RESERVOIRS 

A. ECOLOGICAL TOPICS 

1 .  The v a l i d i t y  o f  c o n s t a n t  s t o i c h i o m e t r i c  mode l s  v e r s u s  e l e m e n t -  

c y c l e  m o d e l s .  How many e l e m e n t  c y c l e s  a r e  n e c e s s a r y  f o r  a e u t r o -  

p h i c a t i o n  model?  

Reported by G. van Straten 

In general a preference was shown for element-cycle models 

or at least for variable stoichiometric models, in order to pre- 

dict algal bloom. This is because each of the nutrients--phos- 

phorus, nitrogen, and silica--is to some extent cycled indepen- 

dently, owing to such phenomena as luxury uptake. The use of an 

element-cycle type of model would seem to be essential in the 

following two instances: 

-- If a switch occurs during the season, whereby the limiting 

factor passes from one nutrient to another (e.g., luxury 

phosphorus uptake, when silica is the limiting nutrient) 

-- If the internal nutrient cycle is significant in compar- 

ison with the external loading (internal cycling in most 

cases is more important for shallow lakes than for deep 

lakes) 



I n  a d d i t i o n ,  t h e  q u e s t i o n  was r a i s e d  w h e t h e r  t h e  phosphorus/  

n i t r o g e n  r a t i o  i n  t h e  c e l l  had some i n f l u e n c e  on t h e  s e t t l i n g  

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

c a n n o t  be u s e d .  I n  some c a s e s  o n l y  a n  i n d e p e n d e n t  e l e m e n t - c y c l e  

model i s  a b l e  t o  p r e d i c t  a c c u r a t e l y  t h e  t i m e  o r  t h e  peak h e i g h t  

o f  a n  a l g a l  bloom maximum. However, some s i m u l a t i o n  r e s u l t s  

showing o n l y  a  minor  d i f f e r e n c e  between t h e  two t y p e s  o f  models 

have been r e p o r t e d .  T h i s  minor  d i f f e r e n c e  i s  more a p p a r e n t  i f  

bhe c h a n g e s  i n  p h y t o p l a n k t o n  c o n c e n t r a t i o n s  a r e  s m a l l .  A s e r i o u s  

d i s a d v a n t a g e  o f  t h e  i n d e p e n d e n t  e l e m e n t - c y c l e  model i s  t h a t  it 

r e q u i r e s  t h e  i n t r o d u c t i o n  of more p a r a m e t e r s  i n t o  t h e  model. 

T h e r e f o r e  i n  c e r t a i n  c a s e s  it may be b e n e f i c i a l  t o  u s e  a  c o n s t a n t  

s t o i c h i o m e t r i c  model t o g e t h e r  w i t h  measured v a l u e s  f o r  t h e  biomass/  

n u t r i e n t  r a t i o .  The b e s t  example o f  t h i s  is  i n  t h e  d e s i g n  of  an  

a l g a l  g rowth  b a s i n  t o  b e  o p e r a t e d  u n d e r  s t e a d y  c o n d i t i o n s .  

However, many of  t h e  p a r a m e t e r s  i n  t h e  independent  e lement -  

c y c l e  models  a r e  w e l l  known, such  a s  t h e  minimum and maximum 

c o n c e n t r a t i o n  o f  phosphorus ,  n i t r o g e n ,  c a r b o n ,  and s i l i c a .  C a l i -  

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

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

t h e  model .  

The c o n c l u s i o n  o f  t h i s  d i s c u s s i o n  is  t h a t  c o n s t a n t  s t o i c h i o -  

metric models  may b e  u s e d  t o  o b t a i n  a  r e a s o n a b l e  approx imat ion  o f  

t h e  t i m e  o r  peak h e i g h t  o f  a l g a l  bloom, p r o v i d i n g  t h a t  no g r e a t  

changes  i n  i n t e r c e l l u l a r  biomass  n u t r i e n t  r a t i o  a r e  t o  b e  e x p e c t e d .  

But a  d e t a i l e d  and more a c c u r a t e  d e s c r i p t i o n  can  o n l y  b e  o b t a i n e d  

from a  n u t r i e n t - c y c l e  t y p e  o f  model a t  t h e  expense  o f  i n t r o d u c i n g  

more p a r a m e t e r s ,  most  o f  which a r e  a p p r o x i m a t e l y  known, b u t  r e q u i r e  

a c c u r a t e  e s t i m a t i o n .  

2 .  Which e q u a t i o n s  a r e  most  s u i t a b l e  for  d e s c r i b i n g  t h e  n u t r i e n t  

u p t a k e  r a t e s  by p h y t o p l a n k t o n  o f  ( a )  phosphorus ,  ( b l  n i t r o g e n  

( N H :  , N O ;  a s  w e l l  a s  N O ; ) ,  ( c )  carbon ,  ( d )  s i l i c a ?  How shou ld  

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

c e l l u l a r  c o n c e n t r a t i o n  o f  n u t r i e n t s  be modeled? Which l i g h t  and 

t e m p e r a t u r e  e x p r e s s i o n s  a r e  s u i t a b l e ?  

Repor ted  by M.W. Lorenzen 



Equations (1 ) , (2) , and (3) for nutrient uptake in phyto- 
plankton growth were presented: 

growth = ymax f (T) . f (PA) . f (NA) . f (CA) f (A) , (1 ) 

where A refers to algal concentration, and T, P, N, and C are 

temperature, phosphorus, nitrogen, and carbon. The nutrient 

uptake--e.g., for phosphorus--can be described by Equation (2). 

'Amax PHYT - PA 
UP = UP P s 

max PAmax PHYT - PAmin PHYT PHYT Kp + pS I 

where S represents dissolved nutrient. 

A differentiation between ammonia and nitrate uptake was 

included by the use of Equation (3) : 

UN (Nit) = UNmin (Nit) + (1 - ) N m a X  Nit - UNmin (Nit ) ) . 

The effect of temperature was presented as the functional rela- 

tionship shown in Figure 1. For this type of function it is 

recommended that a look-up table is employed in order to minimize 

computer time. 

Figure 1. Phytoplankton growth, 
f (T), as a function of 
temperature, T. 



It is recommended that these expressions should be used in 

situations discussed in conjunction with question Al. The 

Michaelis-Menten expression, which is often used, shows, however, 

little difference from the more detailed description referred to 

above when bhort-term batch culture experiments are interpreted. 

It has been suggested that regression analysis can be used 

to lump together unknown parameter values when long-term data are 

available. This method can only be recommended for simple cases. 

It was also stated that when combining a number of limiting terms 

(nitrogen, phosphorus, temperature, light, silica) a minimum or 

threshold approach is superior to a multiplicative equation, see 

above. 

However, the whole process of nutrient uptake and growth is 

more complex and difficult; it seems necessary to assume that 

parameters change with the temperature. The same is true for 

the "Michaelis-Menten constants", since they change with light 

intensity. Unfortunately, there are at present insufficient data 

to construct a response function for phytoplankton growth as a 

function of temperature, nitrogen, phosphorus, silica, etc. A 

schematic presentation of the values of the various rate-limiting 

terms throughout an annual cycle might clarify their relative 

importance at different times of the year. The question "How do 

we take the adaptation of phytoplankton into account?" merits 

further discussion. 

3 .  Which e q u a t i o n  i s  r e l e v a n t  f o r  d e s c r i b i n g  t h e  g r a z i n g  r a t e ?  

Shou ld  more t h a n  one s p e c i e s  o f  z o o p l a n k t o n  b e  i n c l u d e d ?  

Reported by D.O. Logofet 

There are several types of predator-function responses to 

an increasing prey density; these include the prey/predator system 

of phytoplankton/zooplankton of particular interest here. 

It is possible to select a model type by means of statistical 

procedures of hypothesis testing. In the simplest case of dis- 

tinguishing between two analytical expressions, f, and f2, the 

dichotomy problem takes the following form: 



the hypotheses HI and H2 being 

However, in complex simulation models with more than one 

state variable for both the phytoplankton and zooplankton species, 

the results often appear to be insensitive to variations of the 

grazing-rate parameters. From a theoretical point of view this 

insensitivity is caused by the data being insufficient to allow 

for a distinction to be made between two or more hypotheses. From 

an ecological point of view it is worth while to investigate the 

means to incorporate into the model a few varieties of phyto- 

plankton and at least two varieties of zooplankton. But for man- 

agement purposes often only an average situation is of interest, 

and in this case the modified Michaelis-Menten expression might 

suffice. In this expression, however, the influence of tempera- 

ture and the threshold effect of low phytoplankton concentration 

must be included. 

4 .  ShouZd s t a t e  v a r i a b Z e s  f o r  f i s h  and b e n t h o s  b e  i n c l u d e d  i n  a 

e u t r o p h i c a t i o n  m o d e l ?  How? 

Reported by P. Mauersberger 

Theoretical considerations as well as recent limnological 

observations suggest that mass balances for fish populations 

should be included in a eutrophication model. It was, for example, 

observed in a 60-hectare reservoir in Czechoslovakia that the 

algal concentration was significantly reduced by a controlled low 

stock of predatory fish. This may even be used as a management 

tool in situations where it is impossible, or too expensive, to 

reduce the input of the limiting nutrient. 

The effects of fish can sometimes be simulated in the eutro- 

phication model simply by modifying the mortality coefficient in 

the zooplankton equation. But for a more detailed model it appears 

necessary to include fish explicitly as an additional state vari- 

able. In this case the balance equation(s) for the fish 



component ( s )  may be s i m i l a r  t o  t h o s e  f o r  o t h e r  consumer groups .  

While t h e  biomass f o r  t h e  f i s h  component ( s )  may b e  h i g h ,  <he 

e n e r g y  o r  mass f l u x e s  between t h e  h i g h e r  t r o p h i c  l e v e l s  a r e  

sma l l .  I t  may b e  r e a s o n a b l e  t o  d i s t i n g u i s h  i n  some i n s t a n c e s  

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

t a k e  t i m e  v a r i a t i o n s  i n t o  c o n s i d e r a t i o n .  O f  c o u r s e ,  it i s  n o t  

e a s y  t o  g e t  t h e  b a s i c  i n f o r m a t i o n  a b o u t  f i s h  b iomass ,  which i s  

r e q u i r e d  when f i s h  a r e  i n c l u d e d  a s  a  s t a t e  v a r i a b l e  i n  a  e u t r o -  

p h i c a t i o n  model. 

The comple te  model o f  a  s h a l l o w  l a k e  must i n  most c a s e s  

i n c l u d e  b e n t h i c  components,  and a l s o  exchange p r o c e s s e s  between 

s ed imen t  and t h e  w a t e r  body, i n  o r d e r  t o  o b t a i n  t h e  c o r r e c t  n u t r i -  

e n t  b a l a n c e s .  I n  many e u t r o p h i c  l a k e s  t h e  p r ima ry  p r o d u c t i o n  by 

t h e  phytobenthos  i s  s m a l l  i n  comparison w i t h  t h e  pr imary  produc-  

t i o n  by t h e  phy top l ank ton .  T h e r e f o r e ,  w e  c an  assume t h a t  o n l y  

t h e  upper  nonshaded p a r t s  o f  t h e  submerged p l a n t s  a s s i m i l a t e  

n u t r i e n t s .  Thus t h e  growth o f  phy toben thos  does  n o t  depend upon 

t h e i r  biomass,  b u t  upon t h e  o p t i c a l  p r o p e r t i e s  o f  t h e  o v e r l y i n g  

w a t e r  body. Some o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  d e c r e a s e  o f  phyto-  

ben thos  i n  e u t r o p h i c  l a k e s  i s  combined w i t h  an  i n c r e a s e  6 f  phyto- 

p l ank ton .  

5. How s h o u l d  n u t r i e n t  exchange be tween  s e d i m e n t  and w a t e r  be 

modeled? How much d e t a i l  would be needed i n  t h e  d e s c r i p t i o n  o f  

b i o l o g i c a l ,  c h e m i c a l ,  and p h y s i c a l  p r o c e s s e s  t a k i n g  p lace  w i t h i n  

t h e  b o t t o m  s e d i m e n t ?  Should t h e  d e s c r i p t i o n  be  d i f f e r e n t  f o r  

a e r o b i c  and a n a e r o b i c  c o n d i t i o n s ?  

Reported by M.W. Lorenzen 

The exchange o f  n u t r i e n t s  between sed iment  and w a t e r  i s  a  

key p r o c e s s  i n  t h e  s i m u l a t i o n  of  e u t r o p h i c a t i o n .  U n f o r t u n a t e l y ,  

a v a i l a b l e  knowledge shows t h a t  t h e  r a t e  o f  exchange v a r i e s  con- 

s i d e r a b l y  from l a k e  t o  l a k e  and i s  a  f u n c t i o n  o f  t i m e .  

A model t h a t  i n c l u d e s  a  " r e a c t i v e "  sed iment  l a y e r ,  o x i d i z e d  

and reduced  c o n d i t i o n s ,  so rbed  phosphorus ,  c h e m i c a l l y  f i x e d  phos- 

phorus ,  d i s s o l v e d  phosphorus i n  i n t e r s t i t i a l  w a t e r s ,  and i r o n  

compounds was p r e s e n t e d .  The p r o c e s s e s  c o n s i d e r e d  i n  t h i s  model 

a r e  s e d i m e n t a t i o n  and decay of  o r g a n i c  m a t e r i a l ;  d e s o r p t i o n ,  



r e d u c t i o n ,  and o x i d a t i o n  o f  i r o n ;  a d s o r p t i o n  o f  phosphorus  t o  

i r o n  compounds; c h e m i c a l  r e a c t i o n s  and  d i f f e r e n t  redox  c o n d i t i o n s ;  

t r a n s p o r t  between w a t e r  and  sed iment  and  t r a n s p o r t  i n t o  t h e  d e e p e r  

s e d i m e n t s ;  and  oxygen t r a n s p o r t .  A l l  t h e  r e a c t i o n s  were o f  f i r s t  

o r d e r ,  a n d  t h e  a d s o r p t i o n  f o l l o w e d  Langmui r ' s  i s o t h e r m .  

I n  g e n e r a l  it was a p p a r e n t  t h a t  s e d i m e n t / w a t e r  exchange pro-  

cesses s h o u l d  b e  c o n s i d e r e d  i n  more d e t a i l .  However, t h e r e  h a s  

n o t  y e t  been  s u f f i c i e n t  f i e l d  e x p e r i e n c e  t o  d e t e r m i n e  t h e  most  

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

6 .  I n  t h e  exchange p r o c e s s  d e s c r i p t i o n ,  which parameters  a r e  

g e n e r a l ,  and which  a r e  s p e c i f i c ?  I s  i t  p o s s i b l e  t o  e s t a b l i s h  a  

r e l a t i o n s h i p  b e t w e e n  t h e s e  parameters  and some s e d i m e n t  c h a r a c t e r -  

i s t i c s ?  How a r e  l a b o r a t o r y  e x p e r i m e n t s  w i t h  s u b s t r a c t e d  ( d i s -  

t u r b e d  o r  u n d i s t u r b e d )  b o t t o m - s e d i m e n t  samples  r e l e v a n t  t o  mod- 

e l i n g  t h e  exchange o f  n u t r i e n t s ?  

Repor ted  by G.  van S t r a t e n  

From t h e  d i s c u s s i o n  i n  c o n j u n c t i o n  w i t h  q u e s t i o n  A5 it i s  

c l e a r  t h a t  some b a s i c  models  have been deve loped  f o r  t h e  sed iment  

subsys tem,  b u t  t h e y  have n o t  y e t  been examined s u f f i c i e n t l y  i n  

r e l a t i o n  t o  a v a i l a b l e  d a t a .  T h e r e f o r e ,  t h e  a l t e r n a t i v e  approach  

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

s e d i m e n t  samples .  By v a r y i n g  t h e  pH and  oxygen and  n u t r i e n t  con- 

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

t h e  i n f o r m a t i o n  needed  t o  d e r i v e  p a r a m e t e r s  f o r  a  s c h e m a t i c  sub- 

model.  An example o f  s u c h  a  submodel was p r e s e n t e d .  I n  t h i s  sub- 

model o n l y  i n t e r s t i t i a l  phosphorus  and  exchangeab le  and nonex- 

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

The nonexchangeab le  p o r t i o n  i s  d e t e r m i n e d  from t h e  phosphorus  

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

t h a t  t h i s  t y p e  o f  phosphorus  must  b e  nonexchangeab le ,  s i n c e  it i s  

p r e s e n t  i n  t h e  sed iment .  Such an  argument  i s  q u e s t i o n a b l e ,  f o r  

it i s  known t h a t  b i o t u r b a t i o n  may b e  r e s p o n s i b l e  f o r  mix ing  t h e  

sed iment  up t o  a  d e p t h  o f  10-15 c e n t i m e t e r s .  

The submodel p r e s e n t e d  g i v e s  a n  i n d i c a t i o n  o f  t h e  problems 

t h a t  may a r i s e  f rom s u c h  an  e m p i r i c a l  approach .  S i n c e  t h e  simu- 

l a t i o n  r e s u l t s  o f  t h e  submodel were n o t  s a t i s f a c t o r y ,  it was 



necessary to expand the model by adding other phosphorus components, 

thereby introducing more parameters. It may be concluded that 

although empirical models are of value, the final solution can 

only come from a better understanding of the real chemical/ 

biological behavior of the sediment. 

In the case of simultaneous diffusion and chemical reaction, 

which is a characteristic feature of undisturbed sediment layers, 

some insight may be obtained from a classical chemical engineering 

approach. The analysis of chemical engineering systems began in 

the 1950s. The enhancement of material flux toward or from the 

sediment due to reaction can be characterized by two dimension- 

less parameters, the Hatta number and the infinite enhancement 

rate, which can both be derived from measurable properties of the 

sediment. Such a theory explains the observed relationship of 

oxygen uptake rates according to the square root of the oxygen 

concentration in the overlying water. It also demonstrates the 

decrease in uptake or release rates as time proceeds, which may 

be of significance in the interpretation of laboratory experiments 

for parameter estimation. 

7 .  How can t h e  s e t t l i n g  o f  p h y t o p l a n k t o n  and d e t r i t u s  be r e p r e -  

s e n t e d  i n  t h e  model? 

Reported by J. Fischer 

Vertical transport results from a settling velocity of about 

5-10 m/day and a vertical mixing. When considering the problem 

of a reduction in the amount of phytoplankton by diffusion, one 

has to suppose for the velocity that V = f (Dl physical state), 

D = diffusion coefficient, in order to avoid contradiction. 

Some investigations in the Netherlands have shown that there 

is a better correlation between settling rate and light than 

between settling rate and wind speed. It is probable that density 

gradients play an important role. Hypolimnion diffusion is much 

greater than epilimnion diffusion. 

Since algae can change density, it might be necessary to 

represent this factor in the model, in order to get an accurate 

description of the settling rate. It is certain that the physio- 

logical condition of the algae plays an important role in 



determining this rate; typically the settling rate of the phyto- 

plankton is more rapid when their concentration is decreasing. 

However, it is still uncertain whether such settling velocities 

have been measured realistically. Settling velocity does not 

appear to be a fundamental physical quantity, and there is little 

confidence in trap methods, although a rough estimate can be 

obtained by this kind of direct measurement. 

8 .  How do we model t h e  f o l l o w i n g  c h a i n  o f  p r o c e s s e s :  o r g a n i c  

n i t r o g e n  + ammonium + n i t r i t e  + n i t r a t e ?  A l s o  how can  s t a b l e  

d i s s o l v e d  o r g a n i c  n i t r o g e n  s u c h  a s  humus be mode led?  

Reported by L. Lijklema 

Since phytoplankton bhow little preference for either ammonia 

or nitrate as a nutrient, it was considered unnecessary to give 

a detailed description of the nitrogen conversions. In most eco- 

logical models the process is represented as organic nitrogen + 

ammonium + nitrite + nitrate, unless substantial oxygen consump- 

tion is involved in those conversion reactions. Also in many 

situations nitrate is the predominant nutrient in the water. 

In chemostat experiments strongly fluctuating concentrations 

of nitrifying organisms may occur, but in the field such variations 

are generally slow. Therefore a temperature-dependent first- 

order conversion process for available nitrogen will be suffi- 

ciently accurate for most practical purposes. 

9 .  How do we model t h e  o r g a n i c  + o r t h o - p h o s p h o r u s  p r o c e s s ?  

Reported by V.J. Bierman, Jr. 

It was recognized that the transformation of phosphorus in 

the natural environment is the result of many complex and simul- 

taneous chemical and biological processes. The whole process can 

be simulated by using very detailed multicompartment kinetic 

models. In practice, the choice of the approach will depend on 

the particular objectives and the available data. Table 1 includes 

a representative sample of various approaches that have been pro- 

posed for modeling phosphorus transformations. 



Table 1 .  Some approaches t o  the modeling of phosphorus 
transformations.  a 

schemes 

DOP- DIP 

---BOD-O2 DEFICIT - \ 

10 DIP-DOP 

Authors 

Skopintsev ( 19 38)  
Plaksimova ( 1 9 7 2 )  

G r i l l  and Richards ( 1 9 6 4 )  

Watt and Hayes ( 1 9 6 3 )  

Corner ( 1 9 7 3 )  

Barsdate e t  a l .  ( 1 9 7 4 )  

Por t e r  e t  a l .  ( 1 9 7 5 )  

Richey e t  a l .  ( 1 9 7 5 )  

Richey ( 1 9 7 7 )  

Thomann e t  a l .  ( 1 9 7 3 )  

~ i j z a t u l l i n  and Leonov ( 1 9 7 5 )  

%OP, D I P  - 
D1SV.P - 
PP - 
DP - 
B - 
PR - 
PH-N - 
zo 
BOD - 
02 

NH4 
NO 2 
NO 3 
CL 
CM - 

dissolved organic and inorganic phosphorus 
sum of dissolved organic and inorganic phosphorus 
sum of p a r t i c u l a t e  phosphorus 
d e t r i t e  phosphorus 
b a c t e r i a l  phosphorus 
protozoan phosphorus 
phytoplankton phosphorus 
zooplankton phosphorus 
biochemical oxygen demand 
oxygen 
organic ni trogen 
ammonium nitrogen 
n i t r i t e  ni trogen 
n i t r a t e  ni trogen 
l a b i l e  carbonous organic matter  
organic matter transformed by b a c t e r i a  



Recent  e x p e r i m e n t a l  e v i d e n c e  h a s  emphasized t h e  i m p o r t a n c e  

o f  p r o t o z o a  and  zooplank ton  t y p e s  i n  t h e  t r a n s f o r m a t i o n  o f  o r g a n i c  

phosphorus .  I t  was a l s o  r e p o r t e d  t h a t  t h e  b a c t e r i a l  u p t a k e  o f  

i n o r g a n i c  phosphorus  may i n c r e a s e  t h e  b a c t e r i a l  consumption o f  

o r g a n i c  phosphorus  under  c e r t a i n  c o n d i t i o n s ,  and t h a t  t h e  p r e s e n c e  

o f  many p r e d a t o r s  i n  p r o p o r t i o n  t o  b a c t e r i a  c a n  g r e a t l y  a c c e l e r a t e  

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

10. How can  a l g a l  s u c c e s s i o n  be r e p r e s e n t e d  i n  t h e  model?  A s  

b l u e - g r e e n  a l g a l  b looms a r e  an i m p o r t a n t  problem,  how c o u l d  we 

a t  l e a s t  d i s t i n g u i s h  be tween  " o t h e r  a l g a e f r  and b l u e - g r e e n  a l g a e ?  

Repor ted  by V.J. Bierman, Jr. 

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

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

b e i n g  c o n s i d e r e d .  I n  Lake B a l a t o n ,  f o r  example,  it was r e p o r t e d  

t h a t  i n  t h e  summer nongrazed  P y r r h o p h y t a  a r e  becoming predominant  

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

o b t a i n e d  f o r  zooplank ton  c o n c e n t r a t i o n s  by u s i n g  o n l y  a  s i n g l e  

a l g a l  g roup  i n  t h e  model. I t  is s u g g e s t e d  t h a t  a t  l e a s t  f i v e  

p h y t o p l a n k t o n  t y p e s  s h o u l d  be i n c l u d e d  i n  t h e  Lake B a l a t o n  model: 

B a c i l l a r i o p h y c e 3 ~ ;  P y r r h o p h y t a ,  Cyanophyta ,  C h l o r o p h y t a ,  and 

o t h e r s .  

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

it h a s  no d i r e c t  r e l a t i o n s h i p  t o  a l g a l  p r o d u c t i o n  r a t e s .  I n  Lake 

B a l a t o n ,  a  s u b s t a n t i a l  i n c r e a s e  i n  blue-green a l g a e  from t h e  

s e d i m e n t  l a y e r ,  where t h e y  grow i n  l a r g e  q u a n t i t i e s ,  was r e p o r t e d  

The o p i n i o n  was e x p r e s s e d  t h a t  e c o l o g i c a l  models w i l l  b e  u n a b l e  

t o  d e s c r i b e  t h i s  phenomenon a d e q u a t e l y .  

I n  an  a t t e m p t  t o  d e s c r i b e  t h e  buoyancy phenomenon i n  a n o t h e r  

l a k e ,  it was r e p o r t e d  t h a t  s e t t l i n g  v e l o c i t i e s  o f  1  m/day t o  

20 m/day were r e q u i r e d  i n  o r d e r  f o r  them t o  c o r r e s p o n d  t o  t h e  

d a t a .  I n  t h i s  c a s e  t h e  t o t a l  b lue-green  biomass  i n  t h e  f i r s t  2  

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

t h e  t o t a l  b lue-green  biomass  i n  t h e  w a t e r  column. 

There  was a  s u g g e s t i o n  t h a t ,  i n  g e n e r a l ,  v a r i a b l e s  f o r  a l g a l  

s u c c e s s i o n  s h o u l d  b e  i n c l u d e d  i n  t h e  model when 



- - S i l i c a  i s  l imi t ing - - th i s  w i l l  cause  a  success ion  i n  

s p e c i e s  from diatoms t o  nondiatoms 
- - There is  a s u b s t a n t i a l  blue-green bloom--these s p e c i e s  

have d i f f e r e n t  c h a r a c t e r i s t i c s  from o t h e r  t y p e s  
-- F i x a t i o n  o f  n i t r o g e n  i s  shown t o  t a k e  p l ace - - th i s  f r e -  

q u e n t l y  occu r s  i n  l a k e s ,  where t h e  phosphorus /n i t rogen 

r a t i o  i s  r e l a t i v e l y  low 

C r i t e r i a  f o r  s e l e c t i n g  a l g a l  s p e c i e s  w i t h  f u n c t i o n a l  charac-  

t e r i s t i c s  b e s t  s u i t e d  t o  a  g iven  s e t  o f  c i r cums tances  were pre-  

s e n t e d  us ing  a s e l f -op t imiz ing  ( s e l f - o r g a n i z i n g )  p r i n c i p l e  w i th  

maximizat ion o f  a  s p e c i f i e d  goa l  f u n c t i o n  f o r  t h e  a l g a e .  For 

complete i n fo rma t ion  s e e  Radtke and ~ t r a g k r a b a  (1 977) . 
The tempera ture  p r e f e r e n c e s  of  blue-green a l g a e  were d i s -  

cussed .  Blue-greens a r e  u s u a l l y  observed  t o  be dominant when t h e  

water  tempera ture  exceeds  2 0  O C .  However, it was po in t ed  o u t  t h a t  

t h e r e  a r e  c e r t a i n  blue-green s p e c i e s ,  f o r  example, OsciZZator ia ,  

t h a t  grow w e l l  a t  lower t empera tu re s .  

I t  was p o i n t e d  o u t  t h a t  t h e  microc l imate  around blue-green 

a l g a e  may l e a d  t o  c e r t a i n  f u n c t i o n a l  d i f f e r e n c e s  a s  compared t o  

o t h e r  t y p e s  o f  a l g a e .  Blue-greens a r e  known t o  ma in ta in  a  c l o s e  

r e l a t i o n s h i p  wi th  symbiot ic  b a c t e r i a .  This  c h a r a c t e r i s t i c  may 

be r e s p o n s i b l e  f o r  i n f l u e n c i n g  t h e  pH va lue  and uptake  k i n e t i c s  

f o r  phosphorus and carbon d i o x i d e .  

Reference was made t o  r e s u l t s  achieved by Shap i ro ,  which 

i n d i c a t e  t h a t  blue-greens a r e  more e f f i c i e n t  t han  o t h e r  s p e c i e s  

f o r  carbon d i o x i d e  uptake .  This  conc lus ion  was cha l l enged  because  

t h e  exper iments  performed d i d  n o t  measure independent ly  t h e  e f f e c t  

o f  t h e  change i n  pH on t h e  carbon and t h e  phosphorus-uptake k i n e t -  

i c .  The d i s t r i b u t i o n  o f  t h e  d i s s o l v e d  forms o f  bo th  n u t r i e n t s  

changes a s  a  f u n c t i o n  o f  pH. 

There was d i s c u s s i o n  of  t h e  p o i n t  t h a t  commonly accepted  

n o t i o n s  o f  blue-green s e t t l i n g  and t h e i r  freedom from g r a z i n g  

p r e s s u r e s  may n o t  be c o r r e c t  i n  a l l  c a s e s .  Apparent s e t t l i n g  

v e l o c i t i e s  f o r  blue-green a l g a e  may n o t  be s lower  than  s e t t l i n g  

v e l o c i t i e s  f o r  o t h e r  s p e c i e s ,  b u t  may be more r a p i d  due t o  clumping 

and colony format ion .  Recent expe r imen ta l  work by McNaught on 

Lake Huron has  i n d i c a t e d  t h a t  blue-green s p e c i e s  may a c t u a l l y  be 



p r e f e r r e d  by t h e  zooplankton when compared t o  c e r t a i n  non-blue- 

green  s p e c i e s .  I n  t h e s e  c a s e s  it i s  n o t  c l e a r  whether  t h e  zoo- 

p l ank ton  a s s i m i l a t e  t h e  blue-greens o r  merely i n g e s t  them. 

Local  b lue-green  a l g a e  problems a r e  n o t  p r i m a r i l y  caused  by 

t h e i r  r a p i d  mass growth,  bu t  r a t h e r  by t h e i r  buoyant r i s i n g  t o  

t h e  s u r f a c e ,  where t hey  form clumps. Under t h e s e  c i r cums tances  

t h e  well-known d i sadvan tage  o f  biomass decay t h a t  i s  h i g h l y  con- 

c e n t r a t e d  i n  a  r e l a t i v e l y  sma l l  p a r t  o f  t h e  l a k e  w i l l  appear .  

T h i s  phenomenon i s  v e r y  d i f f i c u l t  t o  i n c l u d e  i n  t h e  model. 

1 1 .  Do we need to include anaerobic conditions, denitrification, 

and nitrogen fixation in the model, and, if so, how? 

Reported by G. van S t r a t e n  

One approach i n  which t h e  e f f e c t s  o f  n i t r o g e n  f i x a t i o n  upon 

t h e  n i t r o g e n  budget  can  be  taken  i n t o  account  i s  t o  s e t  t h e  r a t e  

o f  n i t r o g e n  f i x a t i o n  p r o p o r t i o n a l  t o  t h e  n i t r o g e n  d e f i c i e n c y ,  

c a l c u l a t e d  from t h e  d i sc repancy  between t h e  s o l u b l e  n i t r o g e n  and 

phosphorus r a t i o  i n  t h e  wa te r  and t h e  phosphorus /n i t rogen  up take  

r a t e .  There seems t o  be  no s h a r p  t h r e s h o l d  c o n c e n t r a t i o n  f o r  

n i t r o g e n  f ixat ion--some 300 pg n i t r o g e n / l i t e r  of s o l u b l e  n i t r o g e n  

has  been mentioned a s  a  s u i t a b l e  f i g u r e .  A s imp le  s o l u t i o n  i s  

t o  s e t  t h e  f i x a t i o n  r a t e  a t  z e r o  f o r  300 pg n i t r o g e n / l i t e r  and 

t o  accoun t  f o r  a  l i n e a r  i n c r e a s e  i f  s o l u b l e  n i t r o g e n  d rops  t o  

ze ro .  T h i s  i s  a  more e l a b o r a t e  c a s e  o f  t h e  s imp le  approach whereby 

n i t r o g e n  i s  n o t  al lowed t o  become l i m i t i n g  t o  t h e  n i t r o g e n - f i x i n g  

blue-green a l g a e ;  one merely t r a c e s  t h e  changes of  n i t r o g e n  d u r i n g  

t h e i r  growth. To p reven t  problems r ega rd ing  t h e  r a t i o  o f  n i t r o g e n -  

f i x i n g  t o  non-n i t rogen-f ix ing  a l g a e ,  t h e  i n t r o d u c t i o n  o f  a  sepa-  

r a t e  s t a t e  v a r i a b l e  f o r  n i t r o g e n - f i x i n g  a l g a e  might  be env i saged .  

There was g e n e r a l  agreement about  t h e  occu r r ence  of  d e n i t r i -  

f i c a t i o n  i n  t h e  sed iment .  The t h e o r e t i c a l  p o s s i b i l i t y  of  d e n i t r i -  

f i c a t i o n  i n  t h e  oxygen d e p l e t e d  c o r e  o f  a l g a e  clumps does n o t  seem 

t o  be impor t an t  i n  p r a c t i c e .  For d e n i t r i f i c a t i o n  t o  occu r  it does 

n o t  seem t o  be  of  g r e a t  s i g n i f i c a n c e  t h a t  t h e  sediment  i s  e n t i r e l y  

a n a e r o b i c ,  because t h e r e  w i l l  always be  n i t r a t e  p r e s e n t  i n  t h e  

sed iment  i n  t h e  anae rob ic  p o r t i o n s ,  s i n c e  n i t r a t e  p e n e t r a t e s  much 



d e e p e r  t h a n  oxygen. A s i m p l e  f i r s t - o r d e r  r e a c t i o n  h a s  been a p p l i e d  

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

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

s y s t e m  would s u g g e s t  a  s q u a r e  r o o t  dependence ( a  h a l f - o r d e r  depen- 

d e n c e ) .  Of c o u r s e ,  a  more d e t a i l e d  model would r e q u i r e  t h e  i n c o r -  

p o r a t i o n  o f  d e n i t r i f y i n g  b a c t e r i a .  

1 2 .  How do we s e l e c t  t h e  n e c e s s a r y  number o f  s t a t e  v a r i a b l e s  

f o r  s o l v i n g  a  s p e c i f i c  problem? A g r e a t e r  number o f  s t a t e  v a r i -  

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

measurements  mus t  a l s o  be c a r r i e d  o u t ,  w h i l e  fewer  s t a t e  v a r i a b l e s  

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

How do we f i n d  t h e  p o i n t  o f  b a l a n c e ?  What i s  t h e  r o l e  o f  c h e m i c a l  

d a t a  ? 

Repor ted  by M. ~ t r a g k r a b a  

Three  methods were s u g g e s t e d  f o r  s e l e c t i n g  t h e  number o f  

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

t h e  c r i t e r i o n  o f  e c o l o g i c a l  b u f f e r  c a p a c i t y  B which i s  e x p r e s s e d  

a s  t h e  r a t i o  between change i n  l o a d i n g  and change  i n  t h e  s t a t e  

v a r i a b l e s  o f  i n t e r e s t - - e . g . ,  B = ( A  l o a d i n g ) / ( A  P S ) ,  where PS 

i s  t h e  s t a t e  v a r i a b l e  r e p r e s e n t i n g  s o l u b l e  phosphorus .  F o r  f u r -  

t h e r  d e t a i l s ,  see J b r g e n s e n  and Meyer (1977) .  I t  was s t a t e d  t h a t  

c a n n o t  b e  u s e d  f o r  comparing s e v e r a l  models .  I t  i s  n o t i c e a b l e  

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

and  i r r a d i a n c e  a r e  f u n c t i o n s  of  t i m e .  

The second  method is  o n e  t o  d e c i d e  which d e g r e e  o f  model 

c o m p l e x i t y  i s  s u f f i c i e n t  f o r  a  s p e c i f i c  p u r p o s e .  The v a r i a n c e  

o f  t h e  p r o p e r t y  t h a t  t h e  model i s  i n t e n d e d  t o  p r e d i c t  is  a f f e c t e d  

by t h e  number o f  s t a t e  v a r i a b l e s  o r  p a r a m e t e r s .  W e  assume t h a t  

t h e  p u r p o s e  o f  t h e  model is  t o  p r e d i c t  t h e  c o n s e q u e n c e s  o f  some 

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

W e  a l s o  assume t h a t  t h e  change  c a n  b e  q u a n t i f i e d  by some n u m e r i c a l  

q u a n t i t y  P  ( s u c h  a s  t h e  maximum c o n c e n t r a t i o n  o f  p h y t o p l a n k t o n ) .  

A model based on N1 p a r a m e t e r s ,  a w i l l  y i e l d  an  e s t i m a t e  P ( N ~ )  
N 1 '  

of P ,  and t h i s  e s t i m a t e  w i l l  have a sampl ing  d i s t r i b u t i o n ,  because  

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



regarded as random variables. Similarly, a more complex model 

with N2 parameters ci (N > N1) will yield a second estimate 
N2 A 2 

3 ( N ~ )  of P; the closer P (N1 ) is to P, the better the model. It 

is suggested that the root mean square error could be taken as a 

measure of the model's "goodness-of-fit." However, P is never 

known, therefore some less satisfactory alternative has to be 

used, such as var16 (Nil 1. Now var{G (Ni) 1 is a function of the 
sampling variances--i.e., 

This quantity will have more or fewer terms depending upon whether 

the model is complex (N1 large) or simple (Ni small). We could 
A 

therefore plot var{P(Ni)l as ordinate against Ni as abscissa, and 

choose that value of Nil beyond which an increase in the number 
A 

of parameters gives little or no reduction in var{p(Ni) 1. This 

approach could be adapted to include consideration of the greater 

cost associated with more complex models; if the cost were taken 

as a linear function of Nil and A and B are constants, the number 

of parameters would show that 

Cost = A + BN i 

and then the picture given in Figure 2 would be obtained. The 

model with N* parameters would then be adequate for the specified 

purpose. 

The third method has not yet been tested in practice. It 

involves the development of some statistical indices similar to 

the indices of diversity, where, instead of the number of species, 

the number of variables would be used. 

Generally it was felt that we need more systems analysis 

methods, in order to choose the correct level of complexity, and 

to validate the more complicated models. Other aspects of vali- 

dation were raised, particularly the impossibility in most 



Figu re  2. Curve: showing t h e  accu racy ,  
v a r  { P  ( N i  ) 1, and c o s t  a s s o c i -  
a t e d  w i th  having a model w i th  
N i  parameters .  

i n s t a n c e s  o f  v a l i d a t i n g  t h e  model under d i f f e r e n t  c o n d i t i o n s  o f  

n u t r i e n t  l oad ing .  Even when l o a d i n g  a r e  changed, t h e  response  

i n  most c a s e s  w i l l  be  de l ayed ;  t h u s ,  i t  w i l l  be neces sa ry  f o r  

s e v e r a l  y e a r s  t o  e l a p s e  b e f o r e  an a c c u r a t e  v a l i d a t i o n  can be 

under taken .  I t  was sugges t ed  t h a t  a  v a l i d a t i o n  o f  t h e  same model 

shou ld  be a p p l i e d  t o  a  number of  l a k e s  w i t h  d i f f e r e n t  l o a d i n g s .  

F i n a l l y ,  it may be no ted  t h a t  t h e  l e v e l  of  model e r r o r  i n c r e a s e s  

w i t h  an i n c r e a s e  i n  t h e  number o f  parameters .  

13. How r e l i a b l e  a r e  p r e s e n t - d a y  e c o l o g i c a l  m o d e l s ?  To wha t  

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

c h a n g e d  l o a d i n g ?  

Reported by P.  Mauersberger  and K .  Bauer 

From t h e  mathemat ica l  p o i n t  o f  view t h e  e q u a t i o n s  c h a r a c t e r -  

i z i n g  a  mic roscop ic ,  d e t e r m i n i s t i c ,  water  q u a l i t y  model form a 

sys tem o f  n o n l i n e a r  d i f f e r e n t i a l  e q u a t i o n s  w i th  boundary con- 

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

e x i s t e n c e  and uniqueness  of  t h e  s o l u t i o n  t o  t h e s e  e q u a t i o n s .  

From t h e  thermodynamic p o i n t  o f  view t h e  a q u a t i c  ecosystem i s  

a n o n l i n e a r  open system, exchanging energy  and m a t t e r  w i th  t h e  

envi ronment ,  which i s  f a r  from thermodynamic e q u i l i b r i u m .  I n  

comple t ing  t h i s  system of  b a s i c  e q u a t i o n s  by adding  e n t r o p y ,  it 

becomes p o s s i b l e  t o  apply  t h e  methods and r e s u l t s  o f  t h e  modern 

t h e o r y  of  thermodynamics o f  i r r e v e r s i b l e  p r o c e s s e s  ( P r i g o g i n e ,  

1972) t o  a q u a t i c  ecosystems.  T h i s  t heo ry  o f f e r s  l o c a l  and g l o b a l  



evolution and stability criteria. The mutual effect of entropy- 

producing and entropy-reducing processes inside the water body 

and across its boundaries regulates the structure, state, and 

further development of the aquatic ecosystem. Since the nonlinear 

basic equations are shown, in general, to have more than one solu- 

tion when the system is sufficiently distant from thermodynamic 

equilibrium, fluctuations (generated by the system itself or 

excited by external factors) play an important role during the 

transition of the ecosystem to a new structure. The succession 

of structures characterizes the anthropogenically influenced pro- 

cesses of self-adaptation and self-organization of the ecosystem. 

This theory has not yet been fully elaborated. In particular, 

the regulating mechanisms of living subsystems should be included; 

thermodynamic and cybernetic considerations must be combined, and 

stochastic elements should be incorporated into the model. Despite 

its incompleteness, such a theory may provide precisely the "com- 

prehensive" (or "condensed") approach to water quality modeling 

that was called for in the introduction to this workshop. 

Many problems relating to the predictability of the model's 

responses to changed loading remain open to discussion. For 

example, is the influence of microcontaminants, molybdenum oxide, 

glycine, and the like taken into account in such a way that the 

model reacts correctly to c:hanges in the concentrations of these 

substances. 

1 4 .  I s  i t  p o s s i b l e  t o  d e v e l o p  mode l s  f o r  p r e d i c t i n g  t h e  r a t e  o f  

e u t r o p h i c a t i o n ?  Shou ld  s i m p l e  or  complex  mode l s  be u s e d ?  what 

i s  t h e  p o t e n t i a l i t y  and what a r e  t h e  l i m i t a t i o n s  o f  t h e  m o d e l s ?  

Are t h e  a n a l y t i c a l  e x p r e s s i o n s  o f  t h e  r e l a t i o n s h i p  be tween  p h y t o -  

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

r e t e n t i o n  t i m e  o f  w a t e r ,  and t h e  l i k e  v a l i d  ( V o l l e n w e i d e r  i n d e x ) ?  

Reported by V.A. Vavilin 

If a modification of Vollenweider's approach is used, then 



where B is the phytoplankton concentration, X is the limiting 

nutrient concentration, T = V/q is the mean retention time (V is 

the volume of the water body, q is the flow), y is a stoichiometric 

coefficient, p(X,t,I) is the phytoplankton growth rate as a func- 

tion of the limiting nutrient concentration X, (t) is temperature, 

I is the light intensity, and Xo is the nutrient concentration 

of the in£ luent. 

Let us now assume that 

where 

f (I) = I 
1 1 ~  I ' Im 

and where Im is a saturation constant. Then 

in which Kx is a half-saturation coefficient. 

The intensity of light at depth h is 

where I is the light intensity at the surface, no is the light- 
0 

absorption coefficient for water, n is the specific extinction- 

absorption coefficient for phytoplankton. Thus, if light inten- 

sity is a limiting factor at depth 

then 

- (no+nB) H 
Im < I. < Ime I 

where H is the maximum depth. 



The mean v a l u e  i s  g i v e n  by 

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

Xo, l e t  u s  now c o n s i d e r  t h e  mean n u t r i e n t  l o a d i n g  XE 

i n  which  S is a  s u r f a c e  o f  w a t e r  body. 

Under a  s t e a d y - s t a t e  c o n d i t i o n  t h e s e  e q u a t i o n s  a r e  t r a n s -  

formed i n t o  

I n  t h e  l i n e a r  c a s e  Kx > >  X. I f  

t h e n  

where 



From the Equation (18) it is easy to obtain 

We can distinguish between 

B < B+ --oligotrophic state 

++ 
B+ < B < B --mesotrophic state 

B > B++ --eutrophic state 

From this Figure 3  is obtained, where the parameters y, q/s, no/n 

are constants in a specified case. 

In a more general case when Equation ( 1 3 )  is valid, the 

following expression can be obtained. 

Equation ( 2 1 )  is plotted in Figure 4. 

It is possible to consider some modifications of Equation 

(7). As given, the model permits an accurate estimation of the 

trophic state, when the limiting-nutrient loading is changed. 

The classification of lakes, according to deduction from the 

Vollenweider-type diagram, is not suitable in some instances. 

Figure 3. The distinction between oligotrophic, 
mesotrophic, and eutrophic states on 
the basis of Equation ( 2 0 ) .  



Figure 4. The distinction between oligotrophic, 
nesotrophic, and eutrophic states on 
the basis of Equation ( 2 1 ) .  

Dillon improved this approach, by considering the dilution rate 

as an important parameter. 

The approach presented above depends upon retention time, 

depth and intensity of light, maximum growth rate, etc. The 

important question is whether the steady-state approach is valid 

both for the model and for the real lake system. In systems 

analysis it is important to establish whether the local stability 

conditions are indicative of globally stable dynamic behavior. 

The validity of the steady-state approach depends primarily upon 

seasonal variations of nutrient loading. 

Vollenweider's approach is attractive because of its sim- 

plicity--it requires no large-scale experimental work. However, 

from a decision-making point of view, it seems necessary to con- 

struct and investigate dynamic models. 

1 5 .  What parameters  and p r o c e s s e s  should  be c o n s i d e r e d  for  t h e  

l a k e  s u b j e c t  t o  a c i d i c  d e p o s i t i o n ?  

Reported by M.W. Lorenzen 

A survey of lake susceptibility to acid precipitation would 

be useful. 

It was noted that literature from Norway and Sweden has 

reported on stddies in those countries; and the Workshop offered 

no final conclusion about how to solve this problem. 



16.  A  s u g g e s t i o n  f o r  a n  I I A S A  p u b l i c a t i o n :  s h o u l d  I I A S A  p u b l i s h  

a  l i s t  o f  parameters?  

Reported by L. J. Hajdu 

The value of model parameters is of great interest for all 

scientists working in the field of ecological modeling. Many 

data are to be found in the literature, but a handbook containing 

the most important parameters, such as half-saturation constants, 

death, sinking, grazing rates, minimum phosphorus concentrations 

in algae, would be useful. 

Concurrent with the development of the field, revision of 

these parameters values must take place. It was recommended that 

a list of parameters be completed according to standard units 

(SI), with the necessary conversion tables included. It might 

also be of interest to standardize techniques of parameter mea- 

surement--e.g., for the phosphorus half-saturation constant, 

since it is not a constant parameter but changes according to 

ecological and hydrological factors. The methodology of parameter 

measurement may appear to be of marginal interest to IIASA, but 

undoubtedly the reality of a model is to a great extent dependent 

upon the reliability of the basic parameters. 

Modern limnology textbooks reflect this attitude to modeling, 

but they may be of limited value to the practical model builder, 

since they usually contain few suitable model parameters. The 

general validity of these parameters is not fully understood, 

but if a collection of widely distributed literature data were 

available, it would make possible the study of the generality of 

the parameter values suggested by several authors. It would also 

be useful to include a recommended literature list and the ad- 

dresses of authors and contributors in the handbook suggested 

above. 

It was announced that such a handbook was being prepared in 

Denmark and would be ready for publication in the autumn of 1 9 7 8 .  

The data would be available on tapes. Approximately 50  inter- 

national journals and 5 0 0  books have been reviewed, and the hand- 

book will probably cover 7 5  percent or more of the total relevant 

literature. Parameter values only are compiled without critical 



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

and t h e  s p e c i f i c  measuring c o n d i t i o n s .  I n  t h i s  handbook no aver -  

age  v a l u e s  o r  s t anda rd  d e v i a t i o n s  a r e  c a l c u l a t e d ;  t h e  r e a d e r  

shou ld  e v a l u a t e  t h e  r e l i a b i l i t y  o f  t h e  parameter  v a l u e s  f o r  him- 

s e l f .  An Environmental  P r o t e c t i o n  Agency (EPA) r e p o r t  c o n t a i n i n g  

a  rev iew o f  equa t ions  and e x p r e s s i o n s  used i n  water  q u a l i t y  models 

w i l l  soon be  ready  i n  t h e  United S t a t e s .  The r e p o r t  w i l l  a l s o  

i n c l u d e  a  l i s t  o f  parameter  v a l u e s ,  a l t hough  t h e  review of  t h e  

l i t e r a t u r e  i s  l i m i t e d .  

I t  was p o i n t e d  o u t  t h a t  confus ion  may a r i s e  i n  t h e  comparison 

of  d i f f e r e n t  parameter  v a l u e s ,  such a s  h a l f - s a t u r a t i o n  c o n s t a n t s ,  

s i n c e  t h e y  might  have d i f f e r e n t  p h y s i o l o g i c a l  i m p l i c a t i o n s  from 

one c a s e  t o  ano the r .  

17 .  How and when s h o u l d  q u i c k  p h o s p h o r u s  r e c y c l i n g  due  t o  phos -  

p h a t e  e x c r e t i o n  by  p h y t o p Z a n k t o n  6 e  c o n s i d e r e d  i n  t h e  m o d e l ?  

Reported by F. Chahuneau 

I n  t h e  l i t e r a t u r e  i n v e r s e  r e l a t i o n s h i p s  between a l k a l i n e  

phosphatase  a c t i v i t y  and phosphorus c e l l  c o n c e n t r a t i o n  have o f t e n  

been r e p o r t e d .  I t  i s  n o t  w e l l  e s t a b l i s h e d  whether t h e  enzymes 

a r e  l o c a t e d  a t  t h e  c e l l  s u r f a c e ,  o r  whether  t hey  a r e  r e l e a s e d  i n t o  

t h e  environment .  Under t h e  f i r s t  assumption t h e  a l g a e  w i l l  behave 

e x a c t l y  a s  i f  t hey  were a b l e  t o  a s s i m i l a t e  d i s s o l v e d  o r g a n i c  phos- 

phorus d i r ec t ly - - a  f a c t o r  t h a t  i s  n o t  u s u a l l y  t aken  i n t o  account  

i n  models.  However, t h e  r a t e  of  d i s s o l v e d  o r g a n i c  phosphorus 

h y d r o l y s i s  i s  a t  l e a s t  one o r d e r  of magnitude lower t han  t h e  

ave rage  phosphorus uptake  r a t e .  Th i s  l e a d s  t o  t h e  conc lus ion  

t h a t  t h i s  phenomenon can  u s u a l l y  b e  d i s r e g a r d e d  i n  t h e  model. 

B. HYDROLOGICAL TOPICS 

1 .  Under wha t  c o n d i t i o n s  i s  i t  n e c e s s a r y  t o  model  t h e  h y d r o -  

d y n a m i c s  o f  t h e  l a k e  c i r c u l a t i o n  ( e q u a t i o n s  o f  m o t i o n ,  w ind  s t r e s s ,  

e d d y  d i f f u s i u i t y ,  C o r i o l i s  e f f e c t s ) ?  

Reported by M. Markofsky 



No d e f i n i t i v e  answer can  be g iven  t o  t h e  q u e s t i o n  r a i s e d .  

I n  g e n e r a l ,  most of t h e  comments sugges t ed  t h a t  t h e  deg ree  t o  

which t h e  hydrodynamics shou ld  be  modeled depends upon t h e  prob- 

lem b e i n g  i n v e s t i g a t e d  and upon t h e  t ime s c a l e s  of  t h e  r e l e v a n t  

phenomena. 

Two case  s t u d i e s  were p re sen ted .  The f i r s t  r e q u i r e d  t h e  

p r e d i c t i o n  o f  t h e  l i k e l i h o o d  of  en t r a inmen t  by a  3,200-megawatt 

power s t a t i o n  i n  t h e  wes t e rn  b a s i n  o f  Lake E r i e ,  where t h e  mean 

dep th  i s  approximate ly  6 meters .  Here a  three-d imens ional  d e s c r i p -  

t i o n  o f  t h e  wind-induced v e l o c i t y  f i e l d  was found neces sa ry  f o r  

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

(Lick e t  a l . ,  1 9 7 6 ) .  

I n  t h e  second c a s e  s t u d y ,  which concerned a  d r i n k i n g  wa te r  

i n t a k e  on Saginaw Bay, it was f e l t  t h a t  t h e  pr imary  c u r r e n t  p a t -  

t e r n s  cou ld  be s u f f i c i e n t l y  w e l l  deduced by i n t u i t i o n ,  s o  t h a t  

no mathemat ica l  d e s c r i p t i o n  o f  t h e  wind-induced c i r c u l a t i o n  was 

r e q u i r e d .  I n  t h i s  example it had been observed  t h a t  s t r o n g  odor s  

were a s s o c i a t e d  w i t h  a  r a p i d  i n c r e a s e  i n  i n t a k e  t empera tu re .  The 

i n c r e a s e  I n  i n t a k e  t empera tu re  was judged t o  be  a s s o c i a t e d  w i t h  

a  change o f  wind d i r e c t i o n ,  a s  shown i n  F i g u r e  5.  S i n c e  t h e  

i n t a k e  i s  n e a r  t h e  bottom, c o o l e r  l a k e  w a t e r  i s  withdrawn f o r  

t h e  s i t u a t i o n  r e p r e s e n t e d  i n  F i g u r e  5a  and warmer bay wa te r  f o r  

t h e  s i t u a t i o n  r e p r e s e n t e d  i n  F i g u r e  5b. The sugges t ed  s o l u t i o n  

t o  t h e  wa te r  q u a l i t y  problem is  t o  c o n s t r u c t  a n  a d d i t i o n  t o  t h e  

i n t a k e ,  i n  o r d e r  t o  a l l ow  t h e  i n t a k e  t o  draw s u r f a c e  wa te r  d u r i n g  

t h e  wind c o n d i t i o n  o f  F igu re  5b. 

I t  was proposed t h a t  t h e  degree  of  hydrodynamic d e s c r i p t i o n  

depends upon t h e  r e l a t i v e  t ime s c a l e s  o f  t h e  b i o l o g i c a l  and hydro- 

dynamic p r o c e s s e s .  For  example, i f  t h e  b i o l o g i c a l  p r o c e s s e s  occu r  

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

induced  mixing t ime of  t h e  wa te r  body, t h e  d e t a i l s  o f  t h e  hydro- 

dynamics can  probably  be n e g l e c t e d .  

I n  any c a s e ,  hydrodynamic and w a t e r  q u a l i t y  models a r e  ve ry  

o f t e n  s o l v e d  i n  q u i t e  d i f f e r e n t  t ime s t e p s ,  A t ,  and space  s t e p s ,  

Ax, s i n c e  A t  and Ax f o r  t h e  hydrodynamic r e s o l u t i o n  a r e  g e n e r a l l y  

c o n s i d e r a b l y  s m a l l e r  t h a n  t h o s e  r e q u i r e d  f o r  t h e  wa te r  q u a l i t y  

d e s c r i p t i o n .  Th i s  i s  i n c r e a s i n g l y  impor t an t  when c o n s i d e r i n g  an 

ecosystem d e s c r i p t i o n  i n  many s t a t e  v a r i a b l e s .  



Surface At Depth 
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F i g u r e  5.  Wind-induced c i r c u l a t i o n  i n  Saginaw Bay. 



2. What i s  t h e  r e l a t i v e  i m p o r t a n c e  o f  l a k e  o r  r e s e r v o i r  i n f l o w s  

and o u t f l o w s  i n  t h e  v e r t i c a l  and  h o r i z o n t a l  e x c h a n g e ,  a s  o p p o s e d  

t o  v e r t i c a l  and h o r i z o n t a l  m i z i n g  b y  d i f f u s i o n  o r  w i n d ?  

Reported by M. Markofsky 

Case s t u d i e s  i n  r e s e r v o i r s  i n  which thermal  s t r a t i f i c a t i o n  

o c c u r s  were r e p o r t e d .  The va ry ing  i n p u t  e l e v a t i o n  o f  t h e  i n f lowing  

wa te r  i s  a  f u n c t i o n  o f  bo th  t h e  i n f low t empera tu re  and t h e  t he rma l  

s t r u c t u r e  of  t h e  r e s e r v o i r .  D i s r ega rd ing  t h e  e f f e c t  of  v e r t i c a l  

advec t ion  i n  t h e  model r e s u l t s  i n  v e r t i c a l  d i s p e r s i o n  c o e f f i c i e n t s  

t h a t  a r e  a  f u n c t i o n  o f  depth  and t ime.  

A s e n s i t i v i t y  a n a l y s i s  f o r  a  r e s e r v o i r  w i t h  a  r e t e n t i o n  t ime 

of  1  yea r  was p re sen ted .  The govern ing  e q u a t i o n  f o r  t empera tu re  

p r e d i c t i o n  i s  

and f o r  mass ( j  = 1  + n )  

ac . Cin j  - C .  s o u r c e s  
> + v ~ = - -  ay A:y) i y [ ~ ~ M $ ]  + q i  A I + -  P 

s i n k s  
-j I 

P 

T i s  t h e  tempera ture ;  y  i s  t h e  depth ;  V is  t h e  v e r t i c a l  v e l o c i t y  

( a  f u n c t i o n  o f  dep th  and t i m e ) ;  E i s  t h e  d i s p e r s i o n  c o e f f i c i e n t  

f o r  t empera tu re ;  EM is  t h e  d i s p e r s i o n  c o e f f i c i e n t  f o r  h e a t ;  A i s  

t h e  h o r i z o n t a l  c r o s s  s e c t i o n a l  a r e a ;  q i  is t h e  i n f low r a t e / h e i g h t ;  

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

i n f low t empera tu re ;  and C. is t h e  i n f low c o n c e n t r a t i o n .  ~n  
The v e r t i c a l  v e l o c i t y  f i e l d ,  v ( y , t ) ,  may b e  c a l c u l a t e d  from 

t h e  i n f low and ou t f low r a t e s  and d e n s i t y  c o n s i d e r a t i o n s .  Varying 

EM from 0  t o  100 t imes  t h e  molecular  va lue  produces  no changes 

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

of t h e  above s i z e ,  o r  r e t e n t i o n  t ime ,  an  a c c u r a t e  d e s c r i p t i o n  of  

t h e  v e l o c i t y  f i e l d  t h a t  a l l o w s  a  d i s p e r s i o n  te rm t o  be d i s r e g a r d e d  

i s  assumed. 



For shallow reservoirs it is to be expected that wind mixing 

plays a dominant role in the vertical and horizontal exchange 

processes. The shorter the residence time the greater the role 

of inflow and outflow on the horizontal exchange phenomenon. 

However, the better the mathematical description of the flow and 

wind-induced current fields, the lower is the reliability of the 

dispersion coefficient as a fitting parameter. The extent to 

which one attempts a detailed formulation of the velocity field, 

however, is related to the discussion associated with question B1. 

3 .  What a r e  t h e  f a c t o r s  t h a t  cause a  c o n c e n t r a t i o n  o f  suspended 

sed iment  i n  l a k e s ?  How do we model t h e  r e s u s p e n s i o n  o f  bo t tom 

s e d i m e n t ?  

Reported by G. van Straten 

Turbulence in the region of the sediment bed is the main 

factor that determines whether there will be a resuspension of 

sediment particles from the lake bottom. Turbulence may originate 

from two possible sources. The first is the shear at the bottom 

surface of the lake caused by a return flow along the bottom in 

the case of wind-driven circulation or by a transition flow in a 

narrow part of the lake. The effects are quite similar to those 

of sediment transport in rivers, although the range of velocities 

that might occur is less. Turbulence can also be generated by 

waves, especially by breaking waves. 

The time during which a particle remains in suspension might 

be assumed to be a governing factor in the mathematical modeling 

of ecosystems. This point of view was implicit in the refere~ce 

to the "saltation' theory of resuspension, whereby particles are 

dispersed upwards, and after some time settle again. It is also 

necessary to know the age distribution of particles in suspension; 

but effects such as cohesion forces--due to potential differences 

in the electrochemical properties of the sediment flocs--present 

difficulties in determining the age distribution. 

Another important consideration is that in many cases there 

exists no sharp interface between water and sediment. This leads 

to the concept of a "liquid sediment," the formation of which 



can be analogous t o  t h e  e ros ion  of t h e  thermocline due t o  waves 

induced by wind. 

A S c o t t i s h  l ake  was given a s  a  p r a c t i c a l  example. I n  t h i s  

c a s e  a  s t r i k i n g  coincidence was observed between t h e  change i n  

sediment composition and t h e  l i n e  where t h e  wave l eng th ,  caused 

by wind, reached a  depth equal  t o  ha l f  i t s  length .  

I n  a Dutch shallow lake ,  t u r b i d i t y  seemed t o  bear  more r e l a -  

t i o n  t o  i n l e t  water s o l i d s  concen t ra t ion  than t o  resuspension.  

Although during a  severe  storm some resuspension was t o  be expected 

i n  t h e  shal lower  p a r t  of t h e  l a k e ,  almost no i n c r e a s e  i n  t u r b i d i t y  

was observed. A p o s s i b l e  exp lana t ion  might be t h a t  t h e  deeper 

p a r t s  of t h e  l ake  a c t e d  a s  an e f f e c t i v e  "dust -binder ,"  s i n c e  

q u i e t e r  cond i t ions  may be expected t h e r e ,  t h u s  al lowing sediment 

t o  be deposi ted .  

C. GENERAL TOPICS 

1 .  How s h o u l d  t h e  t i m e - d e p e n d e n t  m e t e o r o l o g i c a l  f a c t o r s  be 

i n c l u d e d  d n  l a k e  m o d e l s ?  

Reported by J. F.  Paul 

The following ques t ion  was r a i s e d :  How is  it p o s s i b l e  t o  

c a l c u l a t e  hydrodynamic c u r r e n t s  f o r  dominant wind cond i t ions  

( s t e a d y - s t a t e  c u r r e n t s ) ?  I t  was answered a s  fo l lows.  The hydro- 

dynamic r e s u l t s  should be processed s o  t h a t  they can be used i n  

e c o l o g i c a l  models. For such models t h e  speed and d i r e c t i o n  of 

t h e  wind should be chosen i n  some s t o c h a s t i c  manner t h a t  i s  

changed a t  every  time s t e p .  Over a  time s c a l e  of  weeks, which 

i s  i n  most c a s e s  t h e  s m a l l e s t  time s c a l e  of  i n t e r e s t  i n  e c o l o g i c a l  

models, t h e  wind p a t t e r n  can then be considered a s  t h i s  s t eady  

wind s t a t e .  For p r e d i c t i o n ,  it i s  necessary  t o  look a t  h i s t o r i c a l  

wind p a t t e r n s ,  i n  o rde r  t o  o b t a i n  a  s t o c h a s t i c  model of wind 

behavior.  Major even t s  w i l l  have occurred a t  d i f f e r e n t  t imes  

and i n  d i f f e r e n t  numbers, bu t  over  s e v e r a l  yea r s  t h e s e  f l u c t u a -  

t i o n s  may be averaged t o  g ive  t y p i c a l  wind cond i t ions .  For c a l i -  

b r a t i o n  and v a l i d a t i o n ,  wind d a t a  f o r  a  s p e c i f i c  year  should be 



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

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

s u g g e s t i o n s  would seem t o  b e  an  e f f i c i e n t  way of  c o u p l i n g  hydro-  

dynamic and  e c o l o g i c a l  models  i n  o r d e r  t o  make hydrodynamic c a l -  

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

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

i n t o  c o n s i d e r a t i o n  i n  l a k e  models  were s u g g e s t e d :  

- - Time-varying i n p u t s  o f  wind o r  o t h e r  e x t e r n a l  f a c t o r s  

a r e  u s e d  i n  t h e  hydrodynamic model. 
-- A c o r r e l a t i o n  a n a l y s i s  between m e t e o r o l o g i c a l  d a t a  and  

i n f l u e n c e d  v a r i a b l e s  o r  p a r a m e t e r s  i s  c a r r i e d  o u t .  
- - A c o r r e l a t i o n  a n a l y s i s  between c a l c u l a t e d  o r  e s t i m a t e d  

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

c a r r i e d  o u t .  

I t  was s t a t e d  t h a t  t h e  method o f  a v e r a g i n g  wind o v e r  t i m e  

t o  p r o v i d e  a n  i n p u t  f o r c i n g  f u n c t i o n  may c a u s e  a  s t r o n g  i n t e r a c t i o n  

w i t h  t h e  r e s p o n s e  o f  t h e  sys tem.  I n  a  network o f  s m a l l  l a k e s  

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

was r e p o r t e d  t o  c a u s e  a  h i g h  f r e q u e n c y  v a r i a t i o n  i n  o u t p u t  f l o w s  

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

w i t h  n a t u r a l  f r e q u e n c i e s  o f  t h e  sys tem.  By a v e r a g i n g  wind d a t a  

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

a n d  t h e  more i m p o r t a n t  low f r e q u e n c y  r e s p o n s e s  a s s o c i a t e d  w i t h  

t h e  m a j o r  f l o w s  a r e  shown more c l e a r l y .  When t h e  wind v e l o c i t y  

is a v e r a g e d ,  however,  one  s h o u l d  remember t h a t  it a p p e a r s  i n  a  

s q u a r e d  form i n  t h e  e q u a t i o n  o f  mot ion .  

2 .  How do we d i s t i n g u i s h  b e t w e e n  p o i n t  and n o n p o i n t  s o u r c e s ,  and 

how s h o u l d  t h e y  b e  c o n s i d e r e d  i n  t h e  mode l?  

R e p o r t e d  by D.O. L o g o f e t  

T h i s  problem i s  complex and  it is  p r o b a b l e  t h a t  a l l  n o n p o i n t  

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

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

i n  a  s t o c h a s t i c  manner.  One way o f  s o l v i n g  t h e  p rob lem i s  t o  

c a r r y  o u t  a  c o r r e l a t i o n  a n a l y s i s  between n o n p o i n t  s o u r c e s  and  t h e  

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



appears t o  be too smal l ,  should we then conclude t h a t  these  fea- 

t u r e s  a r e  no t  c o r r e l a t e d ?  I t  was mentioned, f o r  example, t h a t  

t h e  c o r r e l a t i o n  between t h e  phosphorus concentra t ion i n  Lake 

Balaton and the  e n t i r e  discharge i n t o  t h i s  l ake  appeared t o  be 

r a t h e r  smal l ,  r = 0.007, al though we know t h a t  t h e r e  must be a 

c o r r e l a t i o n  between these  two v a r i a b l e s .  However, t h e  c o r r e l a t i o n  

might be s t ronger  i f  t h e  land runof f ,  t h e  flow i n p u t ,  and t h e  

r a i n f a l l  a r e  considered s e p a r a t e l y .  I t  might a l s o  be s t ronger  

i f  t h e  d ischarge  i s  measured d i r e c t l y  a t  t h e  source p o i n t ;  but  

t h i s  approach r e q u i r e s  c a r e f u l  t rea tment  of  each source ,  and adds 

complications t o  t h e  model. 

Another ques t ion r e l a t e d  t o  t h i s  problem was r a i s e d .  What 

values  of  time l a g s  should be s e l e c t e d  when a c o r r e l a t i o n  a n a l y s i s  

i s  considered? This  i s  no t  easy t o  answer, because of t h e  time 

v a r i a b i l i t y  of loading i n  d i f f e r e n t  sources .  Under a l l  circum- 

s t ances  it seems necessary t o  t ake  i n t o  account i n  t h e  model t h e  

d i s t r i b u t i o n  p a t t e r n  of nonpoint sources.  To do so  it i s  neces- 

s a r y  t o  conduct measurements and e x e r c i s e s  wi th  hydrological  sub- 

models. 

3. Which parameter estimation procedure should be applied? 

Reported by M.B. Beck 

One of t h e  suggested procedures can be summarized a s  follows: 

s i n c e  t h e  c a l i b r a t i o n  problem f o r  a system with ,  l e t  us  say,  10- 

15  parameters t o  be es t imated can be l ikened t o  t h e  s i t u a t i o n  of  

"a  b l i n d  man searching f o r  a hole  i n  a 70-75-dimensional room," 

it i s  necessary t o  l i m i t  t h e  problem, i n  o rde r  t o  ob ta in  t r a c t a b l e  

s o l u t i o n s .  S u i t a b l e  maximum and minimum bounds can be imposed 

on t h e  permiss ib le  values  of t h e  parameters,  where these  bounds 

a r e  der ived from parameter e s t ima tes  previously  published i n  t h e  

l i t e r a t u r e .  An automatic c a l i b r a t i o n  procedure can,  however, be 

c a r r i e d  o u t  f o r  making f i n e  adjustments t o  t h e  accuracy of  a 

l i m i t e d  number of parameters (up t o  f i v e ) ,  but  reasonable  a priori 

es t ima tes  of these  parameters would be required.  A t h i r d  s o l u t i o n  

i s  t o  use t h e  submodels conta ining r e l a t i v e l y  few parameters,  

which may be c a l i b r a t e d  aga ins t  d a t a  c o l l e c t e d  from an i n t e n s i v e  

f i e l d  experiment--an experiment t h a t  might measure more v a r i a b l e s  



a t  a  h i g h e r  sampling frequency than  t h e  r o u t i n e  moni tor ing  pro- 

gram. The o b j e c t i v e  o f  t h i s  l a s t  o p t i o n  would be  t o  c a l i b r a t e  

t h o s e  p a r t s  o f  t h e  model t h a t  e x h i b i t  r e l a t i v e l y  r a p i d  dynamic 

behav io r ,  and t h a t  can be i s o l a t e d ,  t o  some e x t e n t ,  from v a r i -  

a t i o n s  i n  t h e  o t h e r  p a r t s  of  t h e  l a k e ' s  e c o l o g i c a l  system. There 

i s  a l s o  a  p o s s i b i l i t y  o f  examining i n d i v i d u a l  p r o c e s s  mechanisms 

by l a b o r a t o r y  s t u d i e s  o r  by f i e l d  s t u d i e s  i n  which it might be  

p o s s i b l e  t o  i s o l a t e  such p roces s  mechanisms. 

The au toma t i c  c a l i b r a t i o n  mentioned above i s  based  on a  

s e n s i t i v i t y  a n a l y s i s ,  which p rov ides  a  m a t r i x  o f  p a r t i a l  d e r i v -  

a t i v e s  f o r  t h e  r a t i o  o f  changes i n  t h e  s t a t e - v a r i a b l e  r e sponses  

t o  changes i n  t h e  parameter  v a l u e s .  Th i s  m a t r i x  de te rmines  t h e  

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

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

Some improvement i n  t h e  e f f i c i e n c y  o f  t h i s  procedure  might  

r e s u l t  from t h e  u s e  o f  Rosenbrock's  s ea rch  a lgo r i t hms .  I t  i s  

impor t an t  t o  n o t i c e  t h a t  t h e  au toma t i c  c a l i b r a t i o n  procedure ,  a s  

expec t ed ,  canno t  p reven t  some of  t h e  parameter  v a l u e s  r each ing  

and be ing  c o n s t r a i n e d  a t  t h e i r  maximum o r  minimum p e r m i s s i b l e  

l i m i t s .  I n  t h i s  c o n t e x t  it must a l s o  be  emphasized t h a t  s e v e r a l  

o f  t h e  pa rame te r s  may be t ime va ry ing ;  t h u s  du r ing  au tomat ic  c a l i -  

b r a t i o n  an  average  parameter  v a l u e  i s  found, and t h i s  does n o t  

t a k e  i n t o  account  t h e  p o s s i b i l i t y  of  s e a s o n a l  v a r i a t i o n s .  

C l e a r l y ,  t h e r e  a r e  many d i f f i c u l t i e s  i n  t h i s  a r e a  o f  eco- 

l o g i c a l  modeling,  n o t  t h e  l e a s t  o f  which r e l a t e s  t o  t h e  c r e d i -  

b i l i t y  of  t h e  r e s u l t s ;  t h u s  t h e  fo l lowing  c a u t i o n a r y  messages 

shou ld  be mentioned. Automatic c a l i b r a t i o n  may be d i smis sed  a s  

a  meaningless  c u r v e - f i t t i n g  e x e r c i s e ;  a  predominantly hydrodynamic 

e v e n t  might  be  e r roneous ly  c a l i b r a t e d  w i t h i n  t h e  e c o l o g i c a l  por- 

t i o n  o f  t h e  model; t h e r e  a r e  few c a s e s  where such a deg ree  o f  

d e t a i l  is  warranted  by t h e  o v e r a l l  o b j e c t i v e  o f  t h e  modeling 

program. 

4 .  I s  i t  p o s s i b l e  t o  s e t  u p  a  more g e n e r a l  p r o c e d u r e  f o r  h a n d l i n g  . 
a  s p e c i f i c  l a k e  m o d e l i n g  p r o b l e m ?  The  p r o c e d u r e  s h o u l d  f o c u s  o n  

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

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

t h e  m o d e l .  



Reported by M.B. Beck 

Two presentations were given in response to this question. 

The first outlined a procedure for modeling 

-- The definition of the problem (model application objec- 

tives) 
-- The development of conceptual flow diagrams 

-- The selection of the state variables--based on the pre- 

ceding two steps and the concept of ecological buffer 

capacity (see also question A1 3) 
-- The calibration of submodels against intensive sampling 

programs--notice that at this stage the model, or sub- 

model, can be used as a scientific tool for evaluating 

the description that gives the best characterization of 

observed behavior 

-- The fine adjustments to the total model against intensive 

and other available data 

-- The validation of the model, preferably by reference to 

an independent set of measurements taken during a period 

with changed conditions (e.g., changed loadings) 

The second presentation developed a more detailed discussion 

of the problem of model structure identification and parameter 

estimation. Both problems can be considered as parts of the 

overall calibration problem. This presentation deals with some 

topics that dld not arise in the "Proceedings of the Workshop on 

Geophysical and Ecological Modelling of Deep Lakes and Reservoirs" 

(Jdrgensen and Harleman, 1978 ) . 
It is worth noting that a number of parameter estimation 

procedures have been applied successfully for modeling purposes 

in other fields of study. Each estimation procedure can be ap- 

proximately classified according to whether it is applicable to 

black box models or internally descriptive (mechanistic) models, 

. and according to whether it is "off-linev or "recursiveu--these 

terms will be defined below. 

For black box models, the following procedures can be applied: 

least squares (R) (O), instrumental variable (R) (O), maximum 

likelihood (O), group method of data handling--a self-organization 

method. 



For internally descriptive models, the maximum likelihood 

(0) procedure and the Extended Kalrnan Filter (R) can be applied. 

The symbol R denotes a recursive procedure, and the symbol 0 

denotes an off-line procedure. Figure 6 is a pictorial repre- 

sentation of the differences between the two types of algorithm. 

An off-line procedure keeps the parameter estimates constant 

at their a p r i o r i  values, Go, while the complete block of time- 

series field data, from to to tn, is processed. A loss function, 

generally based on the errors between observed and model responses 

is computed, and an optimization algorithm for minimizing the loss 

function over the parameter space then computes updated parameter - 1 values, O , for substitution in the next iteration through the 
data (i.e., from to to tn). It is this form of parameter estima- 

tion procedure that was discussed in response to question C3. A 

recursive parameter estimation algorithm, in contrast, computes 
A 0 updated parameter estimates, O (tk), at each sampling instant, 

tk, of the field data; the minimization of the error function is 

implicitly, rather than explicitly, included in the algorithms. 

( a )  0' 

------ ---- Parameter estimate 
update 

Figure 6. Methods of parameter estimation: (a) off-line 
and (b) recursive. 0O represents the a p r i o r i  
values of the parameter estimates, and to to tn 
denotes the complete block of time-series field 
data. 



^ 0 
At the end of the block of data, the estimates, O (t,), are sub- 

Î stituted for the a p r i o r i  parameter values O (to) of the next 

iteration through the data. An example of each approach to param- 

eter estimation can be found in Di Cola et al. (1976)--an off-line 

estimation scheme--and in Gnauck et al. (1976)--a recursive pro- 

cedure. 

One advantage of a recursive estimation algorithm is that 

it makes the estimation of time-varying parameter values possible-- 

see Young (1974) and Young and Whitehead (1977) for a more com- 

plete discussion with special reference to problems of hydrological 

and water quality modeling. In fact, this particular aspect of 

recursive techniques lends itself to the solution of the model 

structure identification problem and may also lead to the same 

interpretation of the self-organization problem as that whieh 

was mentioned above by ~tragkraba. Figure 7 attempts to represent 

the essence of the model structure identification problem. Sup- 

pose that the state variables are represented by the nodes of 

Figure 7, and the parameter values represent "elastic" connections 

Figure 7. A conceptual picture of model 
structure identification. The 
nodes represent the state vari- 
ables, and the connections be- 
tween them denote the parameter 
values. 



between the state variables--e.g., as in growth-rate and grazing- 

rate functions. If it is assumed that all the parameters have 

values that are constant with time, and yet the recursive algorithm 

yields an estimate for 0,+, say, that is significantly time varying, 

one may question the correctness of the chosen model structure. 

The reasoning is as follows: the general purpose of the estima- 

tion procedure is to fit the state-variable predictions to the 

field observations; thus if there is any structural discrepancy 

between the model and "reality," this will be manifested as an 

adaptation of the model--i.e., the parameter values, towards 

"reality." Such time variations of the parameter values can 

occur for different reasons. For instance, the parameter may 

be truly time variant in some seasonal fashion, or there may be 

hidden problems of identifiability associated with the given model 

structure. For the purposes of our example in Figure 7a, however, 

we might suppose that the actual structure of the relationships 

underlying the observed behavior are better represented by the 

introduction of a new state variable and two new parameters, 

Figure 7b. These kinds of argument fonn the basis of an approach 

to model structure identification illustrated with the Extended 

Kalman Filter in Beck and Young (1976), and Beck 11979). Two 

further comments are pertinent. The approach suggested here 

clearly parallels the proposal made earlier in the response to 

question A5. Model structure identification also addresses ques- 

tions similar to the following: should a multiplicative or a 

threshold growth hypothesis be employed for the description of 

phytoplankton growth? 

The problem described above-with respect to Figure 7 is 

closely related to one interpretation of the notion of self- 

organization depicted in Figure 8, where In fact we have reduced 

the self-organization problem to a self-adaptation problem. A 

six state-variable system is envisaged. At time to the structure 

of the system is given by the connections indicated in Figure 8a. 

Some time later, ti, a recursive estimation of the parameter 

values, which here are assumed to be time varying, reveals an 

apparently different structure: a number of the parameters are 

now estimated as being not significantly nonzero, while other 

parameters previously zero at to have assumed significantly 



Figure 8. A conceptual picture of self- 
adaptation (self-organization). 

nonzero values (Figure 8b). Further changes can follow at time 

t (Figure 8c), so that apparent structural changes in the eco- 
j 
system are accounted for by time-varying changes of the parameter 

values between essentially negligible and substantially signifi- 

cant values. 

Stripped of any sophistication, model structure identifica- 

tion is analogous to the problem of choosing to fit a straight 

line or a curve (e.g., quadratic, cubic, quartic) to a set of 

field data, Figure 9a. And while on the subject of simple regres- 

sion analysis such as this, it might be useful to try to dispel 

an illusion about parameter estimation. The illusion is that, 

say, twenty observations allow the determination of twenty pieces 

of information--i.e., parameter values. In principle there is no 



Figu re  9.  C u r v e - f i t t i n g :  ( a )  t h e  ana logous  
problem o f  model s t r u c t u r e  i d e n t i -  
f i c a t i o n  and ( b )  t h e  e f f e c t  o f  
measurement e r r o r .  

i l l u s i o n ,  b u t  i n  p r a c t i c e  t h e r e  i s .  Suppose t h a t  t h e  t r u e  r e l a -  

t i o n s h i p  between u and y i n  F igu re  9b is  t h e  con t inuous  s t r a i g h t  

l i n e  drawn through t h e  two o b s e r v a t i o n s  denoted  by c r o s s e s .  Now 

suppose t h a t  a  second s e t  o f  o b s e r v a t i o n s  f o r  y i s  g iven  by t h e  

d o t s ,  i n  which t h e  o b s e r v a t i o n s  c o n t a i n  a  sma l l  amount o f  measure- 

ment e r r o r ,  and through which an e q u a l l y  f e a s i b l e  s t r a i g h t  l i n e  

cou ld  be drawn. Comparing t h e  two s e t s  o f  measurements it i s  

c l e a r  t h a t  q u i t e  d i f f e r e n t  v a l u e s  would be o b t a i n e d  f o r  t h e  g ra -  

d i e n t  and i n t e r c e p t  ( t h e  pa rame te r s )  o f  t h e  two s t r a i g h t - l i n e  

f i t s .  The same problem occu r s  when twenty s imul taneous  ( d e t e r -  

m i n i s t i c )  a l g e b r a i c  e q u a t i o n s  a r e  s o l v e d  i n  o r d e r  t o  o b t a i n  

twenty parameter  v a l u e s ;  and t h i s  s o l u t i o n  of  t h e  problem i g n o r e s  

a  pr imary u n w r i t t e n  r u l e  o f  parameter  e s t i m a t i o n :  it i s  neces sa ry  

t o  o b t a i n  many more o b s e r v a t i o n s  t han  t h e r e  a r e  parameters  t o  be 

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

t h e  eve r -p re sen t  e r r o r s  i n  t h e  measurements. 

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

b l ack  box modeling approaches ;  t h e s e  have r ece ived  l i t t l e  a t t e n t i o n  

and have pe rhaps  n o t  been thought  t o  be ve ry  u s e f u l .  A b l ack  box 



model identifies merely that which the input disturbances (forcing 

functions, loadings) can be observed to change in the output re- 

sponses of an ecosystem. An internally descriptive model expresses 

the way in which the inputs are related to the state variables, 

the way in which the state variables are connected among themselves, 

and the means by which the state variables are translated into 

output observations. Both types of models tackle the problem of 

formalizing the relationship between cause and effect. Therefore, 

at the stage of model structure identification, when the analyst's 

understanding of observed behavior is incomplete, a black box 

analysis of cause/effect relationships (e.g., the speed, type, 

and magnitude of responses to changes) may yield some initial 

clues about possible corresponding forms of internally descriptive 

models (Beck 1978). It seems likely that some benefit to the 

subject of ecological modeling could be gained from a blending of 

the two approaches. 

It might be expected that.black box models, with their asso- 

ciated computational simplicity, would be especially useful in a 

real-time forecasting and control situation. On the other hand, 

as a response to a question by Markofsky, it was admitted that 

in general the validity of a black box model does not extend 

beyond the conditions covered by the sample data set from which 

the model is derived. 

5 .  W h i c h  l a k e s  o n  r e s e r v o i ~ s  s h o u l d  b e  c o n s i d e a e d  f o r  c a s e  

s t u d i e s  by  I I A S A  i n  c o o p e r a t i o n  w i t h  n a t i o n a l  a u t h o r i t i e s ?  Would 

it b e  d e s i r a b l e  t o  compare  v a r i o u s  m o d e l s  h a v i n g  t h e  same d a t a  

s e t ?  

Reported by J. Fischer 

The following comments were made. 

~ t r a d k r a b a :  There is available a considerable amount of data on 

the Slapy and Kli6ava reservoirs, which has been evaluated by the 

model CLEANER. ~tragkraba said that he would be willing to coop- 

erate with any participant who was interested in using the data. 

Data already used by IBP are also available. In an MIT model 

used for describing thermal stratification meteorological data 



relating to the Klieava reservoir are partly taken into account. 

Bierman: A comprehensive measurement program has been carried 

out over several years by U.S. and Canadian authorities to assess 

the quality of water in Saginaw Bay, Lake Huron. Reports have 

been published periodically on this case study, and the data is 

to be transferred to the IIASA data base. (Shortly after the 

workshop had taken place, this transfer was accomplished.) 

Paul: A simple hydrodynamic model was offered for use to the 

participants. The model works on a steady equations solution 

basis. It requires only topographic and wind data as input infor- 

mation, and is available at IIASA. This model might also be used 

for the Lake Balaton Case Study. 

Jdrgensen: J$rgensen mentioned that his lake model was trans- 

ferred to the IIASA computer in December 1977. 

Finally, it was pointed out that any comparison of models 

should ideally take place with those people who had developed the 

models present. 
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THE ROLE OF IRON AND CALCIUM IN THE CYCLING 
OF PHOSPHATES IN SHALLOW LAKES 

L. Lijklema and A.H.M. Hieltjes 

A close interrelation exists between the physical, chemical, 

and biological processes in surface waters. Consequently the 

water quality resulting from these interacting processes generally 

cannot be understood or predicted from the knowledge of a part 

of the system, but requires a comprehensive survey of the whole 

system. However, an overall analysis of the system is often not 

feasible, and the investigator has to integrate the experience 

acquired on a set of subsystems studied individually. In this 

paper such a subsystem, the cycling of phosphates between sedi- 

ments and overlying water, is discussed in relation to the overall 

process of eutrophication, in which phosphate is considered to be 

a key element. The discussion emphasizes the role of inorganic 

phosphates, in particular of iron and calcium compounds. Figure 1 

illustrates some of the main connections between primary produc- 

tivity and associated decay processes, and the transformation 

and transport of phosphates. 

Inorganic phosphate is converted into particulate organic 

forms by algal uptake during growth and conveyed further through 

the food chain. Through decay and hydrolysis a part of the phos- 

phate is regenerated in the water phase, another part will even- 

tually reach the sediments in which also through decay processes-- 

either aerobic or anaerobic--inorganic phosphate is released. 





Another process that may result in phosphate transport into the 

sediments is the precipitation of calcium carbonate induced by 

photosynthesis. The precipitating carbonate may carry adsorbed 

phosphate. Although apatite theoretically is the thermodynamic 

stable mineral in most sediments, in reality iron seems to be 

the phosphate controlling element in several freshwater sediments. 

Both pH and redox conditions are of paramount interest for the 

phosphate adsorption capacity of iron-containing sediments. 

PHOSPHATE AND CALCIUM CARBONATE 

It has been shown (Stumm and Morgan, 1970)  that the surface 

of calcite can serve for the nucleation of apatite. Figure 2 

shows some results of phosphate adsorption experiments on sedi- 

ments from Lake Brielle, a hypertrophic hard-water lake in the 

southwest of the Netherlands. These sediments contain about 

20 percent calcium carbonate by weight. At high pH considerable 

additional 
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Figure 2.  Phosphate adsorption isotherms on 
Lake Brielle sediments. 



amounts of phosphate are adsorbed because of the calcite present; 

upon removal of the calcite, through ammonium chloride extraction 

prior to equilibration with a phosphate solution, the adsorption 

capacity is reduced to much lower values. Also the dependency 

upon pH is reversed; the highest capacity taking place at low pH, 

which is characteristic of iron-dominated adsorption. Because 

biogenic formation of calcium carbonate occurs at comparatively 

high pH values, the precipitating carbonate may carry substantial 

amounts of phosphate as a surface complex. 

A small laboratory experiment in which the removal of carbon 

dioxide by photosynthetic processes in lake water was simulated 

resulted in the formation of a precipitate at pH = f 9 with con- 

current reduction of the orthophosphate concentration from 0.3 

to about 0.1 mg/liter. However, upon sedimentation the carbonate 

is buried in the sediments in which the pH is much lower because 

of the production of carbon dioxide from the degradation of or- 

ganic material. In Lake Brielle the pH in the surface water may 

reach values of 10 and higher, whereas the interstitial water has 

a pH of around 7 or slightly lower. Hence, a considerable frac- 

tion of the carbonates is solubilized 

and the bound phosphates are released. The concentration of 

calcium in the pore-water is generally between 100 and 280 mg 

calcium/liter, whereas in the overlying water the normal concen- 

tration is 80-90 mg/liter. The fraction of carbonate that is not 

solubilized in the sediments will also lose most of its adsorbed 

phosphate. Extractions of Lake Brielle sediments containing am- 

monium chloride solutions result in removal of only 10-15 percent 

of the total phosphate present. In these extractions the loosely 

bound phosphates are solubilized, including the phosphate asso- 

ciated with calcium carbonate. Hence, it can be concluded that 

calcium carbonate may be an important conveyer of phosphate down- 

ward into the sediments during periods of high photosynthetic 

activity, but it plays a minor role in retaining the phosphate 

in recent sediments of eutrophic freshwater lakes. 



In several anaerobic lake sediments iron (11) has been indi- 

cated as the controlling cation in phosphate solubility (e.g., 

see Emerson, 1976). The evidence is generally obtained by com- 

paring the observed ionic concentrations with the solubility 

product of vivianite (Fe3(P04)2). Selective extractions of sedi- 

ment phosphate also often indicate that a major fraction of phos- 

phate is associated with iron. Depending upon the relative abun- 

dance of iron and phosphate in the anaerobic sediment, and the 

presence of other ions and pH, the concentrations of these other 

ions in the interstitial water are controlled by the solubility 

of vivianite. By diffusion of iron and/or oxygen and subsequent 

oxidation, iron (11) may be converted into iron (III), which has 

a strong tendency to hydrolyze and to form polynuclear species. 

+ ~ e ~ +  - Fe (OH) 2+ + Fe (OH) D Fe (OH) 

Hydrolysis and polymerization are relatively rapid processes; 

they are followed by the comparatively slow process of oxolation, 

in which the hydroxide gradually loses its positive charge 

(Dousma and Bruyn, 1976). As a consequence the phosphate binding 

capacity of iron hydroxide is a function of both age and pH. A 

high positive charge is favored by a low pH and fresh formation, 

and results in a high binding capacity. 

Figure 3 compares adsorption isotherms for the phosphate/ 

aluminum system (pH = 71,  which behaves in a similar way to the 

iron/phosphate system. In one experiment the phosphate was al- 

ready present when the aluminum was added to the solution (curve 

I), whereas in the other the phosphate was adsorbed in a previously 

formed, but less than 5-minute-old, precipitate (curve 2). The 

effect of aging is dramatic. 
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F i g u r e  3.  A d s o r p t i o n  o f  p h o s p h a t e  on  aluminum 
h y d r o x i d e  (pH = 7 ) .  1 r e p r e s e n t s  in 
situ p r e c i p i t a t e d  aluminum h y d r o x i d e ,  
and 2  d e n o t e s  f r e s h l y  p r e c i p i t a t e d  
aluminum h y d r o x i d e .  

The e f f e c t  o f  pH i s  shown i n  F i g u r e  4 ,  r e p r e s e n t i n g  a d s o r p -  

t i o n  i s o t h e r m s  o f  p h o s p h a t e  on f r e s h l y  p r e c i p i t a t e d  i r o n  (111) 

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

The c u r v e s  obey E q u a t i o n ( 1 ) :  

i n  which a l l  c o n c e n t r a t i o n s  and q u a n t i t i e s  a r e  i n  m m o l / l i t e r .  

Under ly ing  t h i s  f o r m u l a  i s  t h e  n o t i o n  t h a t  t h e  f i r s t  p a r t  of  t h e  

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

t h e  h i g h  a f f i n i t y  a d s o r p t i o n  o f  phospha te  i o n s  on t h e  p o s i t i v e l y  

c h a r g e d  s i tes  o f  t h e  h y d r o x i d e .  S i n c e  hydrogen (H+) i s  t h e  po ten-  

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

t o  l o g  [H+] o r  pH. The i s o e l e c t r i c  p o i n t  a c c o r d i n g l y  would b e  

0.298:0.0316 = 9 .4 ,  which i s  h i g h e r  t h a n  g e n e r a l l y  a c c e p t e d .  

The second p a r t  o f  t h e  c u r v e  would c o r r e s p o n d  t o  a  mass -ac t ion-  

law d e s c r i p t i o n  f o r  t h e  b i d e n t a t e  s o r p t i 0 . n  of  phospha te :  

0 

/Fe - OH 

+ H 2 0  + OH- , 
\ 

Fe - OH Fe - 0' 'OH 
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Figure 4. Phosphate adsorption on freshly 
precipitated iron (111) hydroxide 
(pH = 5). 

resulting in an adsorption proportional to the square root of 

the phosphate concentration. However, the important fact here 

is the strong dependence of the phosphate adsorption on pH. 

RELEASE OF PHOSPHATE FROM BOTTOM SEDIMENT 

The physicochemical information described below is signifi- 

cant for understanding the mechanism of phosphate release from 

sediments in which iron is predominant. In spring the top layer 

of the sediment is usually aerobic and contains iron (111) hydroxo- 

phosphate complexes in equilibrium with the interstitial water, 

with comparatively low phosphate concentrations and a pH of 7 or 

slightly higher. In the anaerobic zone, vivianite controls the 

interstitial concentration of iron (11) and phosphate; the rela- 

tive abundance of these elements will be reflected in the ratio 

of their concentrations. During the summer the anaerobic zone 

moves gradually towards the water/sediment interface. This is 



because of increased bacterial activity in the sediments caused 

by the rising temperature and the influx of readily degradable 

organic material being deposited as sediment from the overlying 

water. Also the solubility of oxygen in the water decreases, and 

temporal stratification may reduce the downward transport. 

As long as iron (11) and phosphate diffuse from the anaerobic 

zone into the aerobic zone of the sediments, the in situ oxidation 

of iron (II), in the presence of phosphate, in an environment 

with comparatively low pH will result in the formation of iron 

hydroxy-phosphate precipitates with a relatively high phosphate/ 

iron ratio. The influx of phosphate into the sediments, as de- 

scribed in the introduction, and the progression of the anaerobic 

zone towards the sediment/water interface will gradually reduce 

the favorable conditions for phosphate fixation. The higher 

overall phosphate/iron ratio and the higher pH in the aerobic zone 

at the interface will result in the formation of iron (111) hy- 

droxides with insufficient capacity to check the upward phosphate 

flux. Figure 5 outlines the gradients as discussed above. 

Depth I 

Concentrations - Concentrations - 
Depth 1 

Sediment Sediment 

Figure 5. Environmental conditions near the 
water/sediment interface. 



There are field observations supporting this conceptual model. 

Generally a net phosphate flux from the sediments into the water, 

as inferred from a phosphate balance of the water, is more or less 

veiled by inaccurate estimates of the other sources and sinks. 

However, the data from a potable water reservoir--the Braakman--in 

the southwest of the Netherlands, which contains sediments similar 

to those in Lake Brielle, are most significant. This reservoir 

is filled during the winter; during the remainder of the year 

there are no other inputs or outputs except for the withdrawal 

of water and interaction with the (watertight) bottom. Hence 

changes in totai phosphate concentrations are entirely due to 

exchange with the sediments. Figure 6 shows some observations 

during recent years. For 1975 and 1976 data on oxygen and pH 

near the bottom are also available. In 1975 a destratification 

towards the end of August caused the pH at 0.5 meters above the 

sediment to rise from 8.5 to 9.5; in 1976 a similar situation 

occurred towards the end of July. The resulting increase in 

" + a 2 2  
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Figure 6. Phosphate concentrations in Braakmqn 
I1 Reservoir. 



phosphate concentration can partly be explained by mixing with 

the hypolimnetic water, but must be due largely to extraction of 

the top sediment material by high-pH water. 

The conclusion is that both pH and redox conditions control 

the phosphate exchange between sediment and water. Hence, a 

close interaction exists between primary production and phosphate 

exchange. 
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THE PREDICTION OF SOLUTIONS TO MANAGEMENT AND ENGINEERING 
PROBLEMS RELATED TO THE EUTROPHICATION OF WATER BODIES 

V.A. Vavilin, V.B. Vasilyev, M.Yu. Tsitkin, and 
S.V. Bagotskii 

The eutrophication of water bodies is a typical example of 

a long-term process that requires predictive estimation. Eutro- 

phication is an increase in the primary production of organic 

matter, due to the enrichment of a water body with nutrients that 

stimulate the growth of autotrophic biota. Various natural con- 

ditions contribute to the sharp changes that occur in aquatic 

ecosystems. These conditions are the duration of the warm summer 

season; the illumination and shallowness of the water--they have 

a warming effect; little circulation of the water; and the lack 

of a restraining influence from other factors on algal and biotic 

production processes. 

It is possible to distinguish among the various approaches 

taken to predict the eutrophication rates of water bodies. The 

first approach involves finding a correlation between the bloom 

level and aggregate characteristics, such as total supply of 

biogenic elements uniting the surface area, average depth of the 

water body, water circulation rate (Vollenweider, 1968). Another 

requires the construction of dynamic models (Di Toro et al., 

1975; ~tragkraba, 1975), which may be roughly divided into two 

groups: small models considering a small number of internal 

links and external impacts; and large models with a considerable 

number of variables, internal links, and external impacts. 



Large models, whose construction requires time and expense, 

permit the description of certain structural variations in eco- 

systems. Small models are useful for predfcting solutions to 

management and problems. 

THE DESIGN OF BIOLOGICAL PONDS 

An example of the engineering approach is seen in the design 

of biological ponds, used for the removal of organic matter. An 

aerated biological pond may be considered as a running water con- 

tinuous flow culture with ideal water mixing, see Figure 1. The 

system of equations for concentrations of algae, B, and biogenic 

elements, N is 

where p is the specific rate of algal growth; No is the concen- 

tration of biogenic elements in the influent; w is the dilution 

Air 

Figure 1. An aerated biological pond. 10 
is the surface light intensity; 
N is biogenic elements; No is the 
concentration of biogenic elements 
in the influent; q is the influent 
discharge rate; TO is the tempera- 
ture; and H is the full depth of 
the pond. 



rate ( w  = q/V = 1/T, where q is the effluent discharge rate, V is 

the pond volume, T is the liquid retention time in the biological 

pond); f3 is the constant representing the rate algal self-oxida- 

tion; y is a stoichiometric coefficient. 

Wastewater undergoing additional treatment usually contains 

a large number of biogenic substances such that their concentra- 

tion does not affect the algal growth rate. The same is true of 

dissolved carbon dioxide concentration in an aerated pond. Hence, 

the main factors limiting the development of algae are temperature, 

to and the light intensity, I. Thus, = p (tO,l) . The following 

relationship between p and the intensity of illumination is com- 

monly assumed: 

In order to calculate the average specific growth rate, F, for 

the whole pond it is necessary to estimate 

where h is the depth; H is the full depth of the pond; I(h) = 

~ ~ e - ~ ~ ~ ,  where I. is surface light intensity and n is the coef- 

ficient of light absorption by algae. 

Let us consider the case of Im i I. 5 I enbh, in which light 
m 

is a limiting factor at depths h where 

According to Equation (3) we have 

Under steady-state conditions of further treatment the equation 

is transformed into 



Equation (6) relates the main parameters of a biological 

pond design (volume, depth, retention time) to the component 

concentrations in the influent and effluent. Taking into consid- 

eration Equation (51, we obtain from Equation (6) 

where I. is the average light intensity for 24 hours. 

Figure 2 shows estimates obtained using Equation (7) for 

the following values of constants and parameters: Um is at0 - 
b; B is ntO; a is 0.07 per day/grade; b is 0.28 per day; n is 
0.004 per day/grade; y is 0.1; H is 2 m, 1.5 m, 1 m; Im is 6,800 

lux ; I. is 216,000 lux (Tashkent, July); to is 3 3  "C; n is 0.0015 

mg/liter/cm; No is 15 mg/liter. 

The calculations show that the effectiveness of further 

treatment largely depends on the solar radiation, pond depth, 

and the flow rate. 

B, rnglliter No, rnglliter 

r 1 5  

1 I 
0 0.1 0.2 0.3 0.4 0.5 

W per day 

Figure 2. The concentration of the bio- 
genic elements in influent, 
No, and of algae, B ,  plotted 
versus the dilution rate, w .  



EUTROPHICATION PROCESSES 

Using Equation (1) to describe eutrophication processes in 

a natural water body, we assume that the concentration of biota 

is a limiting factor in the process of algal growth. For in- 

stance, 

In case of a natural water body external factors, such as solar 

radiation, temperature, water circulation rate, supply rate of 

biotic elements to the water body, have seasonal variations--i.e., 

they should be considered as variables. However, if the state 

variables of an ecosystem (phytoplankton concentration and con- 

centration of limiting nutrients) are considered to have rapid 

responses, the values of state variables will have to be adjusted 

to the slowly changing values of external factors. In this case, 

the assumption of steady-state conditions, as represented by Equa- 

tion (61, is valid. 

It is easy to obtain an equation relating phytoplankton con- 

centration to aggregate indices, such as average depth of a water 

body, supply rate of limiting nutrients, water circulation rate, 

solar radiation, and temperature--i.e., 

where No, W, ?O are respective values for a certain season. 

Since, in the course of the seasonal variation of phytoplankton, 

spring, summer, and autumn peaks of algal bloom are distinguishable 

from one another, it is usually necessary to know the values of - - 
No, W, I, ?O for the bloom peak, as well as the characteristics 

of the phytoplankton ( u , B , y ) .  

Versions of Equation (1) may be suggested. If two groups 

of algae (blue-green, B, and all others, D), two limiting elements 

(nitrogen, N, and phosphorus, P) and zooplankton, Z,  are consider- 

ed, the equation becomes 



Thus estimation of the biomass of blue-green and all other 

algae is possible in seasons favorable or unfavorable to blooms. 

The construction of complex simulation models is necessary 

for studies of quantitative changes in aquatic ecosystems, if the 

concentration of biogenic elements is increasing. In this case, 

variables must also include various groups of algae (diatomaceous, 

blue-green, green) and zooplankton (Infusoria, Daphnia, etc.). 

Such models allow us to study the possible indirect effect of 

eutrophication on the various components of an ecosystem. 
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TWO EXAMPLES OF THE USE OF HYDRODYNAMIC MODELS 
IN ECOLOGICAL STUDIES 

J.F. Paul 

To demonstrate the use of hydrodynamic models in ecological 

studies, two extreme cases will be described: first, a case in 

which the solution of the complete three-dimensional hydrodynamic 

equations was required in order to describe the current pattern 

adequately; and, second, a case in which no equations had to be 

solved in order to describe the pertinent processes. These two 

examples will illustrate that the degree of hydrodynamic detail 

is dependent upon the particular problem under investigation. 

FISH LARVAL TRANSPORT MODEL 

The first case involved a study to determine the vulnerabil- 

ity of yellow perch larvae, spawned at different locations in 

western Lake Erie, to possible entrainment at the water intake 

from the Detroit Edison Monroe power station (Paul and Patterson, 

1977). This particular study formed part of a larger effort to 

determine the effect of the power plant water withdrawal on the 

fish population in western Lake Erie (see Figure 1 for a general 

layout of the fish larval study). The Monroe power plant is the 

largest fossil fuel generating plant in the United States (3,200 

megawatts), and it operates a once-through cooling system. At 
3 100 percent pumping capacity, the plant withdraws 100 m /sec of 





water from the Raisin River. Because the river flow was generally 

not sufficient to provide for the cooling requirements of the 

plant, between 5 and 95 percent of the water comes from the lake. 

For this study, the steady-state, three-dimensional hydro- 

dynamics were calculated for the typical winds encountered over 

western Lake Erie in the spring--i.e., south southwest at 6 m/sec. 

For the initial phase of the study, it was necessary to understand 

what occurred, under typical conditions, when the fish larvae 

were spawned and most abundant. Using the calculated three-dimen- 

sional currents, the time-dependent transport of the larvae was 

estimated, assuming that the larvae were spawned at differnt 

locations in the lake. The three-dimensional, time-dependent, 

convective-diffusive equation was used to calculate the larval 

transport. It was assumed that the larvae were transported with 

the local fluid velocities, except in the vertical direction. 

It has been observed that the yellow perch larvae have a predelic- 

tion for the bottom of the water column. To describe this be- 

havior with the model, a settling velocity was added onto the 

local vertical fluid velocity. The calculations were made for 

10 days in 1-hour steps. It has been observed that the larvae 

acquire exaggerated avoidance mechanisms after 10 days. Since 

this behavior could not be adequately described by the model, 

the calculations were stopped at this point. The calculations 

were made with and without the larval settling velocity, in order 

to determine the importance of the vertical distribution of the 

larvae. The percentage of larvae vulnerable to entrainment was 

calculated for each case. 

The calculated surface and near bottom currents are shown 

in Figure 2. A 1-mile by I-mile (1.6-kilometer by 1.6-kilometer) 

horizontal grid with seven vertical points was used in western 

Lake Erie, and an 8-mile by 8-mile (12.8-kilometer by 12.8-kilo- 

meter) horizontal grid was used in the remaining part of the lake. 

It should be noted that along the Michigan shoreline there are 

strong northward currents at the surface, but weaker southward 

currents near the bottom. Also, the surface flow from the Detroit 

River travels along the Canadian shore, while the bottom flow 

travels toward U.S. waters. 
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F i g u r e  2 .  C u r r e n t s  i n  w e s t e r n  Lake  E r i e  
f o r  a  s o u t h  s o u t h w e s t  w ind  a t  
6 m/sec: ( a )  n e a r  b o t t o m  c u r -  
r e n t s  a n d  (,b) s u r f a c e  c u r r e n t s  



The c a l c u l a t e d  r e s u l t s ,  u s ing  t h e  above-mentioned c u r r e n t s ,  

f o r  t h e  s i t u a t i o n  i n  which l a r v a e  were i n i t i a l l y  i n  t h e  D e t r o i t  

River  i s  shown i n  F igure  3. R e s u l t s  f o r  t h e  c a l c u l a t i o n s  w i t h  

and wi thou t  t h e  l a r v a l  s e t t l i n g  v e l o c i t y  a r e  inc luded .  The d i f -  

f e r e n c e  i n  d i s t r i b u t i o n  f o r  t h e  two c a s e s  shou ld  be no ted .  The 

d i f f e r e n c e  between t h e  two c a s e s  i s  p a r t i c u l a r l y  e v i d e n t  when 

t h e  v e r t i c a l l y  i n t e g r a t e d  l a r v a l  c o n c e n t r a t i o n s  a r e  compared 

(F igu re s  3e and 3 f ) .  The h i g h e s t  c o n c e n t r a t i o n  f o r  t h e  v e r t i c a l l y  

i n t e g r a t e d  l a r v a l  popu la t i ons  w i th  no s e t t l i n g  i s  con f ined  t o  

t h e  Canadian sho re .  For  t h e  ca se  w i t h  s e t t l i n g ,  t h e  zone o f  high-  

e s t  c o n c e n t r a t i o n  moves toward t h e  U.S. sho re .  These d i f f e r e n c e s  

i n  r e s u l t s  could  n o t  have been ob ta ined  i f  t h e  v e r t i c a l  dependence 

o f  t h e  c u r r e n t s  had n o t  been inc luded - - i . e . ,  i f  t h e  two-dimen- 

s i o n a l ,  v e r t i c a l l y  i n t e g r a t e d  c u r r e n t s  o n l y  were used .  Th i s  i s  

an  example where it was neces sa ry  t o  c a l c u l a t e  t h e  three-dimen- 

s i o n a l  c u r r e n t s ,  i n  o r d e r  t o  provide  t h e  flows used i n  t h e  ecolog-  

i c a l  model. 

WATER INTAKE PROBLEM 

The second c a s e ,  which d i d  n o t  r e q u i r e  a  s o l u t i o n  o f  t h e  

hydrodynamic e q u a t i o n s ,  was an  i n v e s t i g a t i o n  i n t o  t h e  occu r r ence  

o f  t a s t e  and odor problems i n  t h e  wa te r  supply  a t  t h e  Saginaw- 

Midland Water I n t a k e  S t a t i o n  a t  Whitestone P o i n t  on Saginaw Bay, 

Lake Huron (Pau l ,  1 9 7 7 ) .  During t h e  s p r i n g  and summer, t h e  i n t a k e  

s t a t i o n  u s u a l l y  encoun te r s  s e r i o u s  t a s t e  and odor problems w i t h  

t h e  i n t a k e  w a t e r .  These problems cor respond t o  t h e  s easons  of  

maximum phytoplankton  growth i n  t h e  i n n e r  p o r t i o n  o f  Saginaw Bay; 

however, t h e s e  t a s t e  and odor problems do n o t  c o n t i n u e  throughout  

t h e  seasons  o f  t h e  maximum phytoplankton  growth. The problem 

had reached a  p o i n t  where t h e  managers o f  t h e  i n t a k e  s t a t i o n  were 

c o n s i d e r i n g  a  major r e l o c a t i o n  o f  t h e  i n t a k e  p i p e ,  which would 

be f u r t h e r  o u t  i n t o  Lake Huron. The p r e s e n t  i n v e s t i g a t i o n  was 

an a t t e m p t  t o  provide  an a l t e r n a t i v e  scheme. 

The wa te r  i n t a k e  i s  l o c a t e d  on t h e  no r thwes t  s h o r e  of  Saginaw 

Bay, 3  k i l o m e t e r s  o f f s h o r e  (F igu re  4 ) .  The i n l e t  i s  3  me te r s  o f f  

t h e  bottom, i n  15 mete r s  o f  wa te r .  The i n t a k e  i s  l o c a t e d  i n  t h e  
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Figure 4 .  Saginaw Bay, Lake Huron. 



r e l a t i v e l y  deep channel  t h a t  connects  t h e  i n n e r  and o u t e r  p o r t i o n s  

of  t h e  bay. A f i e l d  s tudy i n  t h e  a r e a  of  i n t a k e  was undertaken 

t o  measure phytoplankton a s  w e l l  a s  t h e  t a s t e  and odor index of 

t h e  water ,  and s t r o n g  c o r r e l a t i o n  between phytoplankton count  and 

odor index was found t o  e x i s t  (F igure  5 ) .  The types  of phyto- 

p lankton dominant i n  t h e  counts  were those  known t o  cause  t a s t e  

and odor problems. From independent  f i e l d  measurements, it was 

shown t h a t  t h e s e  phytoplankton o r i g i n a t e d  i n  t h e  i n n e r  p o r t i o n  

of t h e  bay, t h e  water  movement i n  t h e  bay providing t h e  t r a n s p o r t  

mechanism f o r  these  phytoplankton t o  reach t h e  water  i n t a k e .  

Data on t h e  water  i n t a k e  tempera ture  and wind speed and d i -  

r e c t i o n  a t  t h e  Tawas P o i n t  weather s t a t i o n  w e r e  a v a i l a b l e .  A 

p l o t  of t h e  J u l y  1974 i n t a k e  water  tempera ture  is  shown i n  F igure  

6 ,  i n  which t h e  observed r a p i d  changes i n  tempera ture  over  s h o r t  

pe r iods  of t ime a r e  t y p i c a l  of summer tempera ture  r e c o r d s  a t  t h e  

i n t a k e .  I f  t h e  corresponding wind d i r e c t i o n s  f o r  J u l y  1974 a r e  

examined (Figure  7 ) ,  it can be seen t h a t  t h e  sha rp  tempera ture  

r i s e s  correspond t o  wind s h i f t s  t o  t h e  nor thwest  t o  n o r t h e a s t  

range;  converse ly ,  t h e  sha rp  tempera ture  drops  correspond t o  wind 

s h i f t s  from t h e  northwest  t o  n o r t h e a s t  range.  The c i r c u l a t i o n  

p a t t e r n  i s  such t h a t  when t h e  wind i s  blowing from t h e  sou th  t o  

west range ,  water  flowing p a s t  t h e  i n t a k e  (which i s  loca ted  nea r  

t h e  bottom) comes from t h e  deeper  l a y e r s  of Lake Huron. When 

t h e  wind blows from t h e  northwest  t o  n o r t h e a s t  range ,  water  from 

inne r  Saginaw Bay i s  fo rced  o u t  of t h e  connect ing  channel  and 

f lows p a s t  t h e  in t ake .  The gene ra l  hydrodynamic f lows t h a t  were 

deduced from t h e  above informat ion  a r e  shown i n  F igure  8--the 

flow p a t t e r n s  were confirmed wi th  independent  c u r r e n t  meter  mea- 

surements.  

There seems t o  be a c o r r e l a t i o n  between t h e  t a s t e  and odor 

problems occur r ing  a t  t h e  water  i n t a k e  s t a t i o n  and t h e  p e r i o d s  

i n  which t h e  water  t h a t  is being withdrawn comes from i n n e r  

Saginaw Bay. A simple s o l u t i o n  t o  t h e  problem is t o  withdraw 

t h e  c l e a n e r  Lake Huron water .  A sugges ted  procedure is t o  have 

a va r i ab le -dep th  i n t a k e  p o r t  a t  t h e  s t a t i o n ,  and t o  a d j u s t  t h e  

withdrawal depending upon t h e  immediate wind d i r e c t i o n  h i s t o r y .  
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F i g u r e  5. C o r r e l a t i o n  of  phytop lankton  coun t  
and odor  i ndex .  

F i g u r e  6. Water i n t a k e  t empe ra tu r e  a t  E a s t  Tawas 
f o r  J u l y  1974 .  
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No hydrodynamic e q u a t i o n s  had t o  b e  s o l v e d .  The r e l e v a n t  

f l o w  p a t t e r n  ( t h e  hydrodynamic model) was deduced  by combining 

a n  u n d e r s t a n d i n g  o f  b a s i c  l a k e  hydrodynamics  and a v a i l a b l e  phys- 

i c a l  d a t a .  

The two examples  have  been p r e s e n t e d  t o  i n d i c a t e  some e x t r e m e s  

t h a t  may b e  r e q u i r e d  i n  t h e  hydrodynamic d e t a i l s  o f  e c o l o g i c a l  

s t u d i e s .  The d e t a i l  r e q u i r e d  i n  a  p a r t i c u l a r  s t u d y  depends  upon 

t h e  p u r p o s e  o f  t h a t  s t u d y  and t h e  r e l a t e d  p h y s i c a l  mechanisms. 
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THE NODELING OF AQUATIC ECOSYSTEMS OF SHALLOW 
LAKES EXCHANGING MATTER WITH THE SEDIMENT AND 
WITH NEIGHBORING WATER BODIES 

P. Mauersberger 

A macroscopic,  d e t e r m i n i s t i c  model h a s  been developed by 

Sche l l enbe rge r ,  Kozerski ,  Behrendt and Hoeg i n  o r d e r  t o  s tudy  

t h e  major  f e a t u r e s  of  t h e  a q u a t i c  ecosystem o f  sha l low l a k e s  

(Sche l l enbe rge r  e t  a l . ,  1978) . 
I n  accordance wi th  t h e  amount of  d a t a  a v a i l a b l e  f o r  c a l i -  

b r a t i o n  and v a l i d a t i o n ,  seventeen  chemical  and b i o l o g i c a l  compo- 

n e n t s  can  be t aken  i n t o  account  by t h e  cascade  model o f  mixed 

compartments. The number of  t h e  h o r i z o n t a l l y  a r r anged  compart- 

ments i s  a r b i t r a r y .  Thus, t h e  model i s  o f  a  "medium s i z e  . I '  

Other  c h a r a c t e r i s t i c s  of  t h e  model a r e  i t s  r e p r e s e n t a t i o n  o f  

-- The energy f l u x e s  i n  t h e  ecosystem 

-- S t o i c h i o m e t r i c  c y c l i n g  o f  t h e  n u t r i e n t s  phosphorus and 

n i t r o g e n  
-- Hor izon ta l  i n f lows  and ou t f lows  of  chemica l  and b io log-  

i c a l  components i n t o / o u t  o f  t h e  segments 
-- V e r t i c a l  exchange o f  n u t r i e n t s  and p a r t i c u l a t e  o r g a n i c  

m a t t e r  between sediment  and wa te r  
-- S o l a r  r a d i a t i o n ,  wa te r  t empera tu re ,  wind, and e x t e r n a l  

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

" d r i v i n g  f o r c e s "  o f  t h e  ecosystem 
-- Oxygen s a t u r a t i o n  o f  t h e  whole wa te r  body, s o  t h a t  t h e  

modeling of  t h e  oxygen ba l ance  does  n o t  seem t o  be nec- 

e s s a r y  
-79- 



- - Fish and benthic components 

-- Time lag between the release of nutrients by organisms 

and the subsequent re-use by the primary producers 
-- Calculation of the hydrodynamic transport processes by 

a separate simple model 

THE CHEMICAL AND BIOLOGICAL COMPONENTS OF THE MODEL 

In every segment of the cascade the following constituents 

are taken into consideration; in the aquatic (pelagic) zone--dis- 

solved inorganic nitrogen, dissolved organic nitrogen, dissolved 

orthophosphate, dissolved nonorthophosphate phosphorus, detritus 

(in a special version of the model divided into a labile and a 

refractory component), two groups of phytoplankton: blue-green 

algae and "other phytoplankton," zooplankton, fish, heterotrophic 

bacteria; in the benthic zone--dissolved inorganic nitrogen in 

the interstitial water, dissolved inorganic phosphorus in the 

interstitial water, sediment sorbed phosphorus, bottom detritus, 

phytobenthos, zoobenthos, bottom-populating bacteria. In a spe- 

cial version of the model silica is also taken into account. 

The energy content of the biotic and the detritus components 
3 is measured and stated in kcal/m . The nitrogen and phosphorus 

concentrations in the organic constituents of the ecosystem (stated 
3 in mg nitrogen/m3 and mg phosphorus/m ) are treated stoichio- 

metrically. The biomass of a pelagic constituent with an energy 

content of 1 kilocalorie contains 2.5 milligrams of phosphorus 

and 18 milligrams of nitrogen. The concentrations of phosphorus 

and nitrogen in the detritus and the phytobenthos amount to half 

of these values. 

EQUATIONS IN THE MODEL 

The model of Schellenberger et al. consists of a system of 

ordinary differential equations of first order, the solut'ion of 

which is performed with the help of a digital electronic computer 

of the type BESM-6. 



For the biotic components of the ecosystem (i.e., for the 

phytoplankton groups, and the consumers and decomposers), the 

following balance equations are used 

where B is the energy content of the biomass of the jth component; 
j 

A. is the gross production; A = R - E 
j j j  

= pjRj is the gross 
3 

production of the jth consumer group; E is the nonassimilated 
j 

food; is the efficiency of assimilation; R = Rjn is inges- 
j 

tion (total feeding rate); Rm is the partial feeding rate (n is 

prey) ; Q .= c .A. is dissimilation (respiration) ; F .= C R is the 
3 3 3  3 m m? 

grazing rate; M. is physiological mortality (connected wlth water 
3 

temperature and with temperature decline); Z is the sinking rate 
j 

(of plankton); X is the external load or/and import from neigh- 
j 

boring segments; Y, is the export into neighboring segments. 
3 

The components, BD, of two groups of particulate organic 

matter (pelagic and benthic detritus) are increased by mortality, 

M and by nonassimilated food, E of the aquatic biota, and by 
1' I ' 

the import, XD, into the segment. They decrease by export, YD, 

by bacterial decay, and through grazing by zooplankton or zoo- 

benthos, RkD. Furthermore, the balance of the pelagic detritus 

is influenced by the difference, ZD, between sedimentation and 

the stirring-up of the sediment, depending upon the temperature, 

the wind, and the current system. For the benthic detritus, ZD 

symbolizes the difference between the losses (from stirring-up 

or from transition, U, into deeper sediment layers inaccessible 

to the overlying water) and the sedimentation rate of dead organic 

matter. Thus, the balance equations of the detritus components 

are of the type 

The accumulation rate, U, of "stable sediments" is assumed to be 

u = u  miner. +c(B~-13;)) , (3 

consisting of the mineral contribution, Uminer., and the enrich- 

ment of bottom detritus, Bh, exceeding a threshold, BA. 



I n  t h e  a q u a t i c  zone, t h e  d i s s o l v e d  o r g a n i c  n i t r o g e n  and t h e  

d i s s o l v e d  nonorthophosphate phosphorus, CJ ,  a r e  produced propor- 

t i o n a l  t o  t h e  m o r t a l i t y ,  Mk,  o f  t h e  a q u a t i c  b i o t a ,  and become * 
reduced by r e m i n e r a l i z a t i o n ,  R = BjCj% (% i s  t h e  g r o s s  pro- 

j 
d u c t i o n  of  b a c t e r i a ) .  They a r e  exchanged w i t h  t h e  sur rounding  

compartments, X . , Y . , 
I I 

* 
dC. /d t  = Z akjMk - R. + X. - Y 

I k I I 1 '  

Dissolved  ino rgan ic  n i t r o g e n  o r  orthophosphate is  genera ted  

by b a c t e r i a l  d i s s i m i l a t i o n ,  by r e m i n e r a l i z a t i o n  o f  o r g a n i c  n i t r o -  

gen o r  "nonorthophosphate phosphorus, " and by t h e  nonass imi la ted  
Aprim. food. They a r e  consumed dur ing  primary product ion ,  , and 

exchanged w i t h  t h e  ne ighbor ing  compartments 

* 
Z s.ymbolizes t h e  exchange wi th  t h e  sediments .  

j 

SEDIMENT SUBMODELS 

A p a r t  o f  t h e  ecosystem model c o n s i s t s  o f  l i n e a r  ba lance  

equa t ions  o f  t h e  fo l lowing bottom components: d i s s o l v e d  phospho- 

r u s  and d i s s o l v e d  n i t r o g e n .  The v a r i a t i o n s  o f  d i s s o l v e d  phospho- 

r u s  i n  t h e  i n t e r s t i t i a l  wa te r ,  Cp,. r e s u l t  from 

- - B a c t e r i a l  and a u t o l y t i c  decomposition o f  t h e  bottom d e t -  

r i t u s  and t h e  b i o t i c  components t h a t  have s e t t l e d  on t h e  

sediment  
- - The r e l e a s e  of  sediment  sorbed phosphorus, C i  , enhanced 

under anaerobic  c o n d i t i o n s  depending on t h e  e x t e n t  of  

decomposition o f  o rgan ic  m a t e r i a l s  and t h e  oxygen pene- 

t r a t i o n  i n t o  t h e  r e a c t i v e  sediment l a y e r  
-- Phytobenth ic  a s s i m i l a t i o n  



-- Chemical f i x a t i o n  and a d s o r p t i o n  o f  phosphorus by t h e  

sediment  
-- The r e l e a s e  of  d i s s o l v e d  i n t e r s t i t i a l  phosphorus i n t o  

t h e  wa te r  body 

The amount, CN,  o f  d i s s o l v e d  n i t r o g e n  i n  t h e  i n t e r s t i t i a l  

wa te r  i s  a l s o  e n l a r g e d  by t h e  decomposit ion o f  bottom d e t r i t u s  

and o f  components dying  du r ing  sed imen ta t ion ,  b u t  it is diminished 

by t h e  uptake  through phytobenthos ,  by d e n i t r i f i c a t i o n ,  and by 

r e l e a s e  i n t o  t h e  f r e e  water  body. D e n i t r i f i c a t i o n  is  assumed t o  

be p r o p o r t i o n a l  t o  CN , t o  t h e  amount o f  s ed imen ta t ion  o f  o r g a n i c  

m a t e r i a l  d u r i n g  t h e  previous  30 days ,  and t o  a l i n e a r  f u n c t i o n  

o f  tempera ture .  

The mixing o f  d i s s o l v e d  i n t e r s t i t i a l  phosphorus w i t h  t h e  

sediment  ( p r o p o r t i o n a l  t o  C ) is  t h e  sou rce  o f  ba l ance  i n  s e d i -  P 
ment sorbed  phosphorus, C; , which becomes reduced by r e s o l u t i o n  

(enhanced under anae rob ic  c o n d i t i o n s )  and by t h e  t r a n s i t i o n ,  U;, 

i n t o  sediment  l a y e r s  i n a c c e s s i b l e  t o  t h e  o v e r l y i n g  wa te r  body. 

I t  i s  assumed t h a t  U; = C;U/B; . 
A s p e c i a l  model f o r  t h e  exchange o f  phosphorus a c r o s s  t h e  

sediment/water  i n t e r f a c e  has  been developed by Kozerski  (1977) ,  

t a k i n g  i n t o  account  t h e  fo l lowing  components 

-- Organic m a t e r i a l s  i n  t h e  r e a c t i v e  sediment  l a y e r  

- - I ron  components i n  a h igh  l e v e l  o f  o x i d a t i o n  

- - I ron  components i n  a lower l e v e l  o f  o x i d a t i o n  

-- Phosphates sorbed  by o x i d i z e d  i r o n  components 

-- Phosphates sorbed  by reduced i r o n  components 

-- Chemically f i x e d  phosphorus 

-- Dissolved phosphates i n  t h e  i n t e r s t i t i a l  wa te r  

- - Dissolved phosphates i n  t h e  o v e r l y i n g  bottom wa te r  

- - Dissolved  i r o n  components i n  t h e  i n t e r s t i t i a l  wa te r  

-- Dissolved i r o n  components i n  t h e  o v e r l y i n g  bottom water  

and t h e  fo l lowing  p rocesses  

- - Sedimenta t ion  and decay of  o rgan ic  m a t e r i a l s  

-- Desorpt ion ,  r educ t ion  and ox ida t ion  p r o c e s s e s  o f  i r o n  

-- Adsorption o f  phosphates t o  i r o n  compounds 



- - Chemical  r e a c t i o n s  under  v a r y i n g  o x i d i z i n g  and r e d u c i n g  

c o n d i t i o n s  
- - T r a n s p o r t  p r o c e s s e s  between t h e  s ed imen t  and t h e  w a t e r  

- - T r a n s p o r t  o f  oxygen i n t o  t h e  s ed imen t  

-- T r a n s i t i o n  o f  m a t e r i a l s  from t h e  t h i n  r e a c t i v e  s u r f a c e  

l a y e r  ( 5  t o  10 m i l l i m e t e r s )  i n t o  d e e p e r  s ed imen t s  i n a c -  

c e s s i b l e  t o  t h e  o v e r l y i n g  w a t e r  body 

The a d s o r p t i o n  is d e s c r i b e d  by t h e  a d s o r p t i o n  i s o t h e r m  of Langmuir,  

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

( f i r s t - o r d e r  r e a c t i o n s )  . Thi s  model was s u c c e s s f u l l y  t e s t e d  

a g a i n s t  t h e  l a b o r a t o r y  r e s u l t s  o b t a i n e d  by Tessenow (1972 ) .  But  

it does  n o t  y e t  a l l o w  f o r  r a p i d  env i ronmen ta l  v a r i a t i o n s .  Fur- 

t he rmore ,  accumula t ion  and/or  r e l e a s e  of  s ed imen t  n i t r o g e n o u s  

s u b s t a n c e s ,  r e s u s p e n s i o n  o f  m a t e r i a l s  from t h e  s ed imen t  by macro- 

b e n t h o s ,  and t h e  l i k e  a r e  beyond t h e  scope  of  t h i s  model .  

A f a i r l y  g e n e r a l  s ed imen t  model s h o u l d  comprehend a  d e t a i l e d  

d e s c r i p t i o n  of  b i o l o g i c a l ,  chemica l ,  and  p h y s i c a l  p r o c e s s e s  wi th-  

i n  t h e  s ed imen t  and a t  t h e  sed iment /wate r  i n t e r f a c e .  The d e s c r i p -  

t i o n  shou ld  i n c l u d e  

-- The i n f l u e n c e  o f  r a p i d l y  growing o r  changing  b e n t h i c  

p o p u l a t i o n s  
-- Nonl inea r  b i o l o g i c a l  and chemica l  p r o c e s s e s  and t h e i r  

dependence p a r t i c u l a r l y  upon t e m p e r a t u r e ,  b u t  a l s o  upon 

redox  p o t e n t i a l ,  p H ,  i r o n  and c a l c i u m  c o n c e n t r a t i o n s ,  

and t h e  l i k e  
- - The comple te  sy s t em o f  chemica l  r e a c t i o n s  between t h e  

most  i m p o r t a n t  n u t r i e n t  components,  i n c l u d i n g ,  f o r  ex- 

ample, d e n i t r i f  i c a t i o n  
- - The s o r p t i o n  and b i n d i n g  c a p a c i t i e s  o f  d i f f e r e n t  t y p e s  

o f  s ed imen t s  
- - The r o l e  o f  " i n a c t i v e "  a l l o c h t h o n o u s  and au toch thonous  

m a t e r i a l s ,  a s  w e l l  a s  r e a c t i v a t i o n  p r o c e s s e s  
- - The t r a n s i t i o n  of  m a t e r i a l  i n t o  sed iment  l a y e r s  i nacce s -  

s i b l e  t o  t h e  o v e r l y i n g  w a t e r  body 
-- D i f f u s i o n  p r o c e s s e s  i n  t h e  s ed imen t ,  and d i f f u s i o n  of 

t h e  s o l u b l e  s u b s t a n c e s  th rough  t h e  i n t e r s t i t i a l  w a t e r  



-- Removal mechanisms a t  t h e  water/mud i n t e r f a c e  under  vary-  

i n g  c o n d i t i o n s  ( such  a s  wind, c u r r e n t s ,  redox p o t e n t i a l ,  

d i f f u s i o n )  
- - The i n f l u e n c e  o f  t u r b u l e n c e ,  t empera tu re ,  b i o l o g i c a l  

a c t i v i t i e s ,  and t h e  l i k e  on t h e  s ed imen ta t ion  p r o c e s s  

o f  phytoplankton and d e t r i t u s  
-- The i n f l u e n c e  of  t u r b u l e n t  wind mixing on t h e  sedimenta-  

t i o n  r a t e s ,  s t i r r i n g  r a t e s ,  r e suspens ion  o f  sed iments ,  

oxygen p e n e t r a t i o n ,  and t h e  r e l a t e d  o r g a n i c  decomposi t ion 

I t  i s  h i g h l y  d e s i r a b l e  t h a t  bo th  t h e  a e r o b i c  and t h e  anae rob ic  

s t a t e s  a r e  i nc luded  i n  t h e  ba l ance  e q u a t i o n s .  

Labora tory  exper iments  w i t h  s u b t r a c t e d  sediment  samples a r e  

u s e f u l  f o r  t h e  i n v e s t i g a t i o n  of  g e n e r a l  laws and t h e  e v a l u a t i o n  

o f  "gene ra l  c o e f f i c i e n t s "  ( such  a s  a d s o r p t i o n  i so the rms ,  decom- 

p o s i t i o n  r a t e s  a s  f u n c t i o n s  o f  t empera tu re ,  o x i d a t i o n  and reduc-  

t i o n  r a t e s ,  t h e  i n f l u e n c e  o f  c a t a l y z i n g  s u b s t a n c e s ) .  

SPECIAL FEATURES OF THE EQUATIONS I N  THE MODEL 

Cons t an t  S t o i c h i o m e t r i c  Models 

These a r e  s u i t a b l e  f o r  t h e  s i m u l a t i o n  o f  t h e  mean annual  

v a r i a t i o n s .  But ,  an  element-cycle model seems t o  be neces sa ry  f o r  

modeling f a s t  p roces se s  o c c u r r i n g  w i t h i n  a  s h o r t  t ime i n t e r v a l ,  

f o r  i n s t a n c e  d u r i n g  a  p e r i o d  o f  i n t e n s i v e  growth. I n  t h i s  c a s e  

t h e  i n t e r c e l l u l a r  c o n c e n t r a t i o n s  o f  n u t r i e n t s  shou ld  a l s o  be 

t a k e n  i n t o  account .  Obviously,  t h i s  i nvo lves  t h e  i n t r o d u c t i o n  

o f  many more s t a t e  v a r i a b l e s  and parameters  i n t o  t h e  model, t h e  

mathemat ica l  s t r u c t u r e  and p r a c t i c a l  use of  which become more 

and more complex. 

The Uptake of  N u t r i e n t s  by Phytoplankton  

Th i s  i s  a  n o n l i n e a r  p r o c e s s  d e s c r i b e d  by t h e  Monod k i n e t i c s .  

I n  t h e  model o f  Sche l l enbe rge r  e t  a l . ,  t h e  g r a z i n g  t e rm f o r  each  

of  t h e  consumers i s  s imu la t ed  by an e x p o n e n t i a l  r e l a t i o n s h i p  



o r  by a n  e q u a t i o n  o f  Monod's t y p e  

where R i s  i n g e s t i o n ;  B  i s  t h e  b iomass ;  T  i s  t h e  t e m p e r a t u r e ;  
j j  

a  and  b  a r e  s p e c i e s - s p e c i f i c  c o e f f i c i e n t s ;  and k  i s  t h e  t r o -  
j j j n  

p h i c  r e l a t i o n s h i p  m a t r i x .  E q u a t i o n  ( 6 )  i n v o l v e s  t h e  a s y m p t o t i c  * 
c a s e s :  R s R .  f o r  o p t i m a l  f e e d i n g  c o n d i t i o n s ,  and R 

j I j z a j K  
k .  B  f o r  s c a r c e  food  c o n c e n t r a t i o n s .  The h a l f - s a t u r a t i o n  v a l u e  

I n  n  
i n  E q u a t i o n  ( 8 )  is  n o t  assumed t o  be c o n s t a n t - - i n  a c c o r d a n c e  w i t h  

e x p e r i m e n t a l  d a t a  and t o  a  s t a t e m e n t  by H o l l i n g  ( 1 9 6 6 ) .  

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

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

W i t h i n  t h e  framework of  an e c o s y s t e m  model o f  "medium s i z e , "  it 

seems b e t t e r  t o  u s e  a  g e n e r a l  f o r m u l a t i o n  o f  t h e  g r a z i n g  r a t e  

a p p l i c a b l e  t o  a l l  t y p e s  o f  t r o p h i c - l e v e l  consumers ,  e s p e c i a l l y  

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

m e n t a t i o n ,  a r e  a l s o  modeled i n  a n  a p p r o x i m a t i v e  manner.  B u t  i f  

we aim t o  model s p e c i a l  f e a t u r e s  o f  e n e r g y  and mass t r a n s p o r t  

t h r o u g h  t h e  food  c h a i n  between p h y t o p l a n k t o n  and f i s h ,  we have 

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

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

The Modeling of  Two Groups o f  P h y t o p l a n k t o n  

S c h e l l e n b e r g e r  e t  a l . ,  u s e  t h e  same t y p e  o f  e q u a t i o n s ,  b u t  

d i f f e r e n t  p a r a m e t e r  v a l u e s  f o r  t h e  two components b l u e - g r e e n  

a l g a e  and o t h e r s .  Fur thermore  c o n c e r n i n g  n i t r o g e n  f i x a t i o n  by 

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

n i t r o g e n  f a l l s  below a  c e r t a i n  t h r e s h o l d ,  it s e e m s  w o r t h w h i l e ,  

f rom an  e c o l o g i c a l  and a  m a t h e m a t i c a l  p o i n t  o f  view,  t o  i n v e s t i -  

g a t e  t h e  s p l i t t i n g  o f  zooplank ton  i n t o  a t  l e a s t  two and phyto-  

p l a n k t o n  i n t o  more t h a n  two components ( e - g . ,  a  b lue-green  a l g a e  



component w i t h o u t  n i t r o g e n  f i x a t i o n  o r  d i a t o m s )  . The model ing  

o f  a l g a l  s u c c e s s i o n s  d u r i n g  t h e  y e a r  c a l l s  f o r  a  "many-component 

model ,  I' b u t  a l s o  r e q u i r e s  f u r t h e r  l i m n o l o g i c a l  i n v e s t i g a t i o n s ,  

i n  o r d e r  t o  o b t a i n  d a t a  f o r  t h e  c a l i b r a t i o n  and  v a l i d a t i o n  o f  t h e  

model.  Thus, c h e m o s t a t  d a t a  a r e  more u s e f u l  t h a n  b a t c h  c u l t u r e  

measurements .  But  s i n c e  it is  d i f f i c u l t  t o  r e l a t e  e x p e r i m e n t a l  

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

a l s o  n e c e s s a r y .  

P r i m a r y  P r o d u c t i o n  by t h e  P h y t o b e n t h o s  

I n  many e u t r o p h i c  l a k e s  t h i s  i s  less t h a n  t h e  p h y t o p l a n k t o n  

p r o d u c t i o n .  T h e r e f o r e ,  S c h e l l e n b e r g e r  e t  a l .  assume t h a t  o n l y  

t h e  u p p e r  nonshaded p a r t s  o f  t h e  submerged p l a n t s  a s s i m i l a t e  

n u t r i e n t s .  Thus, t h e  growth o f  t h e  p h y t o b e n t h o s  d o e s  n o t  depend 

upon t h e  biomass  o f  t h e  p h y t o b e n t h o s ,  b u t  upon t h e  s i z e  o f  t h e  

a r e a  o v e r  which t h e  p h y t o b e n t h o s  grows,  and upon t h e  o p t i c a l  

p r o p e r t i e s  o f  t h e  o v e r l y i n g  w a t e r  body. 

APPLICATION OF THE MODEL 

The model was i n i t i a l l y  d e v e l o p e d ,  c a l i b r a t e d ,  and v e r i f i e d  

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

B a l t i c  S e a  c o a s t  between Rostock and S t r a l s u n d ,  occupying  an  a r e a  

o f  197 s q u a r e  k i l o m e t e r s .  The mean d e p t h  i s  1.7 m e t e r s .  I n  mod- 

e l i n g  t h i s  c h a i n  o f  i n l e t s ,  f o u r  compartments  were u s e d .  The 
5 3 i n p u t  f rom t h e  d r a i n a g e  b a s i n  (9  - 7  . 10 m /day)  and  t h e  exchange  

w i t h  t h e  b r a c k i s h  w a t e r  o f  t h e  B a l t i c  S e a  a r e  t a k e n  i n t o  a c c o u n t .  

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

a  p a p e r  by Schnese  and S c h e l l e n b e r g e r  ( 1 9 7 6 ) .  I n  e a c h  o f  t h e  

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

t o n ,  z o o p l a n k t o n ,  and  n u t r i e n t  c o n c e n t r a t i o n s  c o r r e s p o n d  w e l l  t o  

o b s e r v a t i o n s  ( F i g u r e  1 ) .  Because o f  t h e  r a p i d  r e c y c l i n g  o f  phos- 

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

i s  much more pronounced t h a n  t h e  v a r i a t i o n  o f  o r t h o p h o s p h a t e  

( F i g u r e  2 )  . Almost 80 p e r c e n t  o f  t h e  i m p o r t e d  p h o s p h o r u s  i s  

shown t o  b e  r e t a i n e d  i n  t h e  s e d i m e n t s  o f  t h e  i n n e r  i n l e t  r e g i o n s .  
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Figure 1. Annual phytoplankton fluctuations: 
(a) observation and (b) simulation. 
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Figure 2. Annual variation of the nutrient con- 
centrations. TN is total nitrogen, TP 
is total phosphorus, OP is orthophos- 
phate, and DIN is dissolved inorganic 
nitrogen. 



The model has also been applied to the aquatic ecosystem of 

the Grosser Muggelsee. The River Spree with an average discharge 
5 3 of 8.7 10 m /day runs through this lake (surface 7.7--square 

kilometers; mean depth--4.8 meters), which is situated near Berlin, 

GDR. Some results of modeling the Grosser Muggelsee are shown in 

Figures 3 and 4, and predictions of the effects of environmental 

management on the lake's aquatic ecosystem are expected in the 

future. 

Observation 

,,,-,, Model 

Figure 3. Phytoplankton (blue-green algae and 
others) in the Grosser Muggelsee. 

s/m3 I - Observation 
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Figure 4 .  Dissolved inorganic nitrogen 
in the Grosser Muggelsee. 
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DEVELOPMENT AND VERIFICATION OF A  MODEL FOR PREDICTING 
EUTROPHICATION TRENDS I N  CZECHOSLOVAKIA 

An  a n a l y s i s ,  b a s e d  on an e m p i r i c a l / t h e o r e t i c a l  model ,  o f  t h e  

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

I n t e r n a t i o n a l  B i o l o g i c a l  Programme--Section P r o d u c t i v i t y  o f  F r e s h -  

w a t e r  ( ~ t r a g k r a b a ,  1978a)  s u g g e s t s  some t h e o r e t i c a l l y  sound  and  

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

p rob lems .  

A  s h a l l o w  l a k e  i s  d e f i n e d  a s  a  l a k e  w i t h  n o  pe rmanen t  t e m -  

p e r a t u r e  s t r a t i f i c a t i o n .  Accord ing  t o  a n  e m p i r i c a l  r e l a t i o n s h i p  

o b s e r v e d  f o r  d i f f e r e n t  sets o f  t e m p e r a t e  l a k e s ,  t h e  m i x i n g  d e p t h  

i s  r e l a t e d  t o  t h e  s u r f a c e  d i m e n s i o n s  o f  t h e  l a k e  a s  c h a r a c t e r i z e d  

by  t h e  maximum l e n g t h ,  e f f e c t i v e  l e n g t h ,  o r ,  more p r e c i s e l y ,  

f e t c h  s i z e .  The e m p i r i c a l  r e l a t i o n s h i p s  imply  t h a t  a  l a k e  w i t h  

a maximum d e p t h  o f  a  few meters w i l l  b e  " d e e p , "  i f  s m a l l ,  w h e r e a s  

a  l a r g e  l a k e  w i t h  a  d e p t h  o f  2 0  meters w i l l  b e  " s h a l l o w . "  The 

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

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

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

EUTROPHICATION MODELS 

The p h y t o p l a n k t o n  and  c h l o r o p h y l l - a  p r o d u c t i o n  c o n c e n t r a t i o n  

o f  d i f f e r e n t  sets o f  t e m p e r a t e  l a k e s  is  r e l a t e d  t o  t h e  t o t a l  



phosphorus  o r  o r t h o p h o s p h a t e  phosphorus  c o n c e n t r a t i o n  by a  l o g i s -  

t i c  t y p e  o f  e q u a t i o n ,  r a t h e r  t h a n  by t h e  Sakamoto, D i l l o n ,  and  

R i g l e r  power c u r v e  ( S t r a g k r a b a ,  1977, and Desor tov6  e t  a l . ,  

1 9 7 7 ) .  An a n a l y s i s  o f  f o u r t e e n  d a t a  sets from a l l  o v e r  t h e  w o r l d  

( S t r a g k r a b a ,  1978b) s u g g e s t s  t h a t  t h e  phosphorus  l i m i t a t i o n  i s  

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

a b o u t  4 0 - 7 0 p g / l i t e r .  I n  a c c o r d a n c e  w i t h  t h e  p h o t o s y n t h e t i c  i n t e -  

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

a n d  m i x i n g  d e p t h ,  s h a l l o w  and  t r a n s p a r e n t  l a k e s  t e n d  t o  have  

h i g h e r  c h l o r o p h y l l  c o n c e n t r a t i o n s  t h a n  deep  l a k e s  o r  less t r a n s -  

p a r e n t  o n e s .  

I n  t h e  a n a l y s i s  p roduced  by t h e  I n t e r n a t i o n a l  B i o l o g i c a l  

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

d e t e r m i n e d  by a t  l e a s t  t h e  f o l l o w i n g  a x e s :  g e o g r a p h i c  l o c a t i o n ,  

d e p t h ,  l i g h t  e x t i n c t i o n ,  l i m i t i n g  n u t r i e n t  c o n c e n t r a t i o n ,  w a t e r  

r e t e n t i o n  t i m e ,  and  an  e x p l o i t a t i o n  p r e s s u r e  on p h y t o p l a n k t o n ,  

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

( S t r a g k r a b a ,  1978b) .  

An a n a l y t i c a l  s i m u l a t i o n  model was b u i l t  t o  d e a l  w i t h  t h e  

m u l t i d i m e n s i o n a l i t y  o f  t h e  problem.  The b a s i c  s t a t e  v a r i a b l e s  

a r e  p h y t o p l a n k t o n ,  z o o p l a n k t o n ,  and p h o s p h a t e  phosphorus ,  w i t h  

feedback  i n t e r r e l a t i o n s h i p s  and  n o n l i n e a r  r e l a t i o n s h i p s  o f  photo-  

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

b iomass  ( s t r a g k r a b a ,  1978b) . Three  s t a g e s  o f  v e r t i c a l  model 

c o m p l e x i t y  c a n  b e  d i s t i n g u i s h e d  ( S t r a g k r a b a ,  1 9 7 6 b ) ,  t h e  one- 

l a y e r  o r  s h a l l o w  l a k e  ( e p i l i m n i o n )  model,  t h e  two- layer  o r  d e e p  

l a k e  (epilimnion/hypolimnion) model and t h e  t h r e e - l a y e r  model 

(ep i l imnion/hypol i rnn ion /sed iments ) .  Whereas,  we have  some ex- 

p e r i e n c e  i n  u s i n g  t h e  o n e - l a y e r  (~vo$Akov&,  1974; 1977) and  t h e  

t w o - l a y e r  model ( ~ v o $ ~ k o v d ,  1 9 7 6 ) ,  we have  n o  e x p e r i e n c e  i n  u s i n g  

t h e  t h r e e - l a y e r  model,  which h a s  o n l y  r e c e n t l y  been  deve loped  

w i t h  t h e  c o o p e r a t i o n  o f  D r .  K o z e r s k i ,  ( I n s t i t u t  f u r  Geographie  

und Geokolog ie ,  Akademie d e r  W i s s e n s c h a f t e n ,  GDR) , and  i s  a t  a  

s t a g e  o f  v e r i f i c a t i o n .  

W e  have  t e s t e d  more complex models  ( S t r a g k r a b a  e t  a l . ,  1977) 

b u t  have  found  t h e i r  b e h a v i o r  d i f f i c u l t  t o  u n d e r s t a n d .  With t h e  

c o o p e r a t i o n  o f  D r .  P a r k ' s  g roup  (Troy ,  N e w  York, U n i t e d  S t a t e s ) ,  



we have modi f ied  t h e i r  complex e c o l o g i c a l  model, CLEANER, t o  f i t  

t h e  c o n d i t i o n s  i n  S lapy  Rese rvo i r ,  b u t  t h e s e  m o d i f i c a t i o n s  a r e  

n o t  adequate .  

The most impor tan t  v e r i f i c a t i o n  procedure  o f  a  model is  t o  

cove r  t h e  s i g n i f i c a n t  t r e n d s  o f  e u t r o p h i c a t i o n  t h a t  a r e  recog- 

n i zed  e m p i r i c a l l y .  Because t h i s  i nvo lves  d i f f e r e n t  p r o c e s s e s  

t h a t  must be  understood i n  o r d e r  t o  s e l e c t  op t ima l  management 

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

on ly  t h e  i n t e g r a l  va lue  f o r  t h e  s t a t e  v a r i a b l e s  b u t  a l s o  t h e  an- 

n u a l  changes of  t h e  d i f f e r e n t  processes- -e .g . ,  g r o s s  photosyn- 

t h e s i s ,  r e s p i r a t i o n ,  s ed imen ta t ion ,  and g r a z i n g  by zooplankton,  

r a t e s  o f  phosphorus exchange due t o  i n p u t / o u t p u t ,  and t o  uptake  

by phytoplankton .  Also,  t h e  degree  o f  l i m i t a t i o n  by phytoplank- 

t o n  p h o t o s y n t h e s i s ,  due t o  d i f f e r e n t  va r i ab l e s - - e .g . ,  l i g h t ,  tem- 

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

change i n  t h e  s t a t e  o f  t h e  l a k e  should  cor respond n o t  on ly  t o  ob- 

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

ecosystem. 

Th i s  s tudy  h a s  r e c e n t l y  l e d  u s  t o  t h e  hypo thes i s  o f  a  h i e r -  

a r c h i c a l  sw i t ch ing  mechanism f o r  t h e  n a t u r a l  c o n t r o l  o f  eu t roph i -  

c a t i o n ,  which accommodates t h e  fo l lowing  f a c t o r s :  

-- Phosphorus l oad ing  c o n t r o l  o f  low phosphorus i n p u t s  

-- C o n t r o l  by depth  d i s t r i b u t i o n  o f  l i g h t  a t  medium phos- 

phorus  l o a d s  i n  deeper  l a k e s  
-- Cont ro l  by s e l f - s h a d i n g  and biomass e f f e c t  a t  low dep ths  

and h i g h  phosphorus and h y d r a u l i c  l oads  
-- Cont ro l  by zooplankton g r a z i n g  and i n t e r n a l  n u t r i e n t  

c y c l i n g  ( p a r t i c u l a r l y ,  by zooplankton e x c r e t i o n )  a t  

h igh  phosphorus,  b u t  low h y d r a u l i c ,  l oads  
-- Cont ro l  by f i s h  v i a  zooplankton m o r t a l i t y  and graz ing-  

r a t e  changes a t  bo th  average  and h igh  l o a d s  

I n  o r d e r  t o  compare model runs  w i th  t h e  observed t r e n d s ,  c y c l i c  

s t a b i l i t y  o f  t h e  model must be  achieved ,  and on ly  s t a b i l i z e d  

runs  w i t h  s e l f - e s t a b l i s h e d  i n i t i a l  c o n d i t i o n s  a r e  eva lua t ed .  An 

au toma t i c  program f o r  such p l o t s  runs  on ou r  Hewlett-Packard 9810 

c a l c u l a t o r  ( f o r  a  1-year  s i m u l a t i o n  w i t h  t h e  one- layer  model, and 

us ing  a  fou r th -o rde r  c o n s t a n t  s t e p  Runge-Kutta i n t e g r a t i o n  method, 



t h e  run  t a k e s  abou t  30 minutes)  and on t h e  IBM 370 (us ing  t h e  

s i m u l a t i o n  language CSMP wi th  a  s e l e c t i o n  of  d i f f e r e n t  numer ica l  

i n t e g r a t i o n  methods, a  1-year s i m u l a t i o n  t a k e s  1  minute t o  1  min- 

u t e  30 seconds CPU t ime f o r  t h e  run  depending upon t h e  i n t e g r a -  

t i o n  method used.  

PARAMETER ORGAN1 ZATION 

For parameter  o p t i m i z a t i o n ,  t h e  one- layer  model i s  a l s o  imple- 

mented on a  hyb r id  computer i n  ano the r  computer c e n t e r  w i th  t h e  

coope ra t ion  o f  b i o c y b e r n e t i c  e n g i n e e r s  ( 1  -year  s i m u l a t i o n  t a k e s  

abou t  16 s e c o n d s ) .  Parameter  o p t i m i z a t i o n ,  u s ing  bo th  a  d e t e r -  

m i n i s t i c  o p t i m i z a t i o n  procedure  f o r  l o c a l  minima, and,  more r e -  

c e n t l y ,  a l s o  a  s t o c h a s t i c  s e a r c h  o f  g l o b a l  minima shows t h a t  t h e  

performance o f  t h e  model conforms t o  t h e  observed d a t a .  T h i s  

should n o t  b e  cons ide red  a s  a  g u a r a n t e e  o f  t h e  accuracy  of  t h e  

model ' s  p r e d i c t i o n s .  Even r u n s  u s i n g  u n s u i t a b l e  model e q u a t i o n s  

o r  changed v a l u e s  of  nonoptimized parameters  a r e  found t o  f i t  

t h e  d a t a .  The hybr id  model i s  a l s o  used i n  two k i n d s  of s e n s i -  

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

w i th  r e s p e c t  t o  t h e  pa rame te r s ,  a f t e r  Tomovic; and a  more s imple  

method, i nvo lv ing  t h e  r e p r e s e n t a t i o n  o f  t h e  annual  t r e n d  o f  d i f -  

f e r e n c e s  between s t a n d a r d  and d i s t u r b e d  r u n s  normalized t o  para-  

meter  v a l u e  changes.  The l a t t e r  k ind  of  a n a l y s i s  i n d i c a t e s  t h e  

r e s t r i c t e d  v a l u e  of  s e n s i t i v i t y  a n a l y s i s .  Mathemat ica l ly ,  sen- 

s i t i v i t y  a n a l y s i s  h o l d s  f o r  a  r e g i o n  o f  sma l l  d e v i a t i o n  from t h e  

nominal parameter  v a l u e s .  T h i s  is  i n  agreement  w i t h  ou r  hypothe- 

sis of  a  swi t ch ing  of  i n t e r n a l  c o n t r o l  d u r i n g  e u t r o p h i c a t i o n ;  

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

t h e  same model and t h e  same parameter  v a l u e s  when t h e  f o r c i n g  

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

We have concen t r a t ed  on t h e  a n a l y s i s  o f  t h e  n a t u r a l  c o n t r o l  

mechanisms o f  a q u a t i c  systems ( ~ t r a g k r a b a ,  1977) ,  and have formu- 

l a t e d  a  hypo thes i s  o f  m c l t i p l e - r e s o u r c e  k i n e t i c s  f o r  t h e  s imul-  

t aneous  l i m i t a t i o n  o f  phytoplankton  p h o t o s y n t h e s i s  by s e v e r a l  

f a c t o r s :  l i g h t ,  t empera tu re ,  n u t r i e n t ,  and biomass ( ~ t r a g k r a b a ,  

1978b).  Th i s  hypo thes i s  s u g g e s t s  t h a t  t h e  main drawback o f  our  



p r o c e s s  e q u a t i o n s  comes from t h e  u s e  o f  c l a s s i c a l  models--e.g. ,  

Michael is-Menten k i n e t i c s - - w h i c h  w e r e  d e r i v e d  f o r  i n d e p e n d e n t  

f a c t o r s ,  and d i d  n o t  t a k e  i n t o  a c c o u n t  t h e  i n t e r a c t i o n  o f  t h e s e  

f a c t o r s .  Our a t t e m p t s  t o  i n c l u d e  p r e l i m i n a r y  q u a n t i f i c a t i o n s  o f  

m u l t i p l e - r e s o u r c e  k i n e t i c s  i n t o  t h e  e u t r o p h i c a t i o n  model w e r e  

n o t  s u c c e s s f u l ,  and new models  w i l l  have  t o  b e  d e v e l o p e d .  

I n  a d d i t i o n  t o  t h e  f e e d f o r w a r d  and f e e d b a c k  t y p e  o f  c o n t r o l  

i n c l u d e d  i n  mos t  a q u a t i c  mode ls ,  we stress t h e  impor tance  o f  ad-  

d i t i o n a l  c y b e r n e t i c  c o n t r o l  mechanisms: s e l f - a d a p t a t i o n - - r e p r e -  

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

w i t h  e x t e r n a l  c o n t r o l  and s t a t e  v a r i a b l e s ;  and s e l f - o r g a n i z a t i o n  

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

a p p r o a c h  h a s  b e e n  i n v e s t i g a t e d  ( ~ t r a s k r a b a ,  1 9 7 6 a ) ,  b u t  we now 

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

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

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

o r g a n i z a t i o n  problem o f  t h e  a l g a e  i n  t h e  model i n t o  a  p a r a m e t e r  

o p t i m i z a t i o n  problem,  u s i n g  methods o f  dynamic o r g a n i z a t i o n ,  was 

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

U n i v e r s i t y  I lmenau ,  S e c t i o n  B i o c y b e r n e t i c s ,  GDR (Radtke  e t  a l . ,  

1 9 7 7 ) .  The p r o c e d u r e  s i m u l a t e s  t h e  s e l e c t i o n  o f  d i f f e r e n t  s p e c i e s  

o f  a l g a e  f o r  e a c h  i n s t a n t  o f  t i m e  and e a c h  dynamic s i t u a t i o n  by 

o p t i m i z i n g  a  t ime-dependent  c o n t r o l  v a r i a b l e  " i n d i v i d u a l  a l g a l  

c e l l  volume."  The r a t e  p a r a m e t e r s  o f  t h e  model a r e  d e t e r m i n i s t -  

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

R e s e a r c h  t o  t es t  d i f f e r e n t  o p t i m i z a t i o n  methods and g o a l  f u n c t i o n s  

is i n  p r o g r e s s .  A compar i son  o f  model r u n s  w i t h  d i r e c t  o b s e r v a -  

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

W e  have  r e c o g n i z e d  t h e  i m p l i c a t i o n s  o f  t h e  h i e r a r c h i c a l  

m u l t i l a y e r  m u l t i g o a l  c o n t r o l  a p p r o a c h  by Mesarov ic  f o r  e c o l o g i c a l  

mode l ing  and hope t o  f o r m a l i z e  t h e  p rob lem i n  o r d e r  t o  s o l v e  it 

o n  a  computer .  

REFERENCES 

D e s o r t o v ~ ,  B.,  J .  F o t t ,  and M .  ~ t r a g k r a b a  (1977)  Methods o f  de- 
t e r m i n a t i o n  and e v a l u a t i o n  o f  c h l o r o p h y l l  c o n c e n t r a t i o n  i n  
s u r f a c e  w a t e r s .  B u l l e t i n  o f  M i n e r a l ,  F o r e s t ,  and Water R e -  
s o u r c e  Economy o f  t h e  S lovak  S o c i a l i s t  R e p u b l i c  ( i n  C z e c h ) .  



~ v o $ 6 k o v 6 ,  M. (1974)  A c o n t r i b u t i o n  t o  t h e  M o d e l l i n g  o f  Epi l imnium 
o f  Water R e s e r v o i r s .  D i s s e r t a t i o n ,  C h a r l e s  U n i v e r s i t y ,  
P rague  ( i n  Czech)  . 

Dvo$6kov6, M .  (1976)  The A n a l y t i c a l  Model o f  t h e  Ecosystem o f  a  
Water R e s e r v o i r .  Unpubl i shed  m a n u s c r i p t  ( i n  C z e c h ) .  

~ v o ? 6 k o v 6 ,  M.  (1977)  S e n s i t i v i t y  a n a l y s i s  o f  a  m a t h e m a t i c a l  model 
o f  a n  a q u a t i c  ecosys tem.  Vodni H o s p o d 6 r s t v i  B  2 7 ( 1 2 ) : 3 1 2 -  
314 ( i n  C z e c h ) .  

Rad tke ,  E . ,  and M.  ~ t r a g k r a b a  (1977)  Numerical  r e a l i z a t i o n  o f  
t h e  o p t i m i z a t i o n  problem o f  a  p h y t o p l a n k t o n  model .  A c t a  
Hydrochimica e t  H y d r o b i o l o g i c a  5 ( 3 ) : 1 6 6 - 1 7 5 .  

~ t r a d k r a b a ,  M. (1976a)  Development o f  a n  a n a l y t i c a l  p h y t o p l a n k t o n  
model w i t h  p a r a m e t e r s  e m p i r i c a l l y  r e l a t e d  t o  dominan t  con- 
t r o l l i n g  v a r i a b l e s .  Pages  33-65, Umweltbiophysik,  e d i t e d  
by R. G l a s e r ,  K.  Unger,  and K .  Koch. B e r l i n ,  GDR: Akademie 
V e r l a g .  

~ t r a g k r a b a ,  M .  (1976b) E m p i r i c a l  and A n a l y t i c a l  Models o f  E u t r o -  
p h i c a t i o n .  R e p o r t  f o r  t h e  Czechos lovak  UN/WHO C e n t e r  f o r  
R e s e a r c h  and C o n t r o l  o f  Envi ronmenta l  P o l l u t i o n ,  Prague .  
A  s h o r t e n e d  v e r s i o n  o f  t h i s  r e p o r t  c a n  b e  found  i n  t h e  Pro- 
c e e d i n g s  o f  t h e  I n t e r n a t  i o n s 1  Symposium EUTROSYM ' 76 on 
E u t r o p h i c a t i o n  and R e h a b i l i t a t i o n  o f  S u r f a c e  W a t e r s ,  Vol . 3: 
352-371. Karl-Marx S t a d t ,  GDR. 

~ t r a g k r a b a ,  M .  (1977)  N a t u r a l  c o n t r o l  mechanisms i n  models  o f  
a q u a t i c  e c o s y s t e m s .  P r o c e e d i n g s  o f  IFAC Symposium on Con- 
t r o l  Mechanisms i n  Bio- and Ecosystems,  Vol .  1:74-108; a l s o  
p u b l i s h e d  i n  B e r l i n  by Wissenschaftliche-Technische Gesell- 
s c h a f t  fGr  Messe-und A u t o m a t i s i e r u n g s t e c h n i k  i n  d e r  Kammer 
d e r  Technik  d e r  DDR. 

S t r a d k r a b a ,  M. (1978a)  Model-based a n a l y s i s  o f  t h e  e f f e c t  o f  phys- 
i c a l  v a r i a b l e s  o n  f r e s h w a t e r  p r o d u c t i o n .  The B i o l o g i c a l  
P r o d u c t i v i t y  o f  F r e s h w a t e r  Ecosystems,  e d i t e d  by E.D. LeCren. 
Oxford:  B l a c k w e l l .  

S t r a k k r a b a ,  M .  (1978b)  T h e o r e t i c a l  c o n s i d e r a t i o n s  on e u t r o p h i c a -  
t i o n .  P r o c e e d i n g s  o f  t h e  I n t e r n a t i o n a l  A s s o c i a t i o n  o f  
T h e o r e t i c a l  and A p p l i e d  Limnology, Vol .  20. S t u t t g a r t :  E. 
S c h w e i t z e r  B a r t ' s c h e  V e r l a g .  

S t r a g k r a b a ,  M . ,  and M .  Dvof6kov6 (1  977)  Probleme d e r  S i m u l a t i o n  
von T a l s p e r r e n e k o s y s t e m e .  Acta  Hydrochimica e t  H y d r o b i o l o g i c a  
5  ( 3 )  : 21 1-231. 



THE MODELING OF NUTRIENT EXCHANGE 
BETWEEN SEDIMeNT AND WATER 

G. Joldnkai 

In shallow lakes, the nutrient exchange process between the 

sediment and water is a time-varying phenomenon, or rather, it 

varies according to meteorological factors, such as wind velocity 

and wind-induced fluid motion. The bottom sediment is stirred 

up occasionally by intensive wind and wave action, which causes 

the sediment particles and the adsorbed nutrients to be entrained, 

and which allows dissolved interstitial nutrients to enter the 

water. 

SEDIMENT/WATER INTERACTION 

Although in calm weather periods there may also be an ex- 

change of nutrients due to diffusion, it may be negligible com- 

pared to the scouring effect of agitated fluid motion; this is 

shown in the extensive fieldwork carried out in Lake Balaton 

(~6th et al., 1975) from which the following conclusion can be 

drawn. While the average rate of phosphorus uptake from the sed- 
2 2 iment is measured at 0.13 mg/m /day, it may exceed 30 mg/m /day 

during severe storms. Any value within this range of almost two 

orders of magnitude may occur. The difficulty in obtaining an 

accurate value for this model parameter might be overcome in three 



ways. The most accurate solution is undoubtedly the two-dimension- 

al hydrodynamic modeling of fluid motion and subsequent sediment 

entrainment, coupled with the modeling of chemical, biochemical, 

and ecological reactions. This approach, however, involves part- 

ly unexplored theoretical problems and parameter determination 

problems. 

The second approach could be purely stochastic, where the 

only, but significant, limitation is that long records of measure- 

ments on nutrient uptake rate are required; these are seldom avail- 

able. 

The third, and probably most suitable, approach involves the 

application of an aquatic ecosystem (eutrophication) model, whose 

complexity would depend upon the available data base. The model 

would use unknown time-varying parameters, including the nutrient 

uptake rate coefficient. Then calibration of the model, using 

suitable parameter identification methods, data on the hydrolog- 

ical, chemical, and biological components, and also the measured 

ranges of coefficient values, would result in a set of calculated 

coefficient variations for nutrient uptake rate (in the form of 

a time series). In the next step using this calculated time 

series for the parameter values (i.e., those values that were 

"most likely" to have occurred and to have caused the measured 

changes in the model variables) one may select an appropriate 

stochastic method to describe the time variations of the selected 

parameter (e.g., the coefficient for nutrient uptake rate). This 

approach does not lend itself to purely stochastic considerations, 

since wind data are generally available, and regression analysis 

can yield useful empirical formulae on the dynamics of the related 

processes. Naturally these empirical formulae may also be coupled 

with stochastic interpretations (i.e., stochastic wind models). 

An example of the way in which the above theoretical consider- 

ations may be practically applied follows. Assume that fairly 

long records of algal biomass, dissolved reactive phosphorus, 

nutrient inputs, and exchangeable sediment phosphorus are available. 

In a simple algaephosphorus type of eutrophication model (includ- 

ing a parameter for uptake from the sediment), given measured 

ranges of uptake rate coefficient values, the most probable set 



of these values is determined by using a maximum likelihood pa- 

rameter estimation technique. A regression analysis of these es- 

timated coefficient values on past records of other independent 

variables, such as wind velocity and lake depth, permits an ef- 

fective prediction of the uptake rate values, providing stochastic 

models are available for some of the hydrological and meteorolog- 

ical variables. 

The above parameter estimation technique and model calibra- 

tion procedure can be used with other parameters and related in- 

dependent input variables--e.g., light and temperature limitations 

on algal growth with the elimination of the limiting equation. 

SOURCES OF POLLUTION 

Every lake in densely populated regions has four distinct 

sources of pollution (with the exception of the first source, all 

are nonpoint sources of pollution) 

-- Domestic sewage and industrial wastewater (point sources 

of sewage treatment plants) 
-- Runoff from agricultural and forest land 

- - Direct precipitation on the lake surface 

-- Urban runoff from cities located along the shoreline 

All nonpoint source pollution processes are stochastic in charac- 

ter, and their modeling should be treated accordingly, making use 

of available hydrological (rainfall runoff) and meteorological 

models. For more details on the modeling of nonpoint source pol- 

lution, see the discussion following question C2. 
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SIMULATION MODEL OF AN OLIGOTROPHIC LAKE 

J.M. Svirezhev, N.K. Luckyanov, and D.O. Logofet 

Oligotrophic lakes are very important as potential sources 

of high quality freshwater (clean, transparent, and with a high 

oxygen concentration). But how stable is the water quality in 

an oligotrophic lake? Because of the low productivity of its 

ecosystem, the increase in pollution during development of the 

lake region will not necessarily lead to a corresponding increase 

in total biomass. One may suppose that the water will continue 

to become polluted until environmental conditions become unaccept- 

able to the lake's biota, whereupon they will become virtually 

extinct (the eutrophication state will probably be omitted). 

This situation will occur under lower pollutant concentrations 

than in more eutrophic lakes. 

Elaboration of a comprehensive mathematical model would permit 

the forecasting of critical pollution levels and, more generally, 

the evaluation of the effects of industry on the lake. In this 

paper we present the preliminary version of a simulation model 

of an oligotrophic lake's ecosystem. The model was developed 

from data obtained by observing Lake Onega. 



CHARACTERISTICS OF AN OLIGOTROPHIC LAKE 

The lake water has a low temperature; this environment is 

only acceptable to certain phytoplankton species, which are not 

readily predated by zooplankton. Consequently, another food chain, 

including bacteria, plays a major role. Decaying phytoplankton 

are converted to detritus, which is consumed by bacteria, which 

in turn are eaten by zooplankton. 

One feature of an oligotrophic lake is that the inflow of 

organic matter from land is included in the biological cycle by 

the bacteria. Another feature is that the oxygen concentration 

is high at almost all water depths, therefore in simulating the 

processes taking place in such lakes, it is not necessary to take 

oxygen concentration into consideration. 

MODEL STRUCTURE 

The main processes occurring in the ecosystem of an oligo- 

trophic lake can be described by using state variables for phyto- 

plankton (algae), zooplankton, benthos, fish, bacterioplankton 

(bacteria), detritus, and biogenic ingredients of the envkonment 

(nutrients) . 
The term "concentration" of biological components means the 

living weight of organisms per unit of water volume. The depen- 

dence of growth rate on the temperature is described by the vantt 

Hoff law. It assumes that the ecosystem process could be describ- 

ed by parameters of growth rate; food assimilation coefficients; 

loss coefficient for the metabolic processes; rates of predation 

(or of grazing by consumers) described by the Monod formula; and 

death rates--as functions of temperature. 

The diagram of matter flows is shown in Figure 1. It is a 

"one-point" model (Figure 21,  which describes the processes in a 

certain region of the lake where the parameters could be treated 

as constants. 

Naturally, the ecosystem not only varies in time, but also 

in space. Thus, the one-point model is not suitable for the 

simulation of real ecological processes. In the Lake Onega Model, 
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Figure 1. Matter flows in an oligotro- 
phic lake. 

we distinguish between five regions with approximately constant 

hydrological and ecological characteristics. This results in the 

representation of the entire lake as a system composed of segments. 

It was supposed that the concentrations of the components 

(state variables described by means of differential equations) 

are the same at all points within a segment. Transition from one 

compartment to another leads, therefore, to a stepwise change in 

concentration. The change in concentration of a component due to 

water flows is equal to the inflow of the component divided by the 

volume of the segment. The biomass and nutrient dynamics within 

each segment is described by the same one-point model (but with 

different parameter values). 

The hydrological model applied here is a pure empirical model 

constructed on the basis of observations of water currents induced 

by wind. 
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SIMULATION RESULTS 

A set of computer runs was made to test the model of an 

oligotrophic lake having a given limited amount of nutrients. The 

initial values of the living components were obtained from a study 

of Lake Onega, and the dynamic behavior of ecosystem components 

was investigated at a constant temperature. The simulated dynam- 

ics of algae, zooplankton and bacterioplankton are shown in Fig- 

ures 3, 4, and 5. Figure 6 shows the dynamics of the main bio- 

logical components at a temperature of 15 OC. The results of the 

runs appear to give a qualitatively correct representation of the 

main ecological processes occurring in the oligotrophic lake. 

AIMS FOR MODEL DEVELOPMENT AND USAGE 

The first aim is to refine the hydrobiological data included 

in the model. A study of Lake Onega is being carried out that 

includes the collection of data on biological components. This 

information will give more accurate details of initial conditions 

The values of suitable parameters are to be found in the biology 

literature. If these parameter values are not satisfactory, they 

will be refined by calibration. 

In the future, the effect on Lake Onega of water passing 

through will be estimated. 
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Figure 3. The dynamics of algal con- 
centration. A is 5 OC, B 
is 10 OC, and C is 15 OC. 
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Figure 4. The dynamics of zooplankton 
concentration. A is 5 OC, 
B is 10 OC, and C is 15 OC. 
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Figu re  5. The dynamics o f  b a c t e r i a  concen- 
t r a t i o n .  A is  5  O C ,  B i s  10 OC, 
and C i s  15 OC. 
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Figu re  6 .  The dynamics of  t h e  p r i n c i -  
p a l  b i o l o g i c a l  i n g r e d i e n t s ,  
when t h e  t empera tu re  i s  15 OC. 



EVALUATION OF AVAILABLE PHOSPHORUS MODELS 

M.W. Lorenzen and F.M. Haydock 

Phosphorus is potentially detrimental to surface waters, 

because of its role in the eutrophication process. Phosphorus 

sources include direct rainfall, groundwater inflow, inflow 

from streams and rivers, direct runoff, domestic waste discharges, 

and industrial waste discharges. 

This preliminary report is intended to provide a review and 

evaluation of the available models that could be used to analyze 

the effectiveness of possible options for controlling phosphorus 

loading. Section 2 reviews methods to compute phosphorus loading 

rates. Methods evaluated include land use loading rates suggested 

by Porcella et al. (1974), and Uttormark et al. (1974), and the 

data base created as part of the National Eutrophication Survey 

(Ornernik, 1977). Section 3 evaluates available lake response 

models for phosphorus. Three groups of models are considered: 

one box/one parameter, two box/one parameter, and two box/two 

parameter. Procedures to relate phosphorus concentrations to 

maximum algal biomass and water transparency have been reviewed 

by Lorenzen (1977) and are not included here. Section 4 provides 

a summary of our preliminary recommendations for analysis of the 

data base and application of models. 



PHOSPHORUS LOADING 

Of the three methods reviewed here, only the first takes the 

effect of point source pollutants into consideration. It is based 

on general mass flow relationships of pollutants from various 

natural and cultural (man-related) sources. The two alternative 

methods are concentrated on nonpoint source nutrient loadings. 

The procedure used in both cases was to compile and analyze pre- 

vious survey data to arrive at expected nutrient loadings based 

on various land use practices. 

Porcella et al. 

Porcella, et al. (1974) developed a general phosphorus mass 

flow model to account for pollutant loadings from cultural activ- 

ities and natural sources. These sources were divided into dif- 

fuse and point sources and were classified in one of the following 

seven categories. 

-- Nonbasin activities (rainfall, river inflow from another 

basin) 
-- Agricultural (fertilizer and pesticide use, return flows) 

-- Urban and rural watersheds (solid-waste disposal, managed 

forests, grazed watersheds, undisturbed and undeveloped 

natural watersheds, urban runoff) 
-- Domestic wastes (human wastes, detergent phosphorus) 

-- Industrial wastes (such as industrial detergents, water 

so£ teners) 
-- Mining activities (phosphorus mining and runoff from 

strip mining) 
-- Animal production (animal wastes from cattle, poultry, 

pigs, sheep) 

The program subroutines above were further classified into 

four categories based on the relative importance and general 

nature of the source. The categories consisted of minor diffuse 

sources, controllable diffuse sources, minor point sources, and 

controllable point sources. The following sections contain de- 

scriptions and definitions of the components of the program. 



Minor Diffuse Sources 

The phosphorus contribution from the use of organophosphate 

pesticides is computed as 

where subscript op represents the use of organophosphate pesti- 

cides; P is the phosphate loading, g/yr; A is the area of land; 

F is the estimated annual consumption of organophosphate pesti- 
OP 
cide in g equivalents of phosphorus acre. 

The phosphorus contribution from nonphosphorus mining activ- 

ities is computed as a function of total strip-mined or mine- 

tailing acreage 

where sm represents the strip-mining activities; R is the annual 

precipitation rate; C is the concentration of phosphorus in the 

runoff water from this area; Fsm is the ratio of the runoff water 

to the total precipitation. The remaining variables are as de- 

fined previously. 

The phosphorus output from solid-waste disposal is related 

to the mean annual precipitation 

where sw is the solid-waste disposal and land fill activities, 

and Fsw is a runoff factor providing for a maximum rate of run- 

off when the surface becomes saturated. The remaining variables 

are as defined previously. 

The contribution of phosphorus from direct rainfall onto 

surface water in the basin may be considered to be significant 

under certain local conditions. It is computed as 

where r is the direct rainfall, and A is the total surface area 

of water bodies in the basin. 



ControZZabZe Diffuse Sources 

Phosphorus loading as a result of urban runoff is estimated 

according to the following relationship 

where u represents urban land use, and FU is a factor relating 

runoff to precipitation. 

Phosphorus runoff from natual watersheds, developed water- 

sheds, managed forest, and grazing land is computed first by de- 

termining a factor related to the saturation of the watershed 

soil and its runoff rate. 

where F is the runoff rate per unit area; Cnw is the phosphorus 

concentration in runoff from natural watersheds; and Kw is a 

first-order/zero-order type runoff relationship to provide max- 

imum rate of runoff when the surface of the watershed is satu- 

rated. 

Assuming that developed watersheds produce approximately 

twice as much phosphorus runoff as natural watersheds, and that 

managed forests and grazing lands produce approximately one and 

one-half as much phosphorus runoff, the total estimate of water- 

shed runoff is computed as 

where the subscripts are as follows': w is watershed, n is natural, 

d is developed, f is managed forest, and g is grazing lands. The 

following equation is used to determine an overall erosion rate 

for each type of land. 

where E represents erosivity; K is a factor related to the varia- 

tion in the soils and properties of erosion; C is the cropping 

management factor; P is the practice factor, which accounts for 

contouring, terracing, strip cropping, or other practices reducing 



erosive potential of runoff; L is the mean length of slope; and 
2 

S is 0.0076 + 0.0053 s + 0.00075 s , in which s is the percentage 
slope for a particular cropland system. 

Three grades of land slope are defined by Porcella et al.: 

0-1 percent, 1-5 percent, and 5-10 percent. An average slope 

within each grade, 0.5, 3.0, and 7.5 percent, is used in the 

equation. The proportion of land falling within each grade of 

slope is then estimated, and the erosion rate is computed for 

each grade. The overall erosion rate is then obtained by sum- 

mation. 

The various forms of phosphorus contributions are then cal- 

culated as 

where P is the phosphate derived from organic material in the 
or9 

soil; ZT is the total erosion; F1 is the fractional percentage of 

soil that is assumed to be organic; and F2 is the fractional per- 

centage of phosphorus in the organic material. 

where P inorg is the phosphate derived from inorganic material in 

the soil, and F3 is the fractional percentage of phosphorus in 

the inorganic material per unit area of 15-centimeter depth. 

The total phosphorus output from fertilized soil is then 

computed as 

where a represents agriculture, and Psol is the soluble phosphorus 

that is considered to be a constant value per unit area as long 

as sufficient solid phase phosphorus is present. 

Minor P o i n t  S o u r c e s  

Irrigation return flow phosphorus contribution is computed as 

'rf = QrfCrf (12) 



where s u b s c r i p t  r f  i s  t h e  i r r i g a t i o n  r e t u r n  f l o w ,  and Q is  t h e  

f low.  

R i v e r  f l o w  c o n t r i b u t i o n s  from o u t s i d e  t h e  d r a i n a g e  b a s i n  

a r e  c o n s i d e r e d  u n c o n t r o l l a b l e .  T h e r e f o r e ,  t h e y  a r e  i n c l u d e d  i n  

t h i s  s u b s e c t i o n ,  a l t h o u g h ,  i n  some c a s e s ,  t h e y  may b e  s i g n i f i c a n t  

p o l l u t i o n  s o u r c e s .  The mass  i n p u t  i s  computed by t h e  same f o r -  

mula a s  g i v e n  above  f o r  i r r i g a t i o n  r e t u r n  f low.  

ControZZabZe P o i n t  Sources  

The i n p u t  o f  phosphorus  from human w a s t e  p r o d u c t s  i s  c a l c u -  

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

t h r e e  d i s p o s a l  c a t e g o r i e s :  

-- S e p t i c  t a n k - - t h i s  q u a n t i t y  i s  c o n s i d e r e d  a s  a  " s i n k "  

- - Sewered, d i r e c t  d i s c h a r g e - - t h i s  q u a n t i t y  i s  c o n s i d e r e d  

a s  a  d i r e c t  s o u r c e  
-- Sewered, t r e a t m e n t  p l a n t - - t h i s  q u a n t i t y  i s  added t o  t h e  

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

The c o m p u t a t i o n  o f  phosphorus  i n p u t  from b o t h  d o m e s t i c  and 

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

t i o n  o f  f o u r  l e v e l s  o f  washing p r o d u c t s  used  i n  t h e s e  s e c t o r s :  

h i g h  p h o s p h a t e  d e t e r g e n t s ,  low p h o s p h a t e  d e t e r g e n t s ,  p h o s p h a t e l e s s  

d e t e r g e n t s ,  and s o a p s .  

Mean e s t i m a t e d  phosphorus  c o n c e n t r a t i o n s  and mean r e l a t i v e  

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

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

l a t e d  by summation, and t h e n  m u l t i p l i e d  by t h e  p o p u l a t i o n  i n  t h e  

d r a i n a g e  b a s i n .  

F o r  t h e  model r e p r e s e n t i n g  phosphorus  removal  p r o c e s s e s ,  

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

e n t e r  t h e  t r e a t m e n t  p l a n t .  A p a r t  o f  t . h i s  model d e t e r m i n e s  t h e  

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

l e a s t  c o s t l y  t r e a t m e n t  sys tem p r o v i d i n g  a n  a d e q u a t e  l e v e l  o f  

phosphorus  removal .  



Uttormark e t  a l .  

I n  a n  e f f o r t  t o  p rov ide  p r e d i c t i v e  procedures  f o r  e s t i m a t i n g  

nonpoin t  sou rce  n u t r i e n t  l o a d i n g s  t o  r e c e i v i n g  w a t e r s ,  Uttormark 

e t  a l .  (1974) compiled d a t a  from t h e  l i t e r a t u r e  and conver ted  it 

t o  a  common system o f  u n i t s  (kg /ha /y r ) .  I n  o r d e r  t o  deve lop  sys-  

tems f o r  e s t i m a t i n g  n u t r i e n t  r u n o f f ,  t h e  r e s u l t i n g  pool  o f  d a t a  

was subdiv ided  i n t o  f o u r  l and  u s e  c a t e g o r i e s :  a g r i c u l t u r a l ,  u r -  

ban, f o r e s t ,  and wet lands .  Data d e s c r i b i n g  n u t r i e n t  t r a n s p o r t  

were a l s o  reviewed,  i n  o r d e r  t o  e s t i m a t e  t h e  r e l a t i v e  importance 

of v a r i o u s  t r a n s p o r t  v e c t o r s  i n c l u d i n g  groundwater ,  s u r f a c e  w a t e r ,  

p r e c i p i t a t i o n ,  and d r y  f a l l o u t .  

By averaging  and comparing a v a i l a b l e  d a t a ,  a  s e t  o f  r anges  

were computed p rov id ing  r e l a t i v e  comparisons o f  what might  b e  

cons ide red  t o  be  h igh ,  low, o r  ave rage  v a l u e s  r e l a t i v e  t o  t h e  

o t h e r  numbers i n  t h e  d a t a  s e t .  A summary of  t y p i c a l  v a l u e s  of 

phosphorus runoff  c o e f f i c i e n t s ,  a s  r e p o r t e d  by Uttormark e t  a l .  

(1974) i s  p re sen ted  i n  Table 1 .  These v a l u e s  were ob ta ined  by 

averaging  and comparing a v a i l a b l e  c o e f f i c i e n t s  d i s r e g a r d i n g  t h e  

l o c a t i o n .  The re fo re ,  t h e s e  numbers do n o t  n e c e s s a r i l y  app ly  

d i r e c t l y  t o  a l l  p a r t s  of  t h e  United S t a t e s .  

The r e s u l t s  o f  t h i s  s tudy  showed t h a t  t h e r e  i s  l i t t l e  j u s t i -  

f i c a t i o n  f o r  t h e  d e l i n e a t i o n  of  l a n d  usage w i t h i n  d i r e c t  d r a i n -  

age  b a s i n s  beyond t h e  fou r  c a t e g o r i e s  mentioned above. Nut r i -  

e n t  c o n c e n t r a t i o n s  were found t o  be  h i g h e s t  i n  urban  r u n o f f ,  and 

lowes t  i n  runo f f  from f o r e s t e d  a r e a s .  Var ious  t r a n s p o r t  mechan- 

i s m s  f o r  n u t r i e n t  e x p o r t  from a g r i c u l t u r a l  l a n d s  were i n v e s t i -  

g a t e d ,  i n c l u d i n g  seepage  through v e r t i c a l  s o i l  p r o f i l e ,  ove r l and  

r u n o f f ,  and t r a n s p o r t  by s t r eams  d r a i n i n g  a g r i c u l t u r a l  watersheds .  

T ranspor t  by s t r eams  was found t o  be  t h e  most impor t an t  mechanism 

f o r  e s t i m a t i n g  n u t r i e n t  l o a d i n g s  t o  l a k e s  from a g r i c u l t u r a l  sou r -  

c e s .  Marshes and wet lands  were found t o  a c t  a s  ho ld ing  ponds, 

s t o r i n g  phosphorus du r ing  t h e  growing season ,  and r e l e a s i n g  it 

l a t e r ;  n e t  n u t r i e n t  runoff  from t h e s e  sou rces  was e s t i m a t e d  t o  

be  zero.  N u t r i e n t  c o n t r i b u t i o n s  from o t h e r  d i f f u s e  s o u r c e s ,  i n -  

c l u d i n g  groundwater  seepage ,  r a i n ,  and f a l l o u t ,  were found t o  b e  

l a r g e  i n  some a r e a s .  R e l i a b l e  e s t i m a t e s  of  t h e  l oad ing  from 

t h e s e  sou rces  can  be  based on ly  on s i t e - s p e c i f i c  i n fo rma t ion .  



Table  1 .  Typ ica l  va lues  o f  phosphorus runo f f  c o e f f i c i e n t s .  

D i s s .  i no rg .  phosp. T o t a l  phosp. 
kg/ha/yr kg/ha/y r 

Type o f  l a n d  High Low Average High Low Average 

Urban 2.0 0.5 1 .0  5.0 1.0 1.5 
F o r e s t  0.1 0.01 0.05 0.8 0.05 0.2 
A g r i c u l t u r a l  0.5 0.05 0 . 1  1 .O 0.1 0 .3  

SOURCE: Uttormark e t  al .  (1974) 

The in fo rma t ion  summarized by Ut to rna rk  e t  a l .  p rov ides  a n  

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

n u t r i e n t  sou rces .  F u r t h e r  r e s o l u t i o n  i s  r e q u i r e d  i n  o r d e r  t o  

compare management a l t e r n a t i v e s  on a  s i t e - s p e c i f i c  b a s i s .  

Omernik 

Omernik (1977) developed a  method f o r  p r e d i c t i n g  t h e  non- 

p o i n t  sou rce  n u t r i e n t  l e v e l s  i n  s t reams.  The s tudy  was based on 

d a t a  c o l l e c t e d  a s  p a r t  o f  t h e  Nat iona l  E u t r o p h i c a t i o n  Survey 

from a  na t ionwide  network o f  928 nonpoin t  sou rce  watersheds .  

These d a t a  were ana lyzed  i n  an e f f o r t  t o  c o r r e l a t e  d r a i n a g e  a r e a  

c h a r a c t e r i s t i c s  w i th  n u t r i e n t  l e v e l s  i n  s t r eams .  

Omernik r e p o r t e d  good c o r r e l a t i o n s ,  r 2 ,  between g e n e r a l  l and  

use  and n u t r i e n t  c o n c e n t r a t i o n s  i n . s t r eams .  He noted t h a t  mean 

phosphorus c o n c e n t r a t i o n s  were, on average ,  n i n e  t imes  g r e a t e r  i n  

s t r eams  d r a i n i n g  a g r i c u l t u r a l  watersheds  t han  i n  s t r eams  d r a i n i n g  

f o r e s t e d  watersheds .  

Two methods were developed f o r  p r e d i c t i n g  nonpoin t  sou rce  

n u t r i e n t  c o n c e n t r a t i o n s  i n  c a s e s  where adequate  s t ream n u t r i e n t  

d a t a  a r e  n o t  a v a i l a b l e  t o  a  p l anne r ,  and where a  f i e l d  sampling 

program i s  n o t  f e a s i b l e ,  because of  a  l a c k  of t ime  and/or  money. 



LAKE RESPONSE MODELS 

A number o f  models  h a v e  been  deve loped  t o  e v a l u a t e  t h e  e f -  

f e c t s  o f  phosphorus  l o a d i n g  r a t e s  on l a k e  w a t e r  q u a l i t y .  T h i s  

s e c t i o n  r e v i e w s  t h e  m a j o r  models  t h a t  may b e  r e l e v a n t  t o  a  na- 

t i o n a l  a s s e s s m e n t  o f  t h e  impac t  o f  phosphorus  c o n t r o l  measures .  

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

d a t a  r e q u i r e m e n t s ,  o u t p u t ,  and p r i o r  u s e .  A summary compar i son  

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

a t  t h e  end o f  t h e  s e c t i o n .  

V o l l e n w e i d e r  

V o l l e n w e i d e r  (1968, 1969, 1975)  h a s  i n t r o d u c e d  t h e  i d e a  o f  

r e l a t i n g  a  l a k e ' s  t r o p h i c  s t a t e  t o  i t s  phosphorus  l o a d i n g  r a t e s .  

E a r l y  work deve loped  phosphorus  l o a d i n g  c u r v e s ,  b u t  l a t e r  it was 

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

c o n c e n t r a t i o n  o f  phosphorus  i n p u t s  w e r e  n o t  a d e q u a t e l y  a c c o u n t e d  

f o r  by  t h i s  method. The e f f e c t s  o f  h y d r a u l i c  r e s i d e n c e  t i m e  w e r e  
2 t a k e n  i n t o  a c c o u n t  by p l o t t i n g  r e a l  phosphorus  l o a d i n g ,  g/m / y r ,  

a s  a  f u n c t i o n  o f  r e a l  h y d r a u l i c  l o a d i n g ,  qs ,  m/yr. V o l l e n w e i d e r ' s  

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

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

g/m , and q  i s  t h e  s u r f a c e  h y d r a u l i c  l o a d i n g  r a t e ,  m/yr.  
s 

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

from s i m p l e  mass b a l a n c e  c o n c e p t s :  f o r  a  s i n g l e - c o m p a r t m e n t ,  

c o m p l e t e l y  mixed l a k e ,  

where  C i s  t h e  a v e r a g e  a n n u a l  i n f l u e n t  phosphorus  c o n c e n t r a t i o n ,  
i n  

g/m ; C i s  t h e  a v e r a g e  a n n u a l  phosphorus  c o n c e n t r a t i o n ,  9/m3; 

V  i s  t h e  l a k e  volume, m3;  S  i s  t h e  s e d i m e n t a t i o n  c o e f f i c i e n t ,  

m/yr; A i s  t h e  s u r f a c e  a r e a ,  m L ;  Q i s  t h e  a n n u a l  h y d r a u l i c  i n f l o w /  



3 o u t f l o w ,  m / y r ;  and t i s  t h e  t i m e ,  y r s .  Then, a t  s t e a d y  s t a t e  

(g = 0) .  

where Css i s  t h e  a v e r a g e  a n n u a l  s t e a d y - s t a t e  phosphorus  concen-  

t r a t i o n .  

I f  i t  i s  assumed t h a t  a  " p e r m i s s i b l e "  l o a d i n g  i s  o n e  t h a t  

r e s u l t s  i n  a  s p e c i f i e d  phosphorus  l e v e l  ( i . e . ,  20 u g / l i t e r )  , t h e n  

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

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

b e  p l o t t e d .  F u r t h e r m o r e ,  V o l l e n w e i d e r  h a s  r e p o r t e d  a  s t a t i s t i c a l  

r e l a t i o n s h i p  showing t h a t  

where  z i s  t h e  mean d e p t h .  Using t h e  same model (mass  b a l a n c e ) ,  
- 

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

i m p l i e s  ( E q u a t i o n s  (15)  and ( 1 6 ) )  t h a t  

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

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

mean d e p t h .  

Average a n n u a l  v a l u e s  o f  t h e  t o t a l  phosphorus  i n f l u e n t  t o  

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

q u i r e d  f o r  t h e  model. G e n e r a l l y ,  t h e  l a k e  a r e a ,  mean d e p t h ,  v o l -  

ume, t o t a l  i n f l o w ,  and weigh ted  a v e r a g e  i n f l u e n t  phosphorus  con-  

c e n t r a t i o n  s h o u l d  b e  known. 



The l o a d i n g  g r aphs  show o n l y  whether  a  l a k e  is  l i k e l y  t o  b e  

e u t r o p h i c  o r  o l i g o t r o p h i c .  The mass b a l a n c e  e q u a t i o n  c a n  b e  used  

t o  e s t i m a t e  t h e  a v e r a g e  annua l  s t e a d y - s t a t e  i n  s i t u  phosphorus 

c o n c e n t r a t i o n  f o r  d i f f e r e n t  l o a d i n g  r a t e s .  V o l l e n w e i d e r ' s  load-  

i n g  g r aphs  have been used  e x t e n s i v e l y  t o  compare a  number o f  l a k e s .  

F i g u r e  1  shows a  p l o t  o f  1 3  l a k e s  i n  North America and compares 

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

The l o a d i n g  g r aphs  c a n  b e  used  i n  a  " p r e d i c t i v e "  s e n s e  by 

p l o t t i n g  t h e  p o s i t i o n  o f  a  l a k e  under  new phosphorus l o a d i n g  con- 

d i t i o n s .  Vol lenweider  h a s  done  t h i s  s u c c e s f u l l y  f o r  Lake Washing- 

t o n  (Vol lenweider ,  1975) . 

EUTROPHIC 

F i g u r e  1.  A p l o t  o f  13  North American l a k e s ,  compar- 
i n g  t h e i r  r e a l  t r o p h i c  s t a t e  t o  p r e d i c t i o n s  
o f  t h e i r  t r o p h i c  s t a t e .  The a b b r e v i a t i o n s  
used  a r e :  Me--Lake Mendota ( e )  ; Mn--Lake 
Menona (e)  ; Wa--1,ake Washington (e)  ; Sup-- 
Lake S u p e r i o r  (0) ; Mich--Lake Michigan (o-  
m ) ;  Hur--Lake Huron ( 0 ) ;  Erie--Lake E r i e  
( e ) ;  Ont--Lake O n t a r i o  ( m ) ;  Ta--Lake Tahoe 
(0)  ; C1--Clear Lake ( m )  ; 227--ELA Lake No. 
227 (0- -exper imenta l ly  e u t r o p h i e d ) ;  239-- 
ELA Lake No. 239 (0) ; KO--Lake Kootenay 
(main b a s i n )  ( m - e ) .  

SOURCE: Vol lenweider  ( 1  975) . 



L a r s e n  and  Mercier 

L a r s e n  and Mercier (1975)  p r e s e n t e d  g r a p h s  r e l a t i n g  i n f l u e n t  

c o n c e n t r a t i o n  t o  a  l a k e ' s  a b i l i t y  t o  a s s i m i l a t e  phosphorus  from 

t h e  s t e a d y - s t a t e  s o l u t i o n  o f  a  phosphorus  mass b a l a n c e  model.  The 

model was f o r m u l a t e d  i n  t h e  same way a s  V o l l e n w e i d e r ' s .  

5 where C  is  t h e  a v e r a g e  a n n u a l  phosphorus  c o n c e n t r a t i o n ,  g/m ; 

Cin i s  t h e  a v e r a g e  a n n u a l  i n f l u e n t  phosphorus  c o n c e n t r a t i o n ,  g/m3; 

V is  t h e  l a k e  volume, m3; Q is  t h e  a n n u a l  h y d r a u l i c  i n f l o w / o u t f l o w ,  
3  

m / y r ;  5 i s  t h e  s e d i m e n t a t i o n  c o e f f i c i e n t ,  p e r  y e a r ;  and t is  

t h e  t i m e ,  y r .  I t  s h o u l d  b e  n o t e d  t h a t  KL was f o r m u l a t e d  i n  a  
A S - 

s l i g h t l y  d i f f e r e n t  manner t h a n  S t  KL = ST = (when z is  mean 

d e p t h ) .  

The s t e a d y - s t a t e  s o l u t i o n  f o r  a  s i n g l e ,  c o m p l e t e l y  mixed 

volume i s  

To e s t i m a t e  t h e  v a l u e  o f  K L ,  a  r e t e n t i o n  c o e f f i c i e n t ,  R 
P I  

was d e f i n e d  a s  i n f l u e n t  minus e f f l u e n t  phosphorus  d i v i d e d  by t h e  

i n f l u e n t  v a l u e .  

mass i n  - mass o u t  
R = 

P  mass i n  
. ,  

CinQ - CQ 
R = I s i n c e  C = Cin 

1 
P 'inQ I + K -  v 1  

LQ 

CinQ - 'in" 

I + 

c, -Q 



~t was recommended t h a t  i n f l u e n t  phosphorus  c o n c e n t r a t i o n  s h o u l d  

b e  p l o t t e d  a g a i n s t  t h e  r e t e n t i o n  c o e f f i c i e n t ,  R t o  d e t e r m i n e  a  
P' 

l a k e ' s  t r o p h i c  s t a t e .  The i n f l u e n t  phosphorus  c o n c e n t r a t i o n  and 

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

p a r a m e t e r s .  T h i s  p r o c e d u r e  w i l l  p l a c e  a  l a k e  o n  t h e  g r a p h  i n  o r -  

d e r  t o  e s t i m a t e  i ts  t r o p h i c  s t a t e .  

D i l l o n  (1974)  p roposed  t h e  same mass b a l a n c e  a s  t h o s e  used 

by V o l l e n w e i d e r  and L a r s e n  and Mercier 

where a l l  t e r m s  have been  d e f i n e d  p r e v i o u s l y ,  and KD i s  e q u a l  t o  

KL o f  L a r s e n  and M e r c i e r .  The t i m e  v a r i a b l e  and t h e  s t e a d y - s t a t e  

s o l u t i o n  t o  t h e  mass b a l a n c e  e q u a t i o n  a r e  p r o v i d e d .  The concen-  

t r a t i o n  a s  a  f u n c t i o n  o f  t i m e  i s  g i v e n  by 

The s t e a d y - s t a t e  o r  i n f i n i t e  t i m e  s o l u t i o n  i s  

D i l l o n  p roposed  methods f o r  e s t i m a t i n g  t h e  n e c e s s a r y  p a r a -  

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

and  phosphorus  s e d i m e n t a t i o n  r a t e .  H e  s u g g e s t e d  t h a t  t h e  phospho- 

r u s  r e t e n t i o n  c o u l d  b e  computed a s  

where  qs  i s  t h e  s u r f a c e  h y d r a u l i c  l o a d i n g  r a t e  i n  m/yr. D i l l o n  and 



R i g l e r  (1975)  l a t e r  s u g g e s t e d  t h a t  R c o u l d  b e  e s t i m a t e d  i n  t h e  
P  

same manner a s  p r e v i o u s l y  d i s c u s s e d  f o r  V o l l e n w e i d e r ' s  and L a r s e n  

and Mercier's models .  D i l l o n  a l s o  p o i n t e d  o u t  t h e  i m p o r t a n c e  o f  

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

model t ime-dependent  r e s p o n s e ,  h e  n o t e d  t h a t  t h e  " h a l f  l i f e "  o f  

t h e  c h a n g e  i n  c o n c e n t r a t i o n  ( t i m e  r e q u i r e d  t o  change  h a l f  way 

from o l d  c o n c e n t r a t i o n  t o  a  new e q u i l i b r i u m  c o n c e n t r a t i o n  i n  re- 

s p o n s e  t o  changed l o a d i n g )  c a n  b e  computed from E q u a t i o n  (23)  t o  

b e  

The a n n u a l  phosphorus  l o a d i n g ,  l a k e  d i m e n s i o n s ,  and h y d r a u l i c  

f low r a t e s  a r e  e s s e n t i a l  i n p u t  p a r a m e t e r s .  I n  a d d i t i o n ,  t h e  sed-  

i m e n t a t i o n  c o e f f i c i e n t ,  K D ,  mus t  b e  e s t i m a t e d .  D i l l o n ' s  p r o c e d u r e  

a l l o w s  c o m p u t a t i o n  o f  a  p e r m i s s a b l e  phosphorus  l o a d  t o  a  l a k e .  

The amount depends  upon s e l e c t e d  p e r m i s s a b l e  i n - l a k e  c o n c e n t r a -  

t i o n s .  When l o a d i n g  r a t e s  a r e  g i v e n ,  t h e  same mass b a l a n c e  model 

c a n  b e  used  t o  p r e d i c t  phosphorus  c o n c e n t r a t i o n s  i n  t h e  l a k e .  

Lorenzen e t  a l .  

Lorenzen  e t  a l .  (1976)  d e v e l o p e d  a  phosphorus  b u d g e t  model 

t h a t  c o n s i d e r e d  t o t a l  phosphorus  o n l y ,  b u t  it i n c l u d e d  u p t a k e  and 

r e l e a s e  from t h e  s e d i m e n t s ,  a s  w e l l  a s  permanent  sed iment  s t o r a g e .  

A mass b a l a n c e  on  b o t h  sed iment  and w a t e r  phosphorus  c o n c e n t r a t i o n  

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

where  tin i s  t h e  i n f l u e n t  phosphorus  c o n c e n t r a t i o n ,  g/m3; C i s  

t h e  a v e r a g e  a n n u a l  t o t a l  phosphorus  c o n c e n t r a t i o n  i n  w a t e r  column, 

g/m3 ; Cs i s  t h e  t o t a l  e x c h a n g e a b l e  phosphorus  c o n c e n t r a t i o n  i n  
3  3  t h e  s e d i m e n t s ,  g/m ; V i s  t h e  l a k e  volume, m ; Vs i s  t h e  s e d i m e n t  



3 2 volume, m ; A i s  t h e  l a k e  s u r f a c e  a r e a ,  m , which is  equal  t o  t h e  
3 

sediment  a r e a ,  m2; Q i s  t h e  annual  inflow/outf low, m y ;  K1 i s  

t h e  s p e c i f i c  r a t e  o f  phosphorus t r a n s f e r  t o  t h e  sediments ,  m/yr; 

K 2  i s  t h e  s p e c i f i c  r a t e  o f  phosphorus t r a n s f e r  from t h e  sediments ,  

m/yr; and K3 i s  t h e  f r a c t i o n  o f  t o t a l  phosphorus i n p u t  t o  sediment  

t h a t  i s  u n a v a i l a b l e  f o r  t h e  exchange process .  These e q u a t i o n s  

w e r e  so lved  bo th  numer ica l ly  and a n a l y t i c a l l y  t o  g i v e  t h e  ave rage  

annual  phosphorus c o n c e n t r a t i o n s  a s  a  f u n c t i o n  o f  t i m e  i n  t h e  

water  and i n  t h e  sediment .  

The s t e a d y - s t a t e  s o l u t i o n  is e q u i v a l e n t  t o  t h e  s imp le r  models 

o f  Vollenweider ,  Larsen and Merc ier ,  and D i l l o n ,  w i t h  a  s l i g h t l y  

d i f f e r e n t  i n t e r p r e t a t i o n  o f  t h e  sed imen ta t ion  r a t e  c o n s t a n t .  The 

model p re sen ted  i n  Lorenzen e t  a l .  g i v e s  a  s t e a d y - s t a t e  phosphorus 

c o n c e n t r a t i o n  i n  t h e  water  column equa l  t o  

Here K1K3 equa l s  Vol lenweider ' s  S, Larsen  and M e r c i e r ' s  KL t i m e s  - 
z, and D i l l o n ' s  KD times i. I t  is  i n t e r e s t i n g  t o  n o t e  t h a t  

Lorenzen e t  a l .  showed t h e  r a t i o  of*  s t e a d y - s t a t e  wa te r  t o  t o t a l  

a v a i l a b l e  sediment  phosphorus by 

The time-dependent s o l u t i o n  is cons ide rab ly  more complex, and a 

"ha l f  l i f e "  cannot  b e  computed independent ly  o f  i n i t i a l  sediment  

and wa te r  concen t r a t ion .  

For t h e  dynamic model a p p l i c a t i o n ,  t o t a l  annual  phosphorus 

load ing ,  l a k e  dimensions,  and h y d r a u l i c  f lows must b e  known. I n  

a d d i t i o n ,  v a l u e s  f o r  t h e  t h r e e  r a t e  constants--K1, K 2 ,  K3--must 

be  provided ,  and t h e  i n i t i a l  water  and sediment  phosphorus con- 

c e n t r a t i o n s  must b e  known. The s t e a d y - s t a t e  s o l u t i o n  r e q u i r e s  

t h e  s a m e  i n fo rma t ion  a s  t h e  models of Vollenweider ,  D i l l o n ,  and 

Larsen  and Mercier. The model computes annual  a v e r a g e ' c o n c e n t r a -  

t i o n s  o f  t o t a l  phosphorus i n  t h e  w a t e r  column and t h e  sediments .  



Imboden 

Imboden (1974) developed a phosphorus budget model for lakes 

that considers two forms of phosphorus (dissolved and particulate), 

two layers (epilimnion and hypolimnion), and exchange with the 

sediments. The sediment phosphorus concentration is not modeled, 

but rates of oxygen consumption are computed. 

The model formulation results in the following four coupled 

differential equations. 

3 3 where C is the concentration , g/m ; Q is the flow, 'm /day; Z is 
3 2 the depth, m; V is the volume, m ; A is the area, m ; E is the 

exchange rate, per day; a is the phosphorus uptake rate, per day; 

M is the mineralization rate, per day; S is the exchange with 

sediment, mg/m2/day; KI is the sedimentation rate, mineraliz ./day; 

and t is the time, days; and for the subscripts, d is dissolved, 

p is particulate, e is epilimnion, h. is hypolimnion, and in is 

influent. 

Total oxygen consumption rate in the hypolimnion was computed 

to be 

where C o  is the steady-state epilimnion particulate phosphorus 
Pe 

concentration. 



In addition to phosphorus loading and hydraulic and morpho- 

metric data, this model requires the specification of thermocline 

depth and time of occurrence, sedimentation rate for particulate 

phosphorus, exchange rates between epilimnion and hypolimnion, as 

well as hypolimnion and sediment, and phosphorus uptake rate by 

algae. The model should compute daily concentrations of particu- 

late and dissolved phosphorus in both the epilimnion and hypolim- 

nion of a lake. Imboden (1974) used these formulations to compute 

a theoretical phosphorus retention for thirteen lakes. The com- 

puted values were compared with observations as shown in Table 2. 

Snodgrass and O'Melia 

Snodgrass and O'Melia (1975) developed a phosphorus budget 

model for lakes that is essentially the same as ~mboden's, except 

that sediment phosphorus release is not considered. Two forms of 

phosphorus (soluble orthophosphorus and particulate phosphorus) 

were considered. Two layers, (epilimnion and hypolimnion) were 

included, and loss of particulate phosphorus to the sediments was 

Table 2. Comparison of theoretical and measured phosphorus 
retention. 

Retention factor 
( X  

Lake and qs z 
abbreviation (m/day) (m) theory measured 

Aegerisee A 
Baldeggersee B 
Lake Constance 
Greifensee G 
Hallwilersee H 
Lake Geneva L 
Pfaffikersee P 
Sempachersee 
Turlersee T 
Zurichsee Z 
Lake Tahoe Ta 
Vanern V 
Zellersee Ze 



modeled. Periods of winter circulation and summer stratification 

were considered separately. 

For the summer condition, four coupled, linear differential 

equations describe the mass balances of both forms of phosphorus 

in the epilimnion and hypolimnion. For orthophosphorus (OP) in 

the epilimnion, 

kth kth + 7 " Ath (OP) h - - Ath(OPIe . 

For particulate phosphorus (PP) in the epilimnion, 

For orthophosphorus in the hypolimnion, 

For particulate phosphorus in the hypolimnion, 

The subscripts e and h refer to the epilimnion and hypolimnion; 

th and s denote the thermocline region and the sediment/water 



interface; OP and PP refer to the concentrations of orthophos- 

phate and particulate phosphorus; p and r are rate coefficients 

for net production and decomposition; k is a vertical exchange 
2 - 1  coefficient, L T , that includes the effects of molecular and 

turbulent diffusion internal waves, erosion of the hypolimnion 

and other fluid processes on the transfer of heat and materials 
- 

across the thermocline; Z is a mean depth; V is the volume; A is 

an interfacial area; Q .  is a land-based volumetric rate of inflow 
3 

of water; Q is the volumetric rate of lake discharge; and g is an 

effective settling velocity. 

For the winter model, two linear differential equations are 

obtained from mass balances of the two phosphorus compartments. 

For orthophosphorus throughout the lake, 

For particulate phosphorus throughout the lake, 

- rv(pp) - gAs (PP) , (40) 

where the subscript eu denotes the euphotic zone. 

These models are joined by boundary conditions at the fall 

overturn and the spring stratification. At the fall overturn, 

(OP)eve + (OPlhvh 
(OP) just after mixing = v I 

(PP)eve + ("lhvh 
(PP) just after mixing = v 

At the beginning of the spring stratification, the concentrations 

of particulate phosphorus in the epilimnion and the hypolimnion 

are set equal to the concentration of particulate phosphorus 

throughout the lake at the end of the winter circulation: (PP), 
= (PP) = (PP) . Similarly, (OP), = (OP) = (OP) . 



Just as Imboden's model, this model requires specification 

of loading rates, lake geometry, hydraulic conditions, production 

and respiration rates, sedimentation rates, and exchange coeffi- 

cients. Variable parameters must be specified on a daily basis. 

The model should compute daily values for concentrations of ortho- 

phosphorus and particulate phosphorus in both the epilimnion and 

hypolimnion. Snodgrass and O'Melia used this model to compute 

spring total phosphorus concentrations in 1 1  lakes. A comparison 

between computed and observed values is shown in Table 3. 

RECOMMENDATIONS 

The selection of the specific procedures to be used as part 

of the evaluation of the impact of phosphorus control options is 

constrained by a number of factors. The large number of lakes to 

be used as a data base requires a relatively simple approach. 

The time scale of interest requires a method that can be applied 

to predict years into the future. The type of control options 

and specific effects on loading rates requires a tool that con- 

siders the direct result of the control. 

Table 3. Predicted and observed spring total phosphorus 
concentrations. 

Predicted Observed 
spring total Phosp. spring total Phosp. 

Lake mg/liter mg/liter 

Aegerisee 
Tiirlersee 
~iirichsee 
Bodensee 
Sempachersee 
Ontario 
Tahoe 
Kalamalka 
Okanagan 
Shaha 
Osoyoos (N. Basin) 



Phosphorus Loading 

The best procedures for computing new phosphorus loading 

rates resulting from various control options will depend very 

much on the type of control option specified. Conversely, the 

types of control options that can be analyzed depend greatly up- 

on the methods and data available. For example, the effect of 

a change from agricultural to urban land use can be evaluated by 

using the phosphorus loading data compiled by Omernik. However, 

this can be done only for those lake basins that have available 

present land-use data. For point source control, an option such 

as the elimination of phosphorus detergents could be analyzed 

either by reducing municipal treatment plant loads by a fixed 

percentage, or by specifying a new effluent concentration. One 

of the difficulties involved in specifying effluent concentrations 

is that the "compendium" data base does not include flow data. 

Flow data are available from the STORET data base but would have 

to be supplied. 

In general, the procedures described by Porcella et al., are 

recommended for evaluation of point source control options and 

the data base reported by Omernik should be used for nonpoint 

source analysis. A further analysis of Omernik's data base may 

be necessary, in order to arrive at a suitable method for pre- 

dicting nonpoint source loading. 

Lake Response 

Owing to the lack of data and tested models, it is recommended 

that the single equation mass balance model be used for evaluating 

lake responses. Such a model will be unable to account for sedi- 

ment release of stored nutrients during a transient recovery pe- 

riod. However, the data base contains no information on sediment 

phosphorus concentrations. A more complex model would require 

estimation of rate constants and sediment phosphorus concentra- 

tions. 
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THEORETICAL INVESTIGATIONS INTO THE DEVELOPMENT 
OF AN INTENSIVELY USED SHALLOW LAKE 
WITH A RIVER FLOWING INTO IT 

K. Bauer 

The shallow lake considered in this paper is the Grosser 

Muggelsee, which forms a part of the water system subordinated to 

the management district of the capital of the GDR, Berlin. In 

such a metropolis it is essential to guarantee water supply and 

recreational areas; thus, development of this shallow lake is 

envisaged, in order to satisfy future demand (see Figure 1). 

Since 1895, the Grosser Muggelsee has been the subject of 

many limnological investigations (e.g., ~iiller 1895, LenImermann 

1903, Bursche 1953, Barthelmes 1959, Schliiter 1966, Warnke 1970, 

Bunger 1975, Cramer 1976, and Bauer and Warnke 1977). The inves- 

tigations were based on daily and weekly data of ecosystem compo- 

nents and chemical pollutants, measured over a period of 32 years. 

Changes in the composition of phytoplankton species were not con- 

sidered. 

STATISTICAL ANALYSIS 

By using the correlation theory, which forms part of the 

stochastic processes theory, to evaluate the available data, some 

interesting effects have become apparent. Some problems and 

findings related to the data evaluation follow. The statistical 

analysis of the water system under consideration was based on the 



Figure 1 .  The position of the Grosser ~uggelsee 
in the water system of Berlin, GDR. 

following ecosystem variables (the observation periods are in 

parentheses) : 

Silicate (1  year) 

Water temperature ( 3 2  years) 

Nitrate ( 1  year) 

Global radiation (1  year) 

Chlorophyll-a ( 1  year) 

Orthophosphate ( 1  year) 

Ammonia ( 1  year) 

Oxygen content ( 3 2  years) 

Nitrite ( 1  year) 

Carbonate hardness ( 3 2  years) 

Chloride ( 3 2  years) 

Suspended matter ( 3 2  years) 

Potassium permanganate consumption ( 3 2  years) 

Three series of data were obtained from the water system under 

consideration. Since a part of these data series was complex, 

we had to find a new procedure for processing the series. Com- 

puting operations were performed on a statistical basis. Selected 

results from an evaluation of the ecosystem components are dis- 

played in Table 1 .  
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All components of the ecosystem (see Table 1) show low-fre- 

quency 1-year variations. With regard to temperature more than 

96 percent of the total variance occurs in the low-frequency range. 

For all remaining ecosystem components the portion of the relative 

variance in the fundamental low-frequency variation amounts to 

more than 5 0  percent. In the case of a slowly flowing nutrient- 

rich watercourse the annual variation in oxygen content may be 

only 61 percent. This can be attributed to the influence of the 

temperature on the oxygen saturation concentration. The remaining 

39 percent might be largely due to the influence of biogenic 

aeration. If the annual variations of the ecosystem components 

under consideration are separated, the correlation functions of 

the stochastic behavior give zero values in the interval between 

lags T is 7 days and T is 2 0  days. Silicate, chlorophyll-a, and 

ammonia prove to be stochastically inert components. 

For the longer time series of variables--water temperature, 

oxygen, suspended matter, chloride, chemical oxygen demand, and 

carbonate hardness--the following assessment can be made on the 

basis of the monthly means during the period from 1945-77 (see 

Figure 2 )  . 

Temperature, Oxygen, Suspended Matter 

By comparing the monthly trends of water temperature and 

oxygen, it becomes obvious that meteorological factors have a 

considerable influence upon variations in the oxygen content. 

Until recently the annual oxygen variation between spring and 

summer had been rising. The increase in suspended matter is clear- 

ly indicated by a significant growth of plankton, by an earlier 

start in algal production and by the more frequent appearance of 

two peaks in algal growth, the first peak appearing in spring and 

the second in summer. 



Figu re  2 .  Yearly v a r i a t i o n s :  suspended m a t t e r  
i n  t h e  Grosser  Muggelsee. 
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oxidizable organic matter in the water, whereas the findings of 

special investigations show that matter not easily oxidized is 

increasing. With regard to carbonate hardness a yearly variation 

can occasionally be observed, but no general trend is apparent. 

Unfortunately, such long and reliable series of measurements of 

nutrient and organic matter are unavailable. For these important 

ecosystem components we have only a representative series of daily 

values for a 1-year observation period. It may be concluded that 

the increase in nutrients in the water of the catchment area, 

brought about by a systematic increase in industrial and agricul- 

tural activity, may be the cause of the increased algal production 

in the Grosser Muggelsee. 

Given the available data on suspended matter, the first goal 

with respect to sanitation should be to obtain an increase in the 

potable water supply from the Grosser Muggelsee. In order to 

achieve this aim more attention must be given to the difficulties 

involved in water treatment; difficulties caused primarily by the 

presence of suspended matter in the water. It would be desirable 

to reduce by one-third the amount of suspended matter, but if this 

is not possible at least the plankton growth, as shown by the 

long-term time series, should be curbed. This might be possible 

if the overall nutrient input into the catchment area were to be 

reduced. 

In the GDR the quality of water bodies has been improved. 

This has been achieved by carefully judging when to use nutrients 

in agriculture and forestry, and by preventing the wastewater 

treatment plants from releasing their discharges into nearby 

rivers and lakes. 
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EUTROPHICATION MODELING EFFORTS FOR LAKE BALATON 

P. CsAki, J. Fischer, L. Hajdu, and G. Jol6nkai 

Lake Balaton has a surface area of almost 600 square kilo- 

meters. Along its southern shore it is shallow for approximately 

500 meters, and from May until the end of September the water is 

warm. These two features contribute towards making this lake a 

popular recreational center. The principal characteristics of 

the lake are included in Table 1 (see also Figure 1 ) .  

Table 1. Morphological and hydrological characteristics of 
Lake Balaton. 

Morphological and Unit of 
hydrological features measurement 

Surface area 593.00 km2 

Average width 7.68 km 

Average depth 3.14  km 

Length 77.80 km 

Vo 1 ume 6 3 1,861.00 x 1 0  m 

Drainage basin area 5,774.50 km 2 

Average water-level fluctuation 48.00 cm 

Long-term average annual inflow 

in water column -954 .00  mm 

Long-term average annual outflow -681 .00  nun 





About 75 percent of the Lake's total inflow comes from the 

discharge of the River Zala into the farthest southwestern end 

of the lake. The outflow at the farthest northeastern end is 

regulated by a gate that discharges into the Sio' Channel (see 

Figure 1) . Many conditions of the lake, including detention 

times and water quality, can be explained by this specific inflow/ 

outflow feature. 

FEATURES AFFECTING POLLUTION LEVELS IN LAKE BALATON 

Along the southern shore of the lake there is comparatively 

little industry, that which exists consists mainly of agriculture 

and related services--e.g., wine processing. Along the northern 

shore there are boatyards and chemical works. Of the total land 

area in the Balaton watershed, 85.2 percent is used for agriculture 

and 14.2 percent for forestry; the remaining 0.6 percent is ac- 

counted for by other activities. Most types of industrial pollu- 

tion can be found in the catchment area of the River Zala. 

The size of the population in the Balaton watershed is an- 

other factor that indirectly affects the water quality of the lake. 

The permanent population in the recreational region is 120,000; 

however, during the peak tourist season in summer, the population 

is estimated at 600,000. An adequate water supply is essential 

to such a region, and although present capacity is approximately 
3 120,000 m /day, it is being increased rapidly to cater for the 

needs of the area. A regional canalization network is also being 

developed simultaneous with the construction of sewage treatment 

plants. At present many settlements use septic tanks. When the 

regional network is completed all sewage will be treated before 

being conveyed from the Balaton Basin into the lake. 

The amount of traffic traveling along the shoreline is the 

third factor contributing to pollution levels in the lake. The 

level of railway transport remains constant, but private car traf- 

fic has rapidly increased. During the last 10 years this increase 

has been calculated at between five and six times the previous 

level. 



EUTROPHICATION PROBLEMS IN LAKE BALATON 

In current lymnological textbooks, Lake Balaton has been 

mentioned as a typical example of a eutrophic lake; this is cer- 

tainly an exaggeration. The water of this lake is extremely rich 

in calcium. Annual biogenic calcium precipitation is estimated 

at 80,000 tons, and the calcium carbonate content of the bottom 

sediment is 50 to 60 percent. Because the fine calcium grains 

absorb phosphorus effectively, eutrophication is diminishing. 

However, even by this efficient defensive mechanism, the process 

cannot be stopped completely; this is because the external phos- 

phorus load has most probably greatly increased. In the phospho 

rus absorption mechanism, the aerobic bottom sediment usually 

plays the key role, but in Lake Balaton it is the high level of 

pH in the water (8.4) that is important for the process. Occa- 

sional acidification, biologically realistic down to the neutral 

value of 7.0, causes the apatite in the sediment to dissolve, 

which in turn results in the release of phosphorus. 

Originally the major influent, the River Zala, flowed through 

the shallow marsh Kisbalaton (Little Balaton). This served as 

a natural tertiary stage for the treatment of waste material, 

eliminating the bulk of biogenic elements and transported abi- 

oseston from the water. This natural filter was closed off by 

the construction of a canal, and as a result there has been a 

gradual buildup of deposits in the western part of the lake. 

Concentrated nutrient loading from agricultural and communal sour- 

ces has greatly accelerated the process of eutrophication. 

Recently, unusual phytoplankton species have been observed, 

and the natural diversity of the algae has been curbed by the 

dominance of one particular species (Bartha, 1975; Hadju, 1976). 

In the 1930s it was unusual to find an area of several square 

meters of algal bloom in Lake Balaton. This is not the case now 

because over the last few decades it has spread rapidly; as yet, 

it has not become a serious problem. Biomass and phytoplankton 

production have increased, and the latter has taken place more 

rapidly, as indicated by observations of algal species and prima- 

ry production measurements, for example, see Herodek and Olah, 

1974; Herodek and Tamas, 1975. Eutrophication in the lake sud- 

denly became a problem in the 1970s. Production reached a peak 



between 1970 and 1973, when in the western part, the Keszthely 

Bay, the theoretical maximum production level was attained, and 

when along the eastern shore a new species of algae occurred in 

dense clumps, which eventually spread to other areas of the lake. 

The introduction into the lake of the zebra mussel (Dreissena 

polymorpha) and the eel (Anguilla anguilla), by natural and arti- 

ficial means respectively, has had an unfavorable effect on the 

lake's indigenous fauna; this is demonstrated, for example, by 

the considerable decrease in the mollusc (Anodonta cygneal and 

the crab (Potamobius leptodactylusl populations. 

In 1965 and 1975 there were two large fish kills, the circum- 

stances of which have not yet been clarified by experts. However, 

it is considered probable that the first case, in 1965, was a 

result of pesticide intoxication from agricultural land runoff 

into the lake, and the second, in 1975, was due to a lack of oxy- 

gen in the water caused by the increased growth of phytoplankton. 

The recreational value of the lake has not yet been signifi- 

cantly impaired. Clumps of seaweed occur sporadically, and in the 

western bay this may deter some people from bathing. The shallow 

water is aerated to a significantly great depth to ensure that the 

bottom sediment is always aerobic, containing little organic mat- 

ter. 

The dangers of eutrophication in Lake Balaton were recognized 

at a relatively early stage, before serious biological problems 

had occurred. The credit for this is due primarily to the Bio- 

logical Research Institute at Balaton and the Budapest Research 

Center for Water Resource Development. 

THE CAUSES OF EUTROPHICATION 

Most experts on Lake Balaton's eutrophication problem agree 

that the lake is phosphorus-limited--i.e., phosphorus input into 

the lake is the cause of the eutrophication process. While this 

assumption is true in general, one specific condition should al- 

ways be remembered. Since there is almost total, instantaneous 

precipitation of phosphorus in the water, which contains a high 

calcium carbonate content, the main direct source of phosphorus 



can be attributed to the exchange process across the water/sedi- 

ment interface. Therefore a long period of phosphorus accumula- 

tion in the sediment was necessary before equilibrium concentra- 

tion in the water began to rise, with a subsequent increase in 

trophic levels. Although this retarding effect has served the 

interests of water quality, it could also delay the effect of 

phosphorus removal from the sources of pollution. The multiplicity 

of phosphorus sources should also be considered in a discussion of 

the causes of eutrophication in Lake Balaton. These sources con- 

sist of waste-water from communal and industrial origin; runoff 

from agricultural land; urban runoff from the densely populated 

areas; and direct precipitation on the water surface. Although 

there recently have been many attempts to determine the exact con- 

tribution of these sources to pollution levels in the lake, only 

approximate, and sometimes contradictory, estimates can be given 

due to the lack of detailed information and regular, longstanding 

input records. Nevertheless, we estimate the contribution of the 

different pollution sources as follows (expressed as a percentage 

of the total input) : sewage, 30 percent; nonpoint (runoff), 4 0  

percent; urban runoff, 10 percent; precipitation, 20 percent. A 

recent calculation of phosphorus mass balances in the lake, based 

on available data, is given in Table'2. To the total inflow of 

phosphorus a certain nonpoint source contribution must be added, 

although some runoff effects may also be included in the values 

shown in Table 2. 

Table 2. Phosphorus mass balances in Lake Balaton. 

Total phosphorus 
Sources of pollution in kg/day 

Tributaries on the northern shore 
Tributaries on the southern shore 
River Zala 
Direct discharge of sewage treat- 
ment plant onto the shore 

Total inflow 



The unobserved rainfall runoff contribution, according to 

field stilrlies, could be of the same order of magnitude as the total 

sum given in Table 2. Taking into account these estimates the 

total load in the lake can be calculated at about 2,000 kg/day. 

Since outflow is almost negligible (about 30 kg/day) there is a 
2 considerable accumulation of phosphorus 1.26 g/m /yr. Only the 

dissolved reactive form of phosphorus, POo-PI can be absorbed by 

the algae, being the first (and probably most significant) ele- 

ment in the food chain. Unfortunately there are no reliable mea- 

surements af PO4-P inputs available, with the exception of those 

for the River Zala. 

MODELING EFFORTS 

The Objective 

The principal objective of the modeling efforts is to develop 

a eutrophication model for the lake that fulfills the following 

conditions. The model should serve as a control tool, describing 

the eutrophication process with reasonable accuracy; it should 

allow a description of nutrient inputs and nonpoint sources; and 

it should be able to operate within the constraints of the avail- 

able data base. For more details of the first stage of this model- 

ing approach see the paper by G. ~ol6nkai in these Proceedings. 

At a later stage the model should be extended to include all the 

determinative trophic state parameters. However, to satisfy all 

these requirements it will be necessary to increase modeling and 

monitoring activity over the long term. For the present, efforts 

should concentrate on simpler forms of eutrophication modeling. 

Data Availability 

Reliable historical records on the hydrological and meteoro- 

logical conditions in the Balaton watershed are available, but 

they do not include inflow measurements (discharge measurement 

structures are installed only on some of the principal tributar- 

ies). However, recently discharge measurements for the River Zala, 



the main source of inflow, have been taken more frequently lately. 

Stations for the observation of hydrological, meteorological, and 

water quality conditions are shown in Figure 1. 

The frequency of water quality sampling on the tributaries 

varies between 3 and 56 measurements, annually, and it is increas- 

ing. During the previous year samples of the River Zala were taken 

daily. At the points where samples are taken the most frequently, 

routine analysis is carried out for 46 water quality components. 

The frequency of water quality sampling in the lake is also in- 

creasing; at present about 15 samples are taken annually. Detailed 

analyses of traditional water quality components, phosphorus and 

nitrogen forms and algal chlorophyll are carried out. All the 

data on water quality in the lake have been gathered to form a 

data bank, which at present is being installed on computer, and 

the organization of the enviromental monitoring system for the 

region is in progress. 

Regular influent sampling is not yet sufficiently frequent 

to provide reliable data on nutrient input 4-6 measurements an- 

nually. Extensive objective-oriented measurements were organized 

previously and are also being carried out at present. 

Of all the biological data characterizing the lake algal 

records are the most important; they can be interpreted as a direct 

measure of eutrophication. In the early stages of research on 

Lake Balaton, up to 1950, only qualitative data were collected. 

More recently, 1950-1960, quantitative work has been carried out 

with the aid of a Kolkwitz chamber, which does not allow a com- 

parison with the data of the utermohl microscope countings, as is 

usual today. For biological purposes water quality samples are 

being taken about six times annually from five cross-sections of 

Balaton. The number of alga individuals and their volumetric 

biomass have been calculated by using three-dimensional models, 

see Table 3. It should be noted that the maximum, for Keszthely 

Bay, is about 10 mg/liter. The collection of volumetric biomass 

data is a laborious activity, and therefore there is little data 

available. An estimation of that value by chlorophyll-a quantity 

is more usual, because measurements are much easier to take. 

Primary production samples by the C14 method have been made 

since 1962, and nitrogen fixing of blue-green algae was first 

analyzed in 1977. 



Table 3. A data series of three years' averages. 

Apr May June July Aug Sept Oct Nov 

biomass 
mg/liter 0.36 0.46 1.21 2.14 4.11 1.84 0.48 0.18 

The process of eutrophication in the lake can be followed 

not only in time, but also in space: its direction is West-East. 

Different types of diversity calculations and cluster analyses 

have been performed in order to gain more information about the 

process. Regular records of algal stands have also been made, 

such as those of K6rp6ti and K6rp6ti (1975). Bacteriological life 

in Lake Balaton has been well documented, and the bacterium count 

on membrane filters and its annual changes are well known. How- 

ever, records on zooplankton populations are inconsistent and 

irregular, although extensive research has been carried out on the 

nutrition and reproduction of an important zooplankton species, 

E u d i a p t o m u s  g r a c i l i s  (Z6nkai and Ponyi, 1975). Total fish bio- 

mass in the lake is estimated at approximately 6,000 tons with an 

annual production of about 3,000 tons. The total quantity of 

fish caught by anglers is about 23 tons. 

Reliable historic records on basic parameters of water chem- 

istry, principal cations, conductivity, and the like are available, 

but these data have little relevance to ecological modeling. Data 

obtained by using modern analytical techniques, such as data on 

various forms of phosphorus, have only been available in the last 

6 years. 

The Modeling Approach 

Nonpoint source pollution, in particular runoff from agri- 

cultural land, makes a significant contribution to the pollutant 

input into Lake Balaton. In the past modeling attempts to des- 

cribe this phenomenon have been made. In a representative water- 

shed of the lake, extensive field measurements have been taken, 

in order to investigate the effect of runoff on the lake's plant 

nutrient input. Weekly sampling and dis,charge measurements were 



organized with increased sampling frequency during flood events. 

Rainfall data and data for agricultural chemicals used in the area 

were also collected. 

The modeling of base flow mass flux conditions has been sol- 

ved by constructing mass flux profiles corresponding to different 

probabilities of occurrence for each of the eight parameters in- 

vestigated. With an extension of the available hydrobiological 

model, pollutant runoff events have been simulated by using the 

correlations between pollutant mass fluxes and flood wave volumes 

(Jolsnkai, 1 9 7 7 ) .  

The data from this extensive field study have also been used 

in a more sophisticated stochastic approach (Duckstein et al., 

1 9 7 6 )  that forecasts runoff events and also sediment yield events 

from rainfall, making use of the available data on dissolved phos- 

phorus and fixed phosphorus. The probable density functions of 

phosphorus loading from nonpoint agricultural sources is estimated 

There are some promising results with a eutrophication model 

of the lake's most endangered part. The model, in its present 

form, is a phosphorus/algae type that takes the exchange process 

between sediment and water into consideration. Its main feature 

is that it considers time variable reaction coefficients, and uses 

a maximum likelihood approach a s a  tool for parameter identifica- 

tion. An extension of this model is being developed and will in- 

clude : 

-- The prediction of inflow from the main tributary, and 

a joint model of dissolved~reactive phosphorus input 

from this source 
- - Water-level fluctuation and outflow (joint model with 

water quality components' outflow) 
-- Sediment phosphorus precipitation into and uptake from 

the sediment including wind effects 
-- Algal growth (light, temperature, and flood limitation) 

-- Other aquatic forms of life in the food chain (not yet 

fully agreed upon, dependent upon data availability) 

In its final form the model could be an effective tool for manage- 

ment strategies. 



Trial runs of various models have been carried out, so that 

the most appropriate set of ecosystem state variables may be sel- 

ected. The Balaton Ecosystem Model l (BEM-l) seems to provide 

one of the most suitable initial approaches. It consists of the 

following state variables: inorganic nutrients in the water-- 

phosphorus, nitrogen; organic matter in the water: dissolved and 

particulate (DOM and POM); and decomposers, algae, zooplankton, 

fish. The dynamics of these state variables are described by a 

differential equation system based on nutrient uptake, release 

(respiration, excretion, defecation), and mortality. The main 

features of the model are the following: 

-- The expressions for most of the process kinetics are 

proportional to the biomass of the corresponding living 

components. 
-- The proportionality factors consist of constant maximum 

rates and limiting factors. 
- - The limiting factor for the temperature takes the form 

of vel-' occurring in all process rate expressions. 
-- The limiting factor for phosphorus, nitrogen, and light 

is based on the Michaelis-Menten law (for light it is 

averaged according to depth) limiting the primary pro- 

duction of the algae. 
-- The food chain is expressed in terms of uptake and graz- 

ing rates: the food of algae--phosphorus, nitrogen; the 

food of decomposers--DOM; the food of zooplankton--algae, 

decomposer, POM; the food of fish--decomposer, zooplank- 

ton, POM. 
-- The total mass (water + organic matter) of the phospho- 

rus and nitrogen is constant wherever the phosphorus and 

nitrogen loading is zero. The carbon/nitrogen/phosphorus 

ratio in all forms of organic matter is constant. These 

requirements are realized by certain constraints on the 

parameters. 

The next task is to incorporate the models of inorganic nu- 

trient loading and the water/sediment exchange of the phosphorus. 

In conclusion, extensive data analyses and modeling activity 

on the hydrology of the lake have been performed in the past. 



Even a brief interpretation of this data would far exceed the 

scope of this paper, but, to summarize, the principal "modelingt' 

problem is that of selecting one appropriate approach from the 

many that are available. 

FUTURE TASKS 

Despite the availability of many research results and the 

wide-ranging, but unconnected, data bases, the most difficult 

problem in the construction of a realistic management model is 

still the lack of data. In order to solve this problem, more 

data on the extent and sources of pollution need to be gathered, 

and certain modeling features have to be improved. 

First of all this involves taking more frequent measurements 

along the tributaries of Lake Balaton for discharge and water 

quality. In order to determine the effect of seasonal variation, 

more frequent measurements of the effluent discharges of sewage 

treatment plants are also necessary. Special field studies could 

explore the load runoff events in some representative areas, and 

could gather further information on the effects of fertilizers 

and pesticides. In analyzing the water quality and biological 

features of the lake itself, more data (both in time and space) 

on various aquatic forms of life and a definition of the most 

dominant eutrophication state variables would be required. A use- 

ful contribution to solving the problem could be provided by lit- 

erature, field, and laboratory research into the growth equations 

of various aquatic forms of life; this would include gathering 

information on assumed constant values, followed by an analysis 

of this information. 

Secondly, certain aspects of modeling need to be considered. 

This would involve constructing a submodel of the hydrological 

features of the lake that would be compatible with the ecosystem 

model. In order to allow for continuous extension and refinement, 

the submodels--ecosystem, eutrophication, and input--would require 

calibration, and the development of up-to-date parameter estimation 

techniques. Control strategies should be considered in the sub- 

models, and finally, using the above-mentioned submodels, a com- 

plex system management model could be constructed. 
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USE OF CHLOROPHYLL/SECCHI DISC RELATIONSHIPS 

M.W. Lorenzen 

A number of researchers have proposed the use of empirical 

relationships between Secchi Disc and chlorophyll-a to project 

transparency changes to be expected from changed chlorophyll lev- 

els. There are data available relating Secchi Disc transparency 

to chlorophyll concentrations, see Oglesby and Schaffner (1975). 

The authors correctly noted that, for high concentrations of phy- 

toplankton, reductions in their concentration produce little change 

in transparency. However, the implication that, for low phyto- 

plankton concentrations, changes in their concentration would 

produce large changes in transparency is not necessarily true. 

More recently, Carlson (1977) presented similar data, and 

developed the following regression equation: 

ln(Secchi Disc) = 2 . 0 4  - 0 . 6 8  ln(ch1-a) . (1) 

Carlson noted that the data did not fit an equation of the form 

I z - ,-(a + BC) z - - 
I0 

r 

Where I. is the surface light; IZ is the light at depth, z; a is 

the extinction coefficient from factors other than algae; B is the 
incremental extinction coefficient from algae; and C is the algal 



concentration. It was assumed that IZ is equal to (0.1 ) Io, when 

z is the Secchi Disc depth. He postulated that the inability to 

fit the data to this type of function may have been caused by the 

changing chlorophyll content per cell, according to the light con- 

ditions. It is possible that the value of a (nonchlorophyll light 

absorption) was quite different for the various lakes included in 

the data base. 

The following theoretical analysis illustrates the importance 

of the extinction coefficient, a. It also shows that the large 

variation in Secchi Disc depth at low chlorophyll concentrations 

is likely to be a result of factors other than changes in chloro- 

phyll concentration. Assuming that the Secchi Disc depth can be 

approximated by the depth of 20 percent surface light (Lorenzen, 

1978), the Secchi Disc depth (SD) can be expressed as: 

At high algal concentrations (BC >> a) the extinction of light and 

Secchi Disc depth are controlled by the phytoplankton. (It should 

be noted that although the Secchi Disc depth is inversely propor- 

tional to the phytoplankton concentration, the constant of pro- 

portionality is very small. For example, at a chlorophyll-a con- 

centration of about 50 pg/liter, and with very clear water (a = 

0.1), the change in Secchi Disc depth resulting from a 10 pg/liter 

increase in chlorophyll-a is only 0.15 meters [(I .61/1 .61) - (1.61/, 
1.90)l. For more turbid waters, the change would be even less.) 

However, at low algal concentrations, the penetration of light 

is largely controlled by light-absorbing properties other than 

phytoplankton, a. 

The extinction coefficient due to factors other than algae, 

a, varies widely, ranging from 0.04 per meter for distilled water 

to 1.5 per meter or more (Clark, 1954, p.195). The incremental 

extinction coefficient, 8, has been found to be fairly constant 

at approximately 0.2 mg/liter/m ash-free dry weight (Lorenzen, 

1972). Unfortunately, the chlorophyll content of algal cells is 

quite variable, so that it is more difficult to relate the atten- 

uation coefficient to chlorophyll. For illustrative purposes, 

Figure 1 was constructed for various values of u (0.04 to 1.0 



F i g u r e  1. The t h e o r e t i c a l  r e l a t i o n s h i p  between 
S e c c h i  D i s c  and  c h l o r o p h y l l .  

p e r  meter) and B r e p r e s e n t s  0.030 mg/ l i t e r /m c h l - a  (assuming t h a t  

c h l o r o p h y l l - a  is  e q u a l  t o  1 .5  p e r c e n t  o f  a s h - f r e e  d r y  w e i g h t ) .  

F o r  any  p a r t i c u l a r  l a k e ,  a  r e d u c t i o n  i n  a l g a l  biomass  would be 

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

l i n e  f o r  a. Dramat ic  i n c r e a s e s  i n  t r a n s p a r e n c y  a t  low c h l o r o p h y l l  

l e v e l s  would o n l y  be o b s e r v e d  i n  w a t e r s  v e r y  low i n  c o l o r  o r  

t u r b i d i t y .  

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

d a t a  f o r  c h l o r o p h y l l - a  S e c c h i  D i s c  o b t a i n e d  from d i f f e r e n t  l a k e s  

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

v a l u e  o f  a s h o u l d  b e  o b t a i n e d  f b r  t h e  l a k e  b e i n g  s t u d i e d .  An 

a n a l y s i s  (see F i g u r e  1 )  c a n  t h e n  be used  t o  e s t i m a t e  t h e  e f f e c t s  

o f  changed  c h l o r o p h y l l  on t r a n s p a r e n c y .  
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