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PREFACE

One of the principal themes of the Task on Environmental
Quality Control and Management in IIAS5A's Resources and Environ-
ment Area is a case study of eutrophication management for Lake
Balaton, Hungary. The case study is a collaborative project
invoiving a number of scientists from several Hungarian insti-
tutions and IIASA. This paper presents further details of a
model for phosphorus transformation processes and phytoplankton
growth in the lake (see also WP-80-88). Results are reported
for a comparison of the performance of the model with observa-
tions recorded for 1977.
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ABSTRACT -

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

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

A.V. Leonov

1. INTRODUCTION

Lake Balaton is a large shallow lake in central Europe. It
is situated in the western part of Hungary and has a surface
area of about 600 kmz. It receives drainage from a catchment
area almost ten times larger than the water body itself; i.e.
5,775 km2 (van Straten et al. 1979). The lake is 75 kms long
and 8 kms wide. The average depth is about 3 meters and only a
small portion of the lake where it is divided by the peninsula
of Tihany, does the depth of the lake reach 11-12 meters. Lake
Balaton is a typical example of a water body with different

eutrophic conditions in different parts of the lake.

Eutrophication and the phenomena connected with nutrient
enrichment of water, such as increased development of plant life,
are important limnological problems for various water bodies,
both shallow and deep. These problems result entirely from
increased productivity and are caused by an imbalanced input
of nutrients into the water from the watershed. In shallow laxes
and reservoirs, the development of eutrophication is greatly
dependent on the sediment-water interactions, because the bottom
sediment may be a direct nutrient source and has a significant

effect on the nutrient budget of water bodies.
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The natural state of eutrophication is dependent on the age
of the water body, its geological features, and historical evolu-
tion. The development of eutrophication is defined by nutrient
levels as a whole. Human activities involving the water body
often increase the nutrient inputs, resulting in the acceleration
of eutrophication. In every case, the development of eutrophi-
cation entails a complex reorganization of the water-ecological
system, owing to the disturbance of the balance between the
process of nutrient inputs and their bicgeochemical cycles

within the system.

The existing level of knowledge and available quantitative
information concerning water body eutrophication problems are
limited and do not answer many questions connected with the
acceleration of eutrophication and its undersirable consequences.
Generally speaking, the phenomenon is still not completely
understood. Two important, classical questions about the eutro-
phication problem are: what is the cause of excessive fertili-

zation, and what can be done to control it (Lee 1373)7?

It is known that of all the biogenic elements which influence
aquatic life, phosphorus is the key element and it is considered
a major reason for eutrophication in this lake (van Straten et al.
1979). The River Zala* enters the lake at its southwestern part
and provides about 50-75 percent of the total water inflow (Csaki
et al. 1979; van Straten et al. 1979); it is the primary source
of phosphorus in the Lake Balaton ecosystem. This river mainly
rececives agricultural runoff and some domestic and industrial
wastes from a total area of about 2,622 km2 of the River Zala
watershed. Other important tributaries enter the lake in its cen-
tral part. The water outflow of Lake Balaton, is regulated by a

special gate at the northeastern end of the lake.

The River Zala enters Lake Balaton via the shallow Keszthely
Bay and the effect of the river is felt not only in the bay itself
but also in the neighboring region of Lake Balaton, i.e. the
Szigliget Basin. In the last two basins of the lake, Szemes and
Sidfok, the effect of the Zala River is quite low. As a result,
eutrophic conditions decrease from the southwestern to the north-

eastern end of the lake.

%
The major tributary of Lake Balaton
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The role of phosphorus in the eutrophication of various
water bodies was discussed in many reports (Bartsch 1972; Lee 1973);
Porcella and Bishop 1975). Phosphorus occurs in natural waters‘in
a variety of forms--both dissolved and particulate. Biochemical
transformation processes developed in water enviroanments tend to
convert phosphorus fractions from one form to another. Dissolved
inorganic phosphorus is readily available for phytoplankton growth.
In unpolluted waters, it exists at a level which limits plant

growth.

The early studies of eutrophication and phosphorus dynamics
in water bodies were mostly concerned with qualitative descrip-
tions or, in the best case, with searching for a comparatively
simple relationship between phosphorus levels and eutrophication
indexes (3tewart and Rohlich 1967; Vollenweider 171968; Hutchinson
1973). In the present study, it is obviously a necessary step
to increase the degree of understanding of these relationships
by applying systems analysis. At the same time, it has of course
been necessary to separate the direct effects on eutrophication--
so called man-made impacts~--from indirect effects and unrelated
factors which cause ecological variations and have important

consequences for the ecology of the lake.

During the past few years, water ceutrophication as a limnolo-
gical problem has become the subject of many special studies
using mathematical models of different degrees of complexity.
The main purpose of these studies is to quantify impacts and
assess alternative control strategies in terms of biogenic ele-

ment balances in various water bodies.

In the Lake Balaton case study mathematical modeling is
considered one of the successful methods of studying the eutro-
phication of Lake Balaton at a comparatively early stage of its
develupment and to obtain a quantitative assessment of this
phenomena. Some important characteristics of the water body
indicating the state of eutrophication, its trends and the rate
of change of the quality of eutrophic waters, may be evaluated
by specially constructed models which should be geared to the

level of detail of this problem.



This report describes a model of phosphorus compound trans-

formations--an important factor when studying the eutrophication

in natural waters--particularly in the case of Lake Balaton.
Generally speaking, this model is intended to simulate the dynamics
of phosphorus cycling processes and represents an excessive growth
of aguatic plant life as a consequence of the changes in gquantity

of phosphate-phosphorus in the water body.

Comparatively simple phosphorus models used for the study of
eutrophication take into account a limited number of phosphorus
forms, usually total phosphorus or just two phosphorus fractions,
particulate and dissolved phosphorus. Models with a limited
number of phosphorus forms have been applied for studying less
eutrophic water, when sediments do not exert a significant influ-

ence on phosphorus cycling in the water (Lung et al. 1976)

However, a much better understanding of the existing relation-
ship between phosphorus input to a water body, and phosphorus trans-
formation processes within it, may be attained with the help of mo-
dels constructed on the basis of synthesis of biological and chemi-
cal models. These types of models include several phosphorus forms,
chemical as well as biological, and integrate the available informa-
tion concerning their behavior in water bodies. By using this type
of model, it is possible to explain the dynamics of phosphorus in
the cells of microorganisms and to concentrate on changes of each
nf the chemical forms of phosphorus present in the water and also
the rates of phosphorus interchange between various forms, includ-
ing biological and chemical. This type of model is very useful
for studying complex processes occurring with eutrophication
such as phosphorus release from sediment to water, phosphorus
loading from a watershed, phosphorus regeneration by microorgan-
isms, and so on. An important stage in understanding the eutro-
phication of Lake Balaton, is to establish interactions which play
a significant role in phosphorus transformations, the magnitudes of
rates of individual transformation stages in the phosphorus
cycle, and to evaluate the phosphorus material flows in the

lake's ecosysten.



2. CONCEPTS BEHIND THE PHOSPHORUS TRANSFORMATION MODEL

Phosphorus is one of the most important elements in natural
waters. Its presence often limits the development of various
microorganisms and determines the rates of biochemical transfor-
mation of organic matter. The concentration of mineral phosphorus
compounds must be considered when examining general water problems
such as questions of eutrophication, primary production, decompo-

sition of pollutants and the self-purification of water bodies.

The main chemical compounds of the phosphorus system are
dissolved organic and inorganic phosphorus, DOP and DIP, respec-

tively. The phosphorus components included in the composition

of particulate matter are the biomasses of microorganisms (bac-
teria, algae, and zooplankton) and the remains of dead organisms

(detritus).

Practically all types of microorganisms take part in the trans-
formation of phosphorus compounds. DIP is consumed by algae and
bacteria and is the most important biochemical component in
organic components which constitute the biomass of living cells.
Through the food chain, organic phosphorus of living matter
is included in cells of organisms of a higher trophic level,

i.e. carnivorous zooplankton. As a result of the life-sustaining
functions of the organisms, excretion of dissolved mineral com-
ponents and organic phosphorus occur together with the formation
of particulate organic phosphorus or detritus. DOP may be uti-
lized by heterotrophic bacteria and can also be directly assimi-
lated by phytoplankton. According to well-documented evidence,
protozoa and zooplankton play an important role in the transform-
ation of DOP (wWwatt and Hayes 1963).

The role of bacteria is extremely important in phosphorus
transformation. Their uptake of mineral phosphorus may increase
the consumption of organic phosphorus under certain conditions
(Watt and Hayes 1963; Ajzatullin and Leonov 1977). Bacterial
transformation of of phosphorus compounds may be greatly accele-
rated by the presence of predators {(Grill and Richards 1964;. 1In
the regeneration of nutrients, the important role played by
detritus is established (Rajendran and Venugopalan 1974).



Thus phosphorus transformation occurs as a complex interac-
tion between microorganisms and chemical compounds, of which the
rates of change and character are dependent upon environmental
factors.

In practice, many schemes of phosphorus compound interac-
tions are used for mathematical modeling of phosphorus trans-
formation in water. Some of the numerous schemes of phosphorous
compound interactions used in practice were considered and dis-
cussed by Leonov (1978). Ecological models, which are intended
for application in studies of phosphorus transformations and
phosphorcus cycling as a whole, include different types of micro-
organisms, such as heterotrophic bacteria, protozoa, zooplankton,

and phytoplankton,

The concepts and the model considered here are based on the
previous studies of phosphorus transformation processes in water
environments (Leonov 1978) and also on the field data of measure-
ments of phosphorus compounds obtained from interdisdiplinary

research in Hungary.*

The general phosphorus model might be usefully constructed
as an interactive phosphorus compounds system that involves:

1. Ecological responses--what is the impact of phosphorus
transformation on the eutrophication phenomenon?

2. Biochemical mechanisms--how are these responses produced?

3. Prediction power--how will the ecological system behave
in the present and in the future?

The model as a whole must consider the phosphorus transfor-
mation in the water and in the sediment, because the sediment-water
interaction is an important factor in the ecosystem of Lake Balaton
(van Straten et al. 1979). The model compartments, or state vari-
ables and their interactions, indicated by arrows, are shown in

Figure 1.

*A group of Hungarian specialists presented to IIASA a wide
set of field observations made from 1972 to 1978.
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The main compounds taken into account in the model are:

BV = W NN =
.« @

All of these phosphorus forms are in mg P/¢ in the model.

dissolved inorganic phosphorus, DIP;
dissolved organic phosphorus, DOP;
phosphorus in phytoplankton, F;
phosphorus in heterotrophic bacteria, B;

non-living particulate phosphorus, Py-

Dissolv-

ed oxygen, o, with concentration mg 02/2, is also introduced in the

system modeled as one of the important characteristics of water

guality.

The major processes that play a significant role in water eco-

system functioning, particularly in phosphorus transformation

are:

phytoplankton production and nutrient uptake which are charac-

terized by a function of temperature, light, and DIP
content;

bacterial production which is temperature-dependent and is

an important step of DOP transformation and DIP regener-
ation;

metabolic excretion of DOP and DIP by phytoplankton and bacter-
ia, respectively:

nonpredatorial mortality of bacteria and phytoplankton which is an
important mechanism of phosphorus cycling:;

decomposition of nonliving particulate phosphorus in the lake
water, is an important stage of phosphorus transformation
in the release of chemical energy stored in detritus:

oxygen consumption due to the respiration of phytoplankton
and heterotrophic bacteria, and also oxygen exchange through
the air-water interface and by photosynthetic production,
are important processes which regulate the oxygen content
in the water body.

Lake Balaton being shallow, average concentrations of all com-

pounds in the model discussed are taken for each basin.
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The first version of the model considered a homogenous phyto-
plankton population in the water, without subdividing individual
groups of species (Leonov 1980). Later on, changes were intro-
duced into the model in order to take into account the possible
variation of phytoplankton in time and space. The role of zoo-
plankton is considered unimportant in phosphorus cycling, and in

the eutrophication of Lake Balaton (van Straten et al. 1979).

Sediment-water interactions are a very important mechanism
in the ecological system of Lake Balaton, in the regulation of
nutrient content, and possible enrichment of the water body by
DIP. Therefore, it was decided to include in the model indivi-

dual phosphorus forms in the interstitial water. These are:
1. dissolved inorganic phosphorus in interstitial water, DIPS;
2. dissolved organic phosphorus in interstitial water, DOP_;

3. nonliving particulate phosphorus in sediment, P

Ds
Concentrations of all phosphorus fractions in sediment are taken in
mg P/L.

The principal mechanisms of benthic phosphorus transformation
includes the sedimentation of nonliving particulate phosphorus
from water and the consequent phosphorus transformations from par-
ticulate to dissolved phosphorus forms, first to DOPs and then to
DIPs in the interstitial water of the sediment. This approximation is
necessary for a simpler representation of phosphorus transformation
in the sediments with limited data about processes and phosphorus
compound content in sediments. The type of sediments in Lake
Balaton are assumed to be similar in different sections of the
lake, and to constitute a homogeneous layer. Kinetic reactions
control the rates of phosphorus transformation and oxygen cycling
in the water and they are functions of exogenous variables,
such as temperature. The rate at which all reactions proceed is

controlled by local concentrations of the state variables.

The kinetic equations applied in the model are designed to
simulate the annual cycle of the main processes which determine
the phosphorus transformation, such as phytoplankton production
in relation to the DIP supply, bacterial production in relation
to the DOP content and degradation of nonliving particulate phos-

vhorus to DOP and the effect of all phosphorus transformation
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processes on the dissolved oxygen cycle. The model consists of a
set of deterministic differential equations describing the dynamics
of all model compartments for a one-year period of time, with inde-

pendent phosphorus inputs for each segment of Lake Balaton.

For increasing the predictive and explanatory power of the
phosphorus transformation model discussed here, it was decided
to consider the ecosystem as a self-optimizing and self-crga-
nizing system following Parker (1972) and Straskraba (1977).
In order to do this, it is assumed that in comparison with other
processes, nutrition is a basic mechanism which is an adaptive
biological function of any organism. This increases the realism
of the mathematical model in the description of transformation
processes of chemical compounds and trophic interrelationships in

relation to envirounmental changes.

A detailed description of the model's nonlinear equations
are the result of a complex kinetic reaction which is presented

in the next section of this paper.

3. MATHEMATICAL FORMULATION

The water area of Lake Balaton is subdivided into j number
of sectors characterized by specific concentrations of phosphorus
compounds, phytoplankton levels and phosphorus loading rates.

The subdivision of the lake into four sectors is considered to

be quite sufficient for simulating the eutrophication processes
in the water ecosystem of Lake Balaton (van Straten et al. 1979).
Each sector within the lake has volume Vj and is represented
during modeling as a completely mixed system, similar to a
stirred tank reactor. The model basins are coupled horizontally

by advective transport (Figure 2).

The model itself is constructed on the basis of mass conserva-

tion principles for each model compartment which is given by a set

of coupled ordinary differential equations. The general form of
the model equation is:

dCi _ . ~O
ge - Ry v CE o+ (Qyn AVy) o Gy Vgt Gy - Qoue, V30 " Cs

J J
(1)




a
i
e
v
1
|
t

i is number of basins
Vj is volume of each basin
Qinj and Qgytj are characteristics of net water advective transport

Cj is concentration of specific constituents
— input of Cj by water flow; —i+ output of C; by water flow
——- input of Cj by precipitation;
— -+ input of C from external  ----»output of Pp by sedimentation

sources;

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

_LL_
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where
Cy and Cg are the concentrations of particular com-
pounds in the basin under consideration
and former basins, respectively (in mg/%);
Qin.’ Qoutj' and Qpr. are input, output flow rates and precipita-

j tion rates, respectively (all m3/day);
Cir is DOP and DIP concentrations in rain water (in mg T/%);

Ri is the sum of the reaction rates of biochem-
ical processes taken into account in the
model (mg/2-day):;

CZ. is the direct phosphorus loading rate from
all external sources (mg P/%-day).

Thus, phosphorus compounds may be increased or decreased in con-
centration by biochemical reactions, physical advective transport
and phosphorus loading. Oxygen may be taken up or produced in
conjunction with biochemical transformation, and is transferred

by physicochemical reaction processes.

The general form of the model equation shows that the mass
balance of all model compartments and the phosphorus system as a
whole will be regulated by rates of biochemical reactions and
loadings. The effect of hydrodynamical processes on the rates of
mass balance changes is considered in the simplest way. It means
that among all hydrodynamical processes only the advective trans-
port of substances is taken into account in the given model on

a long-term basis.

3.1. Phytoplankton

The mass balance of phytoplankton-phosphorus in the model,
1s presented by the expression relating the instantaneous rates
of nutrient uptake, metabolic excretion and mortality. It also
takes into account the effect of water transfer. Thus, the total
equation is:

g (P, - L. - M)F 0
ac Foobp TMpIE A Q. /W) Y- Q) e F

net growth input by output by (2)
water flow water flow
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where

UPF’ LF’ and MF are specific rates of uptake, excre-
tion and mortality of phytoplankton
(all day—1), whose phytoplankton bio-
mass F, is presented as its phosphorus
content (in mg P/%);

F’ is phytoplankton concentration in the

adjacent "upstream" sector of the lake
{mg P/%); other parameters are men-

tioned above.

Most of the eutrophication models developed previously, use
the classical Monod kinetic principles for description of nutrient
uptake by phytoplankton (Nelson 1971). There are also attempts
to describe nutrient phytoplankton uptake as a function of intra-
cellular nutrient level (Nyholm 1978). The present model is con-
structed on similar principles with a small modification. 1In
considering the question of nutrition for plankton organisms,
Sushchenya (1973) found that as food concentration increased, the
increased gquantity of food consumed was less than expected, giving
a progressive decrease in uptake rate. The relation between the
quantity of nutrients consumed by plankton per unit of time and
food concentration, have a tendency to be asymptotic. A number of
available experimental data allow us to apply this regularity to
phytoplankton (Finenko and Krupatkina-Anikina 1974; Straskraba

1977) as well as zooplankton organisms (Sushchenya 1973)

The hypOtheSlS used here is that the specific uptake rate of
DIP by phytoplankton depends on the phosphorus content in phyto-
plankton cells and in the water environment. A ratio of intra-
cellular phosphorus content in phytoplankton to available DIP
content in the water, regulates the total specific uptake rate of
DIP by phytoplankton, when temperature and light conditions are
optimal. Thus, the equation for the specific uptake rate of DIP

by phytoplankton is formulated as:

Up _ Kyt Rpp " Ryp
F (3)

F
'+ g~ o18
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where

K, is the maximum_$ptake rate of DIP by phyto-
plankton (day )

Rep and RIF are coefficients for correction of the maxi-
mum uptake rate for temperature and light
conditions, respectively (nondimensional
parameters):

B is the coefficient of substrate conversion

per unit biomass (nondimensional parameter).

Actually, equation (3) shows that at optimal temperature and
light conditions for each level of phytoplankton biomass, there
exists an uptake rate defined by phosphorus content in the water
environment. A three dimensional graph (Figure 3) shows that
curves of uptake rate by phytoplankton at optimal temperature
and light, remain of the same shape for each level of phytoplankton
biomass, but steepness or configuration of these curves is regqulated
by ratio F/B + DIP. A similar three dimensional graph was also
referred to by Finenko (1978) for adsorption of inorganic phos-
phorus by algae, at different phosphate concentrations in the medi-
um and cells, on the basis of experimental data provided by Fuhs
et al. (1971). Thus, equation (3) is a modification of the
classical Monod approach in which, instead of the Michealis constants,
the phytoplankton biomass in phosphorus units is used. Mar (1976)
has suggested a similar equation for phytoplankton uptake at
the low level of nutrients, in a discussion of Michealis-Menten con-
stants. Bierman and Richardson (1976) used the same equation
structure for modeling different phytoplankton species in Sagi-

naw Bay, Lake Huron.

For lack of a better assumption, it is assumed in the first
version of the model that the optimal temperature for phytoplankton
activity is 24-26°, and that phytoplankton activity at a low temper-
ature, close to 0°C, decreases by five times. This assumption
is in reasonable agreement with available information about
phvtoplankton activity in Lake Balaton during winter (Herodek
and Olah 1973). The rate reduction factor, Rgpp, is calculated
in the model in accordance with dependence shown in Figure 4a

using the expression {Leonov 1980):
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Figure 4. Rate characteristics as a function of temperature

a. uptake rate reduction factor for phytoplankton,

b. uptake rate reduction factor for bacteria

¢. rate constant of decomposition of hunliving particulate phosphorus to DOP: lines 1 and 2

are constructed on equation (24) and (24a), respectively.
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0.31T
R, = 0.2 + 2:022(e 1)

- (4)
TF 1 + 0.028e0-377

where
T is water temperature in °cC.

Nonoptimal light conditions reduce the specific uptdke rate, UPg.
The effect of light on phytoplankton growth has been studied by
various authors, namely by Steele (1962), Vollenweider (1965),

and Jassby and Platt (1976). The results of these studies have
been presented in comparatively simple mathematical equatibns used
in various mathematical models of water ecological systems (Di Toro
et al. 1971). The same principles were used in the given model.
The functional form for the effect of light, Ripr is given by a
similar expression to that applied by Di Toro et al. (1571):

Ron = —f— [exp(-r,)- - (5)
IF p(-ry)-exp(-r,)]
K +h
e
where
I
ry = — lexp(-K_+h)] (6).
Iopt
I
r‘| = - (7)
Iopt
where

h is the depth that is considered in the model
as constant, and equal to 0.5 m;
I is daily average light intensity in

(cal/cmz—day);

Iopt is the optimal light intensity that is assumed
to be equal 350 cal/cmz—day;

K 1is the extinction coefficient.

Although it is known that magnitudes of extinction coef-
ficient in Basins II-IV in a large degree depends on the sus-
pended solid concentration (van Straten 1980a), this fact is
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not taken into account in a given model. The extinction coef-
ficient 1s calculated as a function of phytoplankton concentra-

tion using the following expression:

Ke = Ka + Kb +Chl "a (8)

Ke has units m~1; Ka and Kb are constants; chlorophyll "a" has

units pg/& and its value is recalculated from phytoplankton

phosphorus using a simple ratio:
ug Chl "a"/2 =y * mg P/2 (9)
where
Y is a constant stoichiometric coefficient.
In the given model, the daily course of light intensity, I,

following Golterman (1975) is given by:

21 Fnow Coeak!

I = Imax * h [1+cos 3 | (10)
where

Imax is maximum light intensity;

tow is current time of day in hours;

tpeak is time of maximum light intensity (12 o'clock):

f is photoperiod in hours.

Values of I are calculated from:
max

Iax = 2 Iav/f (11)

where

IaV is mean daily light intensity.

The formulation of the phytoplankton excretion rate Ln, is the
result of a previous study (Leonov 1978). The excretion rate is
considered to be a fraction of the specific uptake rate of nutri-

ents by phytoplankton:

L, =r, « UP (12)

where

rF is the coefficient representing the fraction

of excretion over uptake.
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It is assumed that this fraction is not constant, and it depends
on the nutrient content in the water, through the specific rateof
nutrient uptake described by equation (3). Thus, the excretion
rate expression is given by:

} (a1/a2)UPF .
F T (1/ay + 0P, - (ay/a,) (13)

]

where

a. and a. are coefficients with the dimensions of the days.

1 2

Equation (13) shows that the specific excretion rate is defined by
the term (1—a1/a2) at limited nutrient content when the specific
uptake rate is low. When the DIP content is not limited, the frac-
tion of excretion depends on values of specific uptake rate, and
this dependence is asymptotic. Therefore, the first term of equa-

tion (13) is presented by the Monod expression.

For describing phytoplankton mortality MF’ the hypothesis used
is that the biomass of phytoplankton and specific uptake rate of
nutrients by phytoplankton, are factors which regulate the rate of
mortality of phytoplankton, when the role of predators is neglected.
Therefore, the expression for mortality rate of phytoplankton is

given by :

Moo= (14)

where

2

v, is constant [(mg P/ll)_1 - (day)
This eguation shows that when food is abundant, i.e. the specific
uptake rate is high and the level of biomass is low, then survival
of phytoplankton is high and the biomass of phytoplankton has a
tendency to increase. When food is limited, the specific uptake
rate is low, then survival is low and biomass decreases. Thus,
increased mortality must occur when nutrient content is limited.
The constant V4 regulates this interaction. A three-dimensional
graph illustrates this dependence (Figure 5).
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Two three~dimensional graphs shown in Figure 6 illustrate
a complex dependence between the rate of phytoplankton production
and phytoplankton biomass and nutrient level (Figure 6a) and temp-
erature and light (Figure 6b). These plots are constructed
using equations (3-14) at the following values of constraints:
1= 2; a; = 0.057, a, = 0.075; vy = 0.08; X, = 1.7; B = 1.
Plots are very similar to those presented by Straskraba (1978),
which explain the hypothesis of multiple resource kinetics of

phytoplankton photosynthesis.

3.2. Bacteria

The equation for bacterial kinetics is analogous to that

used for phytoplankton:

dB = . . e - -
gt = (UPg - Lg -~ M3) + B+ (Q; /V) + B (Quye/V) + B (15)
net growth input by output by
water flow water flow
where

UPg, LB and MB are specific uptake, excretion
and mortality rates of hetero-
trophic bacteria, whose bacterial
biomass, B, is expressed as its
phosphorus content in mg P/L.

B® is bacterial concentration

in the upstream basin of the lake

(mg P/L).

The same assumptions as for phytoplankton were used for the
formulations of these terms for heterotrophic bacteria. Therefore,
the specific rates of uptake, excretion and mortality are given by
equations similar in structure to those for phytoplankton. These

equations (16-19) are presented in Table 1.

It is assumed that the maximum activity of heterotrophic
bacteria occurs at 22-25°C (Leonov 1979). Just the same values



Production rate, day'1

-22-

Production rate, day'1

Figure 6. Complex dependence of rate of phytoplankton production on environ-
mental factors such as nutrient level (a) and temperature and light (b).
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of temperature is observed in Lake Balaton during summer when
bacteria is most active (0ldh 1969) and the intensive self-
purifying ability of Lake Balaton water is found (0Olah 1969).
The following equation is used in the model to describe the
temperature influence on bacteria growth according to the depen-

dence shown in Figure 4b:

3.68 10—3(80.403T _

1 + 5.25 + 10

1)
—3e0.u03T (20)

RTB = 0.3 +

where

T is temperature in °C.

3.3. Other Phosphorus Compounds

The major phosphorus compounds in the water enviroﬁment
included in the model, are nonliving dissolved organic phosphorus
(DOP) and dissolved inorganic phosphorus (DIP) (Figure 1). The
mechanisms of phosphorus transformations consider the stage of
bacterial consumption of DOP an important step for DIP formation,
because bacteria excrete DIP into the water. The phytoplankton
take up DIP, and this stage is one of the sources of DOP which is
excreted by phytoplankton during metabolism. The second source of
DOP is the stage of nonliving particulate phosphorus transforma-
tion which is assumed to be a first-order reaction with a temper-
ature~dependent rate coefficient. Nonliving particuylate-P, Phy
includes detrital organic phosphorus and other suspended material
of different origin. Detrital organic phosphorus consists of
particulate compounds produced by phytoplankton and bacteria.

The sink of nonliving particulate phosphorus included in the form-
ulation is sedimentation. Thus, the equations used for descrip-

tion of DIP, DOP, and PD transformations are:

st = Lg * B-UP, + F + CZp +s, * DIP_
bacterial  phytc- exter~ sediment
excretion  plankton nal release
untake Tnput
. . . L V) -
+ (Q,,/V) - DIP + (Q;,/V) - DIP (Q ,¢/V) - DIP
input with input by water output by water

ratnfall flow flow

(21)
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dDOP
= L] . - . +
Tt Ky » Py + Lp + F = UPy + B + CZ

detritus  phyto- bacterial  external
decay plankton  uptake input
excretion

. Ld o — .
+ (Qpr/V) DOPr + (Qin/V) DOP (Qout/V) DOP

input with input by water output by water
ratnfall flow flow

(22)

dp
g " Mgt F Myt B- Ky Phpms, P

phytoplank- bacterial  decay net sedimen-
ton mortalilty tation
mortality

] 0 - -
+ CZy + (Qin/v) Py (Qout/V) P

external input by output by
input water flow water Flow (23)

D

where

K3 and s, are rate coefficients for nonliving
particulate phosphorus decomposition
and sedimentation (both day_1);

CZ CZ . and CZ _, are input rates of DQP, DIP and Pp into

1 ’ ’ the lake, from all external sources
(all mg P/2-day}:
S5 is first-order rate of DIP input from
sediment (day_1);
DIPr and DOPr are concentrations of phosphorus forms

in rain water (mg P/2%).

Decomposition of nonliving particulate phosphorus to DOP
is a temperature-dependent process (Zison et al. 1973) and
therefore, in the given model, the rate constant of this process,
K3, is regulated by temperature. In initial simulation runs
(Leonov 1380} a linear relationship was used for temperature

correction of the first-order rate coefficient, Ky

Ky = %3000 ° T | (28)
where
T is water temperature in °cC;
K3 (1) and K3(00) are the reaction rates at T and 0°C.
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For Keszthely Bay basin, a good approximation was arrived
at with K30y = 0.0005 day-1 (Leonov 1980). However, the value of
K3(0°) for other basins of lLake Balaton (where input of particulate
phosphorus from the watershed is much lower) did not give satis-
factory results, and it was evident that decomposition of PD must
be more intensive (at least 5-10 times) when the temperature is

more than 15°C.

In the next step of model examination, a linear equation

(24) in the model was changed to an exponential equation (24a):

1.2 10—4 (eO.3S1T - 1y

L 7 3 . 10-50-351T (2ta)

K3 (1)

Figure d4c shows that values of K3 calculated using equation (24)
and (24a), are practically similar for temperatures of 0-12°C.

When the temperature is higher than 12°C, the values of K, calcu-

3
lated by equation (2U4a) are exponentially increased. The parameters
of equation (24a) were chosen after several simulatvion runs and a

comparison of modeling results with available observation data.

3.4. Oxygen

Dissolved oxygen content in the water is defined by simul-
taneous processes of respiration of phytoplankton and bacteria,

atmospheric reaeration and photosynthetic production.

Thus, the ecuation for the dynamics of dissolved oxygen is:

do

2 = . P . - - sat - . . -
2T 91 " UPp t F - Ky(0y - 0,57~ hy Ly e B
photosynthesis reaeration bacterial
respiration
- h . L . . . 0 - .
2 F F+ (an/V) 02 (Qout/V) O2
phytovlankton tnput by output by

respiration water flow water flow

(25)
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where

0., and 0.,° are the concentrations of oxygen in the basin under
study and the former (upstream) basin of the lake,
respectively (mg 02/2);

is the first-order rate constant of atmospheric
reaeration (day_1);

h, and h

] 2
02sat is oxygen concentration at saturation level (mg 02/1);

are stoichiometric coefficients;

g4 is a regulation parameter.

The first-order rate constant of atmospheric reaeration,
is a temperature-dependent parameter. Exponential temperature
- dependence is used in this model for temperature correction of

this constant:

T-20)

1.05 ¢ (26)

Ky(my = Bu 209
where

T is temperature in degrees centigrade;

. 0,
Ku(20°) is the rate at 20°C;

1.05 is temperature coefficient,.

Photosynthetic production of oxygen, is considered here to
be connected with assimilation of nutrients by phytoplankton
i.e., to a specific uptake rate, UPL. Coefficient 94 is a regu-
lator of photosynthesis and it is equal to:

9, for daylight hours
7, = {

0 for nighttime hours

where

9, is a stoichiometric coefficient i.e,, ratio of

oxygen to phytoplankton phosphorus.

The concentration of oxygen in the water at saturation level,
is given by the polynomial temperature function (L. Wang and
Wang Mu-Hao 1976):
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0,5%% = 14.61996 - 0.4042 - T + 0.00842 - T°
- 0.00009 - T3 (28)
where
T is temperature in degrees centigrade.
3.5. Phosphorus Compounds in Sediment

The mechanisms of phosphorus transformations in sediment
assumed by the model include the input of nonliving particulate
phosphorus by sedimentation, and the consequent transformation
of phosphorus from the particulate form to dissolved forms (first
to DOP and then to DIP). Typical processes are biochemical oxi-
dation and decomposition of sedimented particulate phosphorus
material, oxidation and reduction of associated inorganic compounds,
chemical and physical adsorption, precipitation and dissolution
of phosphorus to and from mineral forms (Williams énd Mayer 1972).
However, the theoretical background and kinetics of most of these
reactions have still been incompletely studied. It seems justi-
fiable to consider phosphorus transformation in sediment in a
simplified form.

In the model, first-order kinetic terms have been adopted
to describe the sedimentation of particulate phosphorus from
water into the sediment-water interface, the transformation of
sedimented particulate phosphorus first to DOP and then to DIP
and the release of DIP from the sediment into the water. The mech-

anisms of phosphorus transformation which contributed to the
model, are presented in the following equations:

E_EEE — s, «P_ -5, *+ P (29)
dt 1 D 3 DS

d DOP

S _ . - . - CZ (30)
—aT - s3 PDS Su DOPS 4
d DIP

s _ . - . (31)
—ar— = sq DOPS 52 DIPS

where

s1 and 52 are mentioned above (see equations (23)
and (21);
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and s, are first-order temperature-dependent

S3 4

rate constants of transformations of
PDs to DOPS-??d DOPS to DIPS, respec-
tively (day ;

CZ, is the rate of DOP conservation in the

sediment (mg P/2 - day).

The exponential temperature dependence shown by equation (26)
appears to be simplest and justifiable in the application for

temperature correction of S4 and Sy»

4, DATA BASE

A detailed analysis of all the available data required for
simulating phosphorus compounds and phytoplankton dynamics in
relation to the eutrophication problem was made by van Straten
et al. (1979) for different basins of the lake. The present report
contains only a brief description of the data collected in 1977.

All the existing data at IIASA on Lake Balaton may be sub-

divided into three groups:
1. Physical, meteorological and hydrological data.

2. Tributary stream influence and watershed nutrient
loading data.

3. Open water phosphorus, nitrogen and phytoplankton data.

These data have been computerized at IIASA's computer center.
Data from the first and second groups were used in simulation runs
as direct input characteristics that regulate the rates of change
of all processes considered by the model.

The first group of data include information on the mean
daily measurements of water temperature, solar radiation, photo-
period and also water balaince characteristics. The variations
of daily average water temperature, solar radiation and photo-
period for 1977, are shown is Figure 7. The water balance data
for each basin in Figures 8-11, together with the functional rela-
tionship represented by the model is used in computation. Water
balance data include the weekly measurements of discharge flow
rates of the River Zala, monthly average input-output flow rates,
and precipitation rates for all basins of Lake Balaton. The

volumes of each basin are presented in Table 2.
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Figure 7. Variation of daily average values of water temperature, solar radiation,
and photoperiod for Lake Balaton in 1977.
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Figure 8. Water halance data for 1977, Lake Balaton, Basin |.
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Figure 9. Water balance data for Lake Balaton, 1977, Basin I1.
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Figure 11. Water balance data for 1977, Lake Balaton, Basin 1V.



-35-

0.80 Total Phosphorus
mg P/
0.64 -

0.48 -

0.32 - M

0.16 +

0.00 T — T T —
0.70 - Ortophosphate

mg P/¢
0.56 -
0.42 -

0.28

0.14 ~

0.00 T T T T 1

0.040 Phytoplankton
mg P/
0.032

0.024
0.016 -

0.008 -

0.000 —T T T T ]
0.0 80.0 160.0 240.0 320.0 400.0

Time in days

Figure 12. Fluctuations of phosphorus concentration in River Zala discharge in 1977.
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Table 2. Lake Balaton basin volumes.

Basins I II IIT Iv

Volume, m> 82.10° 413.10° 600.10° 802.10°

The second group of data includes information on external
phosphorus loads which is one of the most important quantitative
factors in model application. In the case of Lake Balaton, these
loads originate from domestic sewage, industrial wastewater, runoff
from agriculture and forest land, and direct precipitation on
the lake surface (Jol&nkai 1979). Weekly measurements of phos-
phorus concentrations for 1977, namely total phosphorus, ortho-
phosphate-phosphorus, and phytoplankton-phosphorus* at the mouth
of the main tributary, are shown in Figure 12. Concentrations
of DIP and DOP in the rainfall were assumed to be equal to 0.1
and 0.06 mg P/%, respectively.** Together with the water balance
data presented above, these phosphorus concentrations allowed
inclusion of the direct effect of the River Zala discharges and

precipitation on the water quality of Lake Balaton for 1377.

Quantitative information on the contributions of other
nutrient sources mentioned above is incomplete. These are only
tentative estimates of present total and available phosphorus
loads in Lake Balaton (van Straten et al. 1979). They allow
one to take into consideration the longitudinal distributions of
the non-point source pollution and sewage input into the basins
and also indicate that part of the total phosphords load may

be considered as being available for phytoplankton growth.

Table 3 includes estimates of phosphorus loads for 1977
(in mg P/&), that are used for the simulation of phosphorus

transformations.

*Values "of phytoplankton-phosphorus were recalculated from results
of a few measurements of phytoplankton chlorophyll "a" concentra-

tion (ug/4%) using a constant stoichiometric coefficient y=2128 in

equation (11).

**Calculated by S. Herodek (1979).
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Table 3. Annual phosphorus loads (mg P/%) of different Lake
Balaton basins, 1977.

| Basins I 11 ITI Iv
P-Load

Particulate-P .6t C12 i .037 .019
Or thophosphate-P .4t - - -
Direct § indirect

sewage PO,-P .09 .04y .031 .037
Egﬁal P-load 1.09 .164 .068 .055

t River Zala load.

The third group of data includes the measurements of phos-
phorus compound concentrations and phytoplankton in different
points of Lake Balaton. Dissolved inorganic phosphorus or ortho-
phosphate-phosphorus (POu), total dissolved phosphorus (TDP),
particulate inorganic phosphorus (PIP)*, and total phosphorus (TP),
are directly measured compounds of the phosphorus system. Con-

centrations of these phosphorus forms measured in various points
of Lake Balaton in 1977 were averaged for each basin considered in

modeling (van Straten et al. 1979) and these calculated values
are presented in Table 4. Concentrations of the remaining

phosphorus compounds were caiculated from those directly measured:

1. Dissolved organic phosphorus, DOP=TDP-POu;
2. Particulate phosphorus, PP=TP-TDP;
3. Particulate organic phosphorus, POP=PP-PIP.

These values of phosphorus compounds, in mg P/2 calculated

for different basins of Lake Ralaton, are presented in Table 5.

Available measurements of chlorophyll "a" in ug/% averaged
for various basins of the water body; are presented in Table 6.
Phytoplankton and phosphorus compound concentrations from tne
third group of data were used for comparison with modeling
results of phytoplankton and phosphorus dynamics in the differ-

ent basins of Lake Balaton.

*This phosphorus fraction is not taken into account in the model
considered here.
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Table 5. Values of phosphorus compound concentrations in mg/Pf calculated as differences of the
main phosphorus forms for different Lake Balaton basins, 1977.

days
since’ Dissolved organic phospho- Total particulate phos- Particulate organic phos-
1st rus, DOP phorus, TPP phorus, POP
Jan. I IT IIT Iv I ] I1 { III_*1 IV I ITI I1I Iv
74 .020 .010 .010 .009 .0u47 .046 .026 .018 .042 . 041 .021 .013
87 .008 .005 .005 - .066 .041 .028 - .051 .032 .022 -
88 - - .004 .006 - - . 120 .073 - - .071 .0u45s
108 .015 .007 .005 - .060 .058 .049 - .04l .048 .037 -
109 - - .005 .004 - - . 031 .030 - - .025 .027
143 .022 .019 .015 .016 .069 .041 .018 .011 .062 .032 .012 .004
164 .036 .018 .016 .010 .032 .038 .012 .011 .024 | .031 .007 .008
193 .023 .022 .012 .009 .066 .053 .033 .021 .047 .041 .026 .015
220 .019 .015 .012 .007 .059 .032 .020 .018 .051 .025 .015 .016
298 .023 .023 .014 .015 | .051 .0u5 .028 .010 .oul .039 .022 .005
326 .019 .012 .010 .007 .053 .047 .030 .015 .045 .039 .025 .010

—6{—
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Table 6. Measurements of chlorophyll"a" in ng/¢2 for different
Lake Balaton basins, 1977.
days Basins
Jiiﬁg‘;y I II III IV
ist
74 48.1 40.6 25.1 -
75 - - 7.5 5.6
87 51.5 56.2 32.3 -
88 - - 26.2 13.5
108 - 40.0 24.0 -
109 38.7 46.3 18.8 11.4
149 12.3 12.7 8.2 8.6
157 14.6 14.4 8.5 4.4
164 14.4 15.5 7.3 4.5
172 15.3 13.4 7.3 4.6
186 24.8 11.2 4.0 2.5
193 30.9 17.4 7.9 4.3
200 38.2 19.4 11.6 3.9
228 S4.4 29.2 10.0 5.9
249 76.5 43.4 14.2 3.1
263 23.8 22.3 .3 2.5
270 28.0 29.8 9.9 5.3
284 32.5 24.0 9.3 5.7
298 19.8 17.1 9.2 4.9
326 12.1 12.4 10.0 4.4
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5. SIMULATION RESULTS

The model parameters and coefficients described above, togeth-
er with phosphorus loading rates, water temperature, solar radi-
ation and water balance measurements are necessary input data for
the given model. The specification of the model parameters, and
comparison of simulation results with field observation data,
constitutes the model calibration process. Some preliminary
results in application of the given model for analysis of phos-
phorus compound and phytoplankton dynamics in 1977 for the most
polluted area of Lake Balaton--Keszthely Bay, were presented and
discussed in a special report (Leonov 1980). 1In the present con-
tent, practically the same values for the rate constants are used
for the simulation of phosphorus transformation and phytoplankton

dynamics in different basins of the lake.

A comparison of the given model calculations and 1977 data for
phosphorus compounds and chlorophyll "a", are shown in Figures
13-16 for basins I through IV, respectively. Observed values of
phosphorus and chlorophyll "a" concentrations are shown in these
figures by points, while curves are the results of simulations.
Particulate organic phosphorus (shown by simulation curves) in-

cludes the contents of phosphorus in living matter and detritus.

The Runge-Kutta-4 method was used to solve the differential
equations with a constant time step equal to 0.1 day. The oxygen
cycle in the water body, and phosphorus transformation in sedi-
ment, were not considered at this step of the study and therefore
the corresponding parameters are not discussed beiow. Some of
the input data that include the concentrations of phosphorus
compounds in Lake Balaton basins on the first day of January,
1977, and values of the kinetic parameters used for the set of
model runs in Figures 13-i6, are listed in Table 7. The concen-
tration of phosphorus compounds in Table 7 were received by
interpolation of averaged values of measurements for each basin
(van Straten et al. 1979). The order of magnitudes of kinetic
parameters presented in Table 7 was estimated previously (Leonov
1980). As Table 7 shows, the similar values of kinetic para-

meters excluding the maximum uptake rate for phytoplankton (K1)
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and extinction coefficient (Ka) were used for simulation

of phosphourus dynamics in Lake Balaton basins. The analysis

of existing data on Lake Balaton studies is the basis of the
suggestion that values of K, and K, may be taken as changeable
parameters for diffrent Lake Balaton basins. Available infor-
mation on Lake Balaton shows that the composition of phyto-
plankton species and phytoplankton activity are quite different
in various parts of Lake Balaton (Herodek 1977). Generally,
Basin I is characterized by the biggest number of phytoplankton
species, while the lowest species number were observed in Basin
IV {(Tamas 1969, 1972, 1975). According to this, the phyto-
plankton activity 1is about three (Herodek and Tamas 1975) to
eight (Herodek and Tamas 1974) times higher at Keszthely Bay
than at Tihany. It was also observed the spatial heterogeneity
of some of the physical, chemical, and biological indexes of
water quality along the Lake Balaton axis or from Basin I to
Basin IV (Bella 1953). Taking into account the fact that the
concentrations of DIP in various parts of Lake Balaton are about
0.004-0.006 mg P/2 and phytoplankton levels averages 3-4 times
higher in Basin I than Basin IV (van Straten et al. 1979), it
is possible to assume that there is a different equilibrium
between the phytoplankton and DIP in each of these basins.

In one's turn this may seriously effect the conditions and
rates of phosphorus cycling in various parts of Lake Balaton.

According to model structure, parameters K, and Ka may be con-

1
sidered as taking into account the spatial heterogeneity of
phytoplankton and physical-chemical properties of water in the

Lake Balaton ecosystem.

Another set of input data for model runs takes into account
the effect of the River Zala on the Lake Balaton ecosystem and
incliudes the concentrations of main phosphorus fractions, total
phosphorus, orthophosphate, and phytoplankton-phosphorus in the
River Zala discharge water (Figure 12). On the basis of these
direct measurements of phosphorus concentrations the contents
of nonliving particulate phosphorus in the discharge water were
calculated as differences between total phosphorus, orthophos-

phate, and phytoplankton-phosphorus.
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According to available data the River Zala has an expressed
influence on the heterotrophs number in Keszthely Bay (0Olah 1974).
Becuase there is no data about bacterial biomass in units of
phosphorus, the concentration of bacterial phosphorus in the
River Zala discharge water was assumed to be constant during the

year and equal to 4.10-u

mg P/%2. The concentration of DOP in
this dischardge water, because the information is absent, was
assumed to be neygyligibly low. The next set of input data includes
the rates of external phosphorus loads. The application of annuail
average rates of external P-load in preliminary model calculations
showed that the given model as well as other models (van Straten 1980b)
can not describe the many details of phytoplankton dynamics in
1977. Therefore, a question was raised which seasonal pattern

of external P-load should be in model simulation runs to repre-
sent the observed dynamics of phosphorus compounds and phyto-
plankton in different basins of Lake Balaton. After several
simulation runs the seasonal pattern of external P-load that

give reasonable agreement with observation in all basins

(Figure 13-16) was evaluated. The rates of external P-load

used for simulation runs discussed now are presented in Table 8.
As folilows from Table 8 the total annual P-load values for each
basin are close to estimates of phosphorus loading for 1977

(Table 3).

Sedimentation is one of the main processes which regulates
phosphorus cycling in the lake. 1In the given model, it is assumed
that sedimentation is restricted to nonliving particulate phos-
phorus. One of the purposes of the simulation runs was to estimate
the possible values of sedimentation rates for various basins of
Lake Balaton and to calculate the net flux of nonliving particu-
late phosphorus from the water to the sediment. In an earlier
report (Leonov 1980), the sedimentation rate was treated as a
time-variable parameter. A significant fluctuation of the par-
ticulate phosphorus concentration in comparatively short periods
of time testifies to this (Tables 4 and 5).

In the given approach, the sedimentation rate is defined
according to the ecological model considered here, but not accor-

ding to the nature of the sedimentation process. The present



-49-

150°0 SLO"O 612°0 60°0 Iesk ¥ /q bu
peol-d Te3o]
0 ! 0 0 o1z ! o 0 0 IIX
0 : 0 0 01-9 0 0 0 IX
L
0 | ¢ 01+ 0 01-1 0 0 0 X
1
SCIEE L ¢ 011 0 _01-6"1 g 011 0 p 017 XI
p 0T+ T . p 0T T y-0T+2 ,0T+9 0 012 IIIA
0 w 0 0 0 0 0 0 IIA
o . | 0 0 01-1 0 0 0 IA
0 M 0 0 01-1 0 0 0 A
p-01+2 i p01°T 0 011 , 0T € 0 0 Al
¢ 0TS e ¢ 0TS ,0T+6 01+9 ¢ 01¢ p01°S I1I
0 0 0 01-9 0 0 , 01" 1 II
0 0 0 0l-2 0 0 0 I
€ |z £ 4 4 4 SU3UOH]
) M Z0 Ao o 20 VAo 20 andut-g
YOJIOTS RNV AS 39bT1bTITS ATayazsay utsed

*(91-€1L soanbTtg 03) LL6L

‘surseq uojeled s)e7T ul uoTjewrojsueal snxoydsoyd

ay3z butreopow 103 posn (Aep y/d bw) o3exX peoT-d TeUuldIXd IO SANTPA dbeiase ATYjUOW °*g alqel



-50-

approach is motivated primarily by the lack of viable alternatives
about the sedimentation of phosphorus compounds, although there

is an example of an attempt to simulate the sedimentation process
in Lake Balaton on the basis of data on the dynamics of suspended
solids and wind spread (Somlyddy 1980). 1In this paper for purpose
of simplification, it was suggested that net sedimentation, as a
whole, may be characterized by monthly average rate values, al-
though rates of sedimentation in lakes frequently exhibit varia-
tions in a small time range due to changes in climate regime,
water dynamics, wind or local modifications by bathymetric fea-
tures (Sly 1978). 1In reality, these processes will interfere

with sedimentation and resuspend the deposits from the bottom

sediments to the water.

As a matter of fact, parameter S, in eguation (23), which
describes the sedimentation rate, reflects at the least, the net
effect of two simultaneous processes, namely sedimentation and
resuspension. In order to describe the sedimentation in rigorous
terms, it is necessary to consider the hydrodynamics of the lake
and the effect of wind on the resuspension of sediment. Therefore,
in the given model, parameter S, is extremely uncertain. It is
difficult to be sure whether or not a correlation with physical
phenomena, such as wind, can be obtained, and it is not clear how

this relationship can be guantified.

The yearly course of average monthly net sedimentation rates
used in the simulation runs considered now, is shown in Figure 17.
The pattern of net sedimentation rates in Lake Balaton basins were
chosen after several simulation runs. Similar values of sedi-
mentation rates were used for Basins III and IV and the order of
sedimentation rate values for Basin III is in agreement with

rates evaluated by Somlyddy (1980).

The magnitude of sedimentation rates for Basin I excluding
the period of May are 4 to 5 times higher than for Basins II and
III, respectively. As results of phosphorus observations in Lake
Balaton show, the concentration of particulate phosphorus in Ba-
sin I during May, 1977, has increased. At the same time input of

particulate phosphorus by the River Zala discharge water has
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decreased about 5 times in comparison with those in April (Table
12) . The biomass of living matter in May, 1977, did not increase
so significantly to reach the particulate phosphorus concentration
of 0.06 mg P/2. Therefore the analysis of the processes in the
model shows that only the decreasing net sedimentation rate in
May can increase the concentration of particulate phosphorus

in this period in Basin I, and there is no other possibility

in the model to describe the increasing particulate phospliorus

in May. After several calculations it was found that the low net
sedimentation rate, 0.005 day_1, in comparison with values for
other months can describe the increasing particulate phosphorus

in May, 1977, in Basin I (Figure 13).

The similar time pattern of net sedimentation rates, as for
Basin I, was used for simulation of phosphorus dynamics in Basin
II (Figure 17). 1In Figure 14 the low sedimentation rate in May
appeared to be satisfactory, to describe the dynamics of parti-
culate phosphorus in Basin II.

For Basins II1-IV the rates of net sedimentation in principle
were lowest and they fluctuated around 0.02 day-1. In the first
simulation runs the constant value of tke sedimentation rate
was used for Basins III-IV. However, in attempt to describe
the dynamics of all phosphorus fractions (including the parti-
culate phosphorus in Basin III-IV) as close as possible to
observations, it was found that rates of net sedimentation in
May-June must be 2-3 times higher than 0.02 c’iay—1 because
the concentration of particulate phosphorus in these months
were lowest in Basins III-IV. 1In accordance with the model
structure this fact is difficult to explain because the sedi-
mentation process is considered the simplest way and that only
one parameter (s1) is indepent on other factors. However, some
alternative explanations applicable to different time patterns
of net sedimentation rates in Basins I-IV may be suggested.
First, there is a different effect of sediment in Basins I-IV
on the phosphorus content in water taking into account the
available information about the spatial heterogeneity of Lake
Balaton sediment (Ponyi et al. 1972 and Literathy et al. 1981)
although on the basis of one field survey by Dobolyi (1980), he
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concluded that there is a slight change in sediment phosphcrus
concentration in various parts of Lake Balaton. The second
possible explanation is the difference of wind action on the
exchange processes in sediment-water interface (IIASA's data
on wind shows differences in various parts of Lake Balaton).
For example, Table 9 shows statistically analyzed data on wind
based on averaged speeds and frequencies of various parts of
Lake Balaton.

Table 9. Wind speed frequencies (%) and average wind speeds
in different parts of Lake Balaton, May, 1977.

; )
Wind speeds, m/sec avesrdgsdwu@
Basins : T ; p
0 -2 2-4 | 4-6 >6 | m/sec
Keszthely 63.5 25.1  ; 10.3 | 1.0 7.9
Szemes 42.1 29.4 1 22.0 | 6.5 2.9
| Sidfok 57.8 276 ; 18.6 | 6.0 2.5

In an attempt to find a correlation between wind data and
sedimentation rates used for phosphorus transformation modeling-
in 1977, one serie of wind data for Sidéfok available at IIASA
for this year was statistically analyzed. Table 10 consists of
the results of this analysis. The range of raw wind data was
based on speed and direction. The frequency distributions of
winds, with respect to direction and velocity, were calculated
for each month of 1977, Plots of empirical data in Figure 18
show scme dependencies between monthly wind frequencies of a
certain speed, and monthly sedimentation rates used for modeling
phosphorus transformation in Basin I. Figure 18 shows that some
frequencies of wind speed give more or less good correlations
with sedimentation rates on a monthly basis. Obviously, these
dependencies may be used in the future for a preliminary esti-

mation of sedimentation rates based on wind data.

In the results of simulation runs presented in Figures 13-16,
the hypothesis of one phytoplankton population was used. As a
whole, this hypothesis allows us to describe quite satisfactorily,
the phytoplankton growth in relation to the nutrient content in
different basins of Lake Balaton. 1In Basin I, simulation results
of phytoplankton chlorophyll "a" values during the summer months,

are two times higher than measured chlorophyll "a" concentrations
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Table 10. Wind frequencies based on speed and direction for each
month of 1977 (measurement at Sidfok).

wind | Wind l : ; o 3 5
speed = direc-' I | Iz iIrr|iv ' v | vi viI VIII{IX | X | XI |XII
"m/sec  tion ! : I i ? i

) 11.6: 7.2 7.4 8.9% 8.0 10.2' 7.7 8.8| 6.8 7.6 5.1. 8.4
NE 11.2¢ 6.6| 7.4 3.5 8.0 2.3 4.1 4.4} 4.5] 4.6 2.3 5.2

. E 15.6; 4.0i12.8| 7.5 13.9 5.5 4.1 8.3| 8.6 13.4) 9.6{12.7

-2 | SE 2.7| 3.07 2.8| 2.6' 4.4 3.7 4.1 4.9 2.7§ 5.6, 1.8 1.4
s 4.5/ 9.7|6.0[ 9.3.10.8 12.0.11.3.11.2} 8.6 11.8i15.622.6

o osw | w.0f 8.2 3.7 2.6 3.6 3.2 7.7 3.4 45.0%11.8' 7.8| 4.2

: ‘ W . 4.0 5.0| 2.8| 4.4. 2.7 6.5 3.6 2.4 4.1]3.6] 2.8] 1.4
| ww | 1.8 2.5]0.9] 0.9i 0.4 0.9 2.7 1.5} 1.803.11 0.9/ 0.9

5 | N i 8.0| 8.1 8.3[12.7{14.2 12,9 5.4} 9.7 11.3! 5.1| 5.5] 5.6
1 ! NE i 7.5{ 0.5| 1.4] 0.8¢ 2.2 1.4 o0.4! 2.4;3.2]0.5; 1.9] 1.4
i i E { 5.8/ 0.5| 1.8 0.4} 1.3 0.5 - [0.5 2.8! 1.0/ 0.9 3.3
|, @ sE D oo.yp - to.s{oufp13 -0 - 11.000.5,1.0; 0.9 -
) I s . 3.6f 7.1|9.7| 3.5{ 8.5 10.7 4.1: 5.9} 2.3,8.2.10.1] 3.3
{ ‘ - E 7.5| 9.1! 6.0 5.3} 5.8 3.2 5.0 5.3 10.0 110.7 10.1}13.6
1 W | 4.0l 8.0)6.4] 5.3, 4.4 2.8, 8.6j 4.4 5.0 4.0 5.1 3.7
‘ Nw ¢ 0.5 2.5/ 3.20 6.1 4.5 2.8 8.6' 3.9)l4.5 0.5: 3.7] 1.8
N 19.6{15.3115.7|21.6122.2 23.1 13.1[18.5[18.6 12,7 '10.6|14.0
NE 18.7] 7.1 8.8 u.3%1o.2 3.7 4.5! 6.8|7.7] 5.1 u.2| 6.6
E . 21.ui 4.5 (14.6 7.9n15.2 6.0 4.1| 8.8(11.4 [14.4 10.5(16.0
SE | 3.1] 3.0]3.3]3.0! 5.7 3.7 4.1,5.9|3.2!6.6|2.7] 1.4
0-6 s § 8.1‘16.8 15.7|12.8119.3 22.7 15.417.1 10.9 l20.0125.7]25.9

| sw  i11.5{17.309.7] 7.9 9.4 6.4 12.7] 8.7(15.0 22.5017.9]17.8

| w a.oi13.o 9.2 9.7+ 7.1 9.3 12.2] 6.8/ 9.1 7.65 7.9! 5.1
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O R I A T T B R
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I Nw 4 1.0l 4.0 3.2} 3. L2 4.6 4.1 - 11,91 1.,9

booN 0.5] - |3.2] 2. 4 3.2 2.3] - 11,00 420 1.9

NE . - - - - - - - - - - - -

E ! - - - - - - - - - - - -

SE - - - - - -, - - - - - -
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L eoral se 3.1 3003303000507, 3,70 41 5090 3.2 66 2,70 1.
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(Figure 13). ‘The difference in conditions for phytoplankton in
Basins I and II, is that the River Zala provides a continuous DIP
input during the entire year in Basin I, while DIP contents in
other basins during most of the year are limiting for active
phytoplankton growth. For Basins III and IV, a low nutrient
level is especially marked during the summer months.

The model presented in this report, allows us to check the
different hypotheses concerned with the peculiarities of phyto-
plankton growth in Lake Balaton, in order to arrive at a better
model approximation of phytoplankton dynamics for Basin I as the
most important part of the entire lake. It is a well-known
fact, that diatoms are the dominating species in the cooler
months, while blue-green algae are abundant during the summer
months (van Straten et al. 1979). The principal difference of
these phytoplankton populations is that blue-greens have a rela-
tively low level of chlorophyll "a" (Vords 1979). A mixed
phytoplankton population may be generated during the autumn months
(Herodek 1979). Thus, in the simulation runs, an attempt was made
to describe phytoplankton dynamics in 1977, using the hypotheses
of two and three seasonal phytoplankton groups. The main
assumption for these phytoplankton populations, may be related to
the different effects of temperature on phytoplankton groups and

the various nutrient requirements. In the given model, the effecc

of temperature on phytoplankton development, is described by para-

meter RT in equation (4}, while the nutrient requirements of

F
phytoplankton may be connected with values of parameter v, in
the term that describes the specific rate of phytoplankton mor-

tality in equation (14).

Table 11 includes the information about three model experi-
ments which are examined in the hypotheses mentioned above.

Results of these model experiments are presented in Figure 19.
In these calculations, the same input data discussed before

were used.

In the hypothesis of one phytoplankton population (Figures
13-16), the exponential temperature function and constant for

the whole year value of v.I = 0.2, were used (Table 11, Figure 19%a).




Table 11.

development in Lake Balaton (for Figure 19).

Model Experiments for examining the hypotheses connected with

phytoplankton

Hypotheses concerning

NN the number of phyto- Temperature Function. Nutrient Requirements
plankton species (RTF) (V1)
o . ?2:10 R F] ' for vy = 0.2 for 0-365 days
& popu n T i 0-365
AR | days
B (for Figure 19Ya) 0.2 .
M 2hrc
H
two v, = 0.2 for 0-365 days
populations for
1. 0-365
days
(for Figure 19b)
8.5 {1.5 26 TC
two vy, = for 0-120 days
5 populations v, = 0.5 for 120-240 days
vy = 0. for 240-365 days
(for Figure 19cj)
three v, = 0.2 for 0-120 days
populations
3.
v, = 0.5 for 120~-240 days

(for Figure 19d)

i ! for

r{'l' F ' 240
. to

' 365

0.2 . _,days

<
1]

0.2 for 2840-365 days

—LS_
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Figure 19. Results of modeling experiments for examination of hypotheses about
phytoplankton development in Lake Balaton, Keszthely Bay, 1977.
(To Table 10) a. from Fig. 13;b. run 1, c. run 2, d. run 3.
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In the next calculation, a "two temperature-peaks function” sug-
gested by van Straten (1979), was used for a description of
different temperature effects on two phytoplankton groups. This

function is:

Tcr - T Tcr - T
RTF = w_ + max 0, T — exp(1 - T o )} (32)
cr opt cr opt
where
W is the height of the function peak in range 0-1;
Tcr and Topt are critical and optimal temperatures for certain

phytoplankton groups ; and

T is the current temperature of water.

This equation is used for each phytoplankton group. The
shape of the curve that may be described by equation (32) is
shown in Table 11. During modeling, it was reproduced by the
following parameter values: wo = 0.45; Tcr = 11.5°C and
Topt = 8.5% for first phytoplankton group and w, = 1.0;

= 0 - 0
Tcr 29°C, Topt 26°C for the second phytoplankton group.

In the first model experiment, the bi-modal temverature
function was used instead of the exponential function. The results
of this experiment are shown in Figure 19b. The differences
in concentration of DIP and chlorophyll "a" during (see Figures
19a and 19b) 0-240 days, are not very great. A comparison of
these figures shows that at the beginning of the year (0-50 days)
the concentration of DIP is 1.5-2 times higher (Figure 19b),
because phytoplankton develop slowing during this period, and
later (50-240 days) the DIP concentrations are practically the

same.

It must be noted that the bi-modal temperature function

made it possible for the phytoplankton to respond sensitively

to temperature fluctuation from one day to another in the
winter-spring period. Phytoplankton oscillations in the 40-110

day period are the results of changing temperature conditions

(Figure 7).

The bi-modal temperature function describes the decreasing
RTF in the temperature range 10-13°C which corresponds to the
end of spring and it is assumed that chlorophyll "a" concen-

trations will decrease in that period in comparison to the
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results obtained by the use of the exponential temperature function.
Actually, the phytoplankton level is decreased to 14 mg Chl"a"/«&

in the beginning of May, however, it remains on this level for

a short time interval--120-130 days (Figure 19b). Modeling

results show that increasing chlorophyll "a" c¢oncentrations after
the 130th day, coincides with temperature increases up to 15°C and

higher.

For the autumn months (240-330 days), the differences in
simulation results and data presented in Figure 19a and 19b,
are more significant than for the earlier months. Activity of
phytoplankton is sharply decreased because the temperature drops
to 11-14°C in the autumn months. As a result of this, during
the period, the level of DIP is unrealistically high. It is
higher than measured DIP concentrations, by #4-5 times. When
temperature reaches 8-9°C (end of November to beginning of Decem-
ber), the model shows that the phytoplankton generate a third
peak of chlorophyll "a".

After a comparison of the results presented in Figure 19a
and Figure 19b, it is possible to come to some conclusions con-

cerning the application of the bi-modal temperature function:

1. It makes phytoplankton sensitive to temperature fluc-
tuations in winter, spring and autumn months;

2. It does not change the high level of phytoplankton in
summer months;

3. It forms an unrealistically high concentration of DIP
in autumn months;

4. It gives a third peak of chlorophyll "a" at the end
of November to the beginning of December.
In the second model experiment, it was suggested that
nutrient requirements of summer phytoplankton must be higher than

phytoplankton from other seasonal groups. Therefore, coefficient

vy for the summer period, was taken to be 2.5 times higher than

that for other months {Table 11).

The results of model experiment 2 are presented in Figure 19c.

A comparison of Figures 19b and 19c shows that summer phytoplankton
levels come closer to measured chlorophyll "a" concentrations in
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the case of high nutrient requirements of the summer phytoplankton
groups (Figure 19c). This hypothesis practically does not change
the concentration fluctuation of DIP during the summer period. It
is also clear that bi-modal temperature functions can not give a
good approximation for the autumn months. This suggests in accor-
dance with all assumptions that mixed phytoplankton population in

autumn must have other temperature dependencies.

In the third model experiment, the exponential temperature
function was used for autumn months (Table 10). The results of
this model experiment are presented in Figure 19d. They show a
fairly good agreement with observed data for the year analyzed.
Thus, the hypothesis of the three phytoplankton groups in the first
basin of Lake Balaton that have differences in temperature depen-
dences and nutrient requirements, gives quite an accurate model
representation of phosphorus compounds and chlorophyll data measured
in 1977.

This hypothesis was used for modeling phosphorus transfor-
mation in connection with phytoplankton dynamics in other basins
of Lake Balaton. The results of simulation are presented in
Figures 20-23 for Basin I through IV, respectively. They show
that a three phytoplankton group hyphothesis gives a good repro-
duction of observed phosphorus compounds and phytoplankton dynamics
for 1977 in all the basins considered.

6. ANALYSIS OF PHOSPHORUS TRANSFORMATION PATHWAYS

Since the model permits computation of the dynamics of
phosphorus compounds in 1977 (Figures 20-23), considerable insight
into the ecosytem behavior may be gained by studying the phosphorus
transformation flows in various basins of the lake. From an ecolog-
ical point of view, the following processes are very important
for a gquantitative assessment of phosphorus transformations in the
lake's ecosystem: phosphorus~-loading, particulate phosphorus
sedimentation and oxidative transformation to DOP, and
transformation of phosphorus by phytoplankton and bacteria.

A guantitative assessment of these processes is the basis for
understanding the internal phosphorus cycling in the lake and

the eutrophication of this water body.
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This section of the report includes an analysis of the main

phosphorus transformation flows within Lake Balaton that are eval-

uated by the model.

6.1. Phosphorus Loading

Water transfer, precipitation and additional phosphorus input
from external sources are the main processes considered by the
model in the total phosphorus loading of different Lake Balaton
basins. It is interesting to estimate the role of these processes
from a quantitative perspective for each basin.

Table 12 shows the monthly amounts of phosphorus forms enter-
ing the lake with water discharged by the River Zala. This infor-
mation is received at analysis of input data demonstrating the
effect of the River Zala on the Lake Balaton ecosystem. As shown
in Table 12 during January-April 1977, most of the phosphorus
i.e. 55-78 percent enters the lake in particulate form. The roie
of dissolved inorganic phosphorus in the River Zala discharge
water, becomes significant from May although the actual contri-
bution of DIP is slightly changed in all months. The role of
other phosphorus forms in water discharged from the River Zala
may be considered of lesser importance from a gualitative per-
spective.,

The annual input of particulate-P and DIP by River Zala water
flow comprised of the total 56.5 percent and 39.2 percent respec-
tively, while the annual input of phytoplankton-P and bacterial-
phosphorus, are estimated to be equal to 4.2 percent and 0.1 per-
cent, respectively. Total annual P-input in 1977 from River Zala
to Lake Balaton is equal to 0.99 mg P/X%.

Table 13 contains information which allows an estimate to
be made of the role of water transfer in P-loading in all the
basins. Therole of the River Zala's water flow is very important in
P-loading of Basin I. However, in other basins, the water flow in
the lake transfers significantly smaller amounts of P: just 0.05
mg P/% in Basin II, and 0.013 mg P/% in Basin IV.

In the spring and autumn 34-64 percent of phosphorus is
transferred by water flow from one basin to. another in particulate
form. During the summer months, the role of DOP in phosphorus

transfer becomes important and water flow transfers from 31 percent
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to 41 percent of P in the form of DOP. Phytoplankton-P is evidently
transferred by water flow to all the basins during the year.
Therefore, significantly less P is transferred by water flow in the

form of DIP and bacterial-phosphorus.

Figure 24 shows the monthly dynamics in 1977 of DOP- and DIP-
Annual inputs
0.0109 and
Annual inputs

inputs due to precipitation in the different basins.
0.0123,

respectively.

of DOP by precipitation are equal to 0.0163,
0.01 mg P/& for Basin I through 1V,
of DIP are 0.0271, 0.0204, 0.0182 and 0.0166 mg P/% for Basin I
through 1V, respectively.

The role of individual processes such as water transfer,
precipitation and external sources in total P-loading of basins,
the role of water transfer

is estimated in Table 14. As shown,

in total P-loading is decreased from Basin I to Basin 1V, while
the role of precipitation is increased. 1Input of phosphorus from
external sources is the main process in P-loading for Basins II,

IIT and 1IV.

Table 14. Role of individual processes in P-loading Lake Balaton
basins, 1977.
Total Processes in P-loading

Basin gf?ggé water transfer| Precipitation External Sources
mg P/%| 1y pse | BSET | mg /2 | B®Z: | mg p/2 | BEEE
1 [1.12408| 0.99014% 88.1 0.04344 3.9 0.0905 8.0
II |0.30260| 0.05091 | 16.8 0.03267| 10.8 0.21902 72.4
I1II(0.13828| 0.03418 | 24.7 0.02906| 21.0 0.07504 54.3
IV |0.09366| 0.01302( 13.9 0.02664| 28.4 0.054 57.7

* River 2Zala loading
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6.2 Composition and Transformation of Particulate Phosphorus

The particulate organic phosphorus in the lake has three main
components, namely phytoplankton, bacteria and detritus. An
analysis of simulation results shows that the total amount of par-
ticulate organic phosphorus, in different basins of Lake Balaton
in 1977, varied by a factor of 3-5. The model discussed here
allows one to get direct estimates of the fractions of living and

nonliving particulate organic matter.

Calculations show that living particulate phosphorus comprise,
on an average, 20-40 percent of the total, and that this increases
up to 60-70 percent in periods of active development of phytoplank-
ton and bacteria. The proportion of phytoplankton-phosphorus to
bacterial-phosphorus is not constant during the year: phytoplankton
phosphorus dominates in the winter and spring,and during this period
it contributes 85-95 percent of the total particulate (living)
phosphorus. The role of bacteria becomes essential in the summer
and autumn when bacteria make up 40-65 percent of living phosphorus

natter.

6.2.1 Nonliving Particulate Phosphorus and its Decomposition

When making a guantitative study of phosphorus transformation,
living as well as dead particulate matter have to be taken into
account. This is because a major portion of particulate organic
phosphorus is composed of dead organic matter or detritus, which
in fact makes up 60-80 percent of the total particulate phosphorus
for most of the year. Just during the summer months, when
organisms are most active in their development, the role of
detritus in providing the particulate phosphorus pool decreases
as much as 30-40 percent. Table 15 consists of quantities of
dead particulate phosphorus contributed by various processes.

All the processes may be subdivided into external and internal.

The very great quantity of nonliving particulate phosphorus in
Basin I results from the River Zzala discharge. The effect of this
source is even more prominent in winter and spring. For exam-
ple, in Basin I, 65.3 percent of the total pool of nonliving
particulate phosphorus is provided by input from the River
Zala discharge water (Table 15) in spring. According to
assumptions made, the input of nonliving particulate-P from

the watershed area and generally from external sources, combine
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to contribute 10-20 percent of the total particulate phosphorus
annually in Basins II-IV. The role of this source is very small
during the summer months--only 1.4-3.8 percent of phosphorus
input is provided by it, while the most significant guota of
phosphorus is provided by internal sources for most of the year.
Phytoplankton mortality and bacterial mortality are taken into
account in the model as the main internal sources of particulate
matter. Phytoplankton mortality provides 36-40 percent of par-
ticulate phosphorus annually in all the basins considered by the
model. The role of this process is very significant in the spring
(Table 15) in comparison with other sources. Bacterial mortality
contributes most particulate phosphorus in the summer-autumn
period, namely 35-62 percent, to different basins of Lake Balaton.
Dead organic phosphorus is an important source of DOP, there-
fore it may be considered one of the most important energy sources
for bacteria. Quantitative estimates of amounts of detritus
which decompose to DOP are essential for a better understanding of
the role of suspended organic matter in the transformation cycles
of phosphorus. Such estimates were arrived at by calculations made
during the analysis of simulation results of phosphorus transforma-
tions in the different basins of the lake. The data derived from

this analysis are summarized month by month in Table 16.

The decomposition of nonliving particulate phosphorus is a
temperature-dependent process, therefore, its role in phorphorus
transformation in the January-April period when temperature is
low, is extremely small. The effect of this process may be con-
sidered important in the May-September period--about 0-05-0.06
mg P/% in each month during this period had been transformed from
detritus to DOP, in Basins I and II. Contributions of this process
in Basins III énd IV are 0.01-0.04 mg P/%, for the same period.
Total annual contributions of nonliving particulate phosphorus
decomposition to DOP are practically similar in Basins I and

I1 (Table 16), while in Basins III and IV they are two times lower.

6.2.2 Sedimentation of Nonliving Particulate Phosphorus

Among all the processes involved sedimentation is one of

the major ones in the regulation of phosphorus content in the water.
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Table 16. Monthly contributions of detritus decomposition to
DOP in mg P/% in Lake Balaton basins, 1977 (simula-

tion).
Basins
Months I IT III IV
I .0000 .0000 .0000 .0000
IT .000U .0002 .0001 .0001
ITI .0023 .0021 .0007 L0004
IV .0023 .0020 L0012 ° .0009
v L0497 .0330 .0127 .0107
VI .0561 .0545 .0207 .0161
VII L0624 .0601 .0266 L0214
VIII .0548 .0572 L0294 L0234
IX .0613 .0676 .0366 .0253
X .0138 .0203 .0138 .0091
XI .0043 .0063 L0043 .0029
XII .0001 .0001 .0001 .0001
Annual flow .3075 .3034 L1462 1104
of PD to DOP
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Quantitative estimates of phosphorus which has settled into the
sediment are important. They are a key factor in the interpreta-
tion of ecological processes and in the analysis of phosphorus
cycling between water and sediment when s;udying eutrophication

problems.

In the model results considered, estimates of phosphorus
losses in sediment were made for each basin on a monthly basis.
These estimates are given in Table 17. The largest amount
of particulate phosphorus had settled in Basin I, while the total
annual phosphorus losses in Basins II and III and IV are &, 8,
and 11 times 1lower than in Basin I. As a further comparison,
it is interesting to note that the percentages of annual phospho-
rus loss by sedimentation show approximately the same valueé:
75%, 78%, 79% and 83% from a total phosphorus load for Basin
I through IV, respectively.

The composition of total phosphorus which settled into
sediment is changeable during the year. In winter, the suspended
material entering Lake Balaton via the river dominates. 1In
spring, summer and autumn, detritus, generated by biochemical pro-
cesses in the lake, is the predominant type of particulate

phosphorus that settles into the sediment.

6.3. Bacterial Phosphorus Transformation

The mechanisms of phosphorus cycling in the water environ-
ment to a large degree depends on bacterial activity. At this
step in the study, a quantitative assessment of bacterial signi-
ficance in phosphorus transformation processes in the lake is
desirable. 1In the given model, the role of bacteria in phospho-
rus cycling is taken into account in processes of DOP uptake,

DIP excretion and detritus formation. It is interesting to

note the bacterial efficiency in these processes and also to make
an estimate of the seasonal changes of bacterial net production
rates in different basins of Lake Balaton. These assessments are
presented in Table 18. A total analysis of simulation results,
show that bacteria take up a significant part of phosphorus as
DOP in the summer and start of autumn, when water temperature

is close to the optimum for bacterial activity. The model

results about bacterial activity coincide with those received
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Table 17. Monthly losses to sediments of particulate phosphorus
(mg P/} for Lake Balaton basins, 1977 (modeling).
Basins
Months
I II IIT Iv

I 0.0528 0.0039 0.0013 0.0010

II 0.1665 0.0156 0.0030 0.0018
ITI 0.1033 0.0224 0.0049 0.0029

Iv 0.1608 0.0349 0.0133 0.0095

\Y% 0.0011 0.0008 0.0166 0.0141

VI 0.0542 0.0121 0.0089 0.0070
VII 0.0457 0.0108 0.0032 0.0026
VIII 0.0480 0.0120 0.0041 0.0033
IX 0.0590 0.0200 0.0073 0.0049

X 0.0404 0.0439 0.0200 0.0132

XI 0.0609 0.0263 0.0113 0.0075
XII 0.0494 0.0320 0.07145 0.0097

Annual
P- 0.8422 0.2347 0.1085 0.0775
losses
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Table 18. Assessments of bacterial phosphorus transformations
(mg P/%) in Lake Balaton basins, 1977.

Basin Season Dop DIP. Detripal
uptake excretion formation
Spring .0270 .0106 .0087
Summer L2402 .0938 .1340
I
Autumn . 1344 .0520 .0898
Annual L4084 . 1584 .2383
Spring .0288 .0113 .0096
Summer .2180 .0845 .1290
II
Autumn .1270 .ougy .0881
Annual .3804 L1466 .2327
Spring .0215 .0087 .0076
Summer .0973 - .0367 .0596
111
Autumn .0709 .0266 .0503
Annual .1941 .0732 .1214
Spring .0178 .0070 .0061
Summer L0772 .0290 0472
Iv
Autumn .0504 .0187 .0368
Annual .1487 .0558 .0929
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by 014h (1969a;1974). He found a maximum number of heteotrophs
at the end of summer and beginning of autumn for different parts
of Lake Balaton. Accordingly, the simulation results in this
period, the bacteria has the highest biomass about 0.012-C.015 mg
P/% and they take up 0.12-0.24 mg P/2-month in Basins I-II. The
bacterial activity in phosphorus transformation is 2-3 times
lower in Basins III~-IV; in summer and at the beginning of autumn
their DOP uptake is 0.05-0.1 mg P/2-month while their biomasses
are about 0.005-0.007 mg P/2 in these basins. Corresponding
annual bacterial uptake of DOP is 0.38-0.41 mg P/% in Basins
III-IV. Bacterial DOP uptake is estimated to be equal to 85%,
95%, 97%, and 99% of total DOP inputs from all the sources con-

sidered in Basins I, II, III, and IV, respectively.
The release of dissolved phosphorus as inorganic orthophos-

phate, due to the metabolism of bacteria, is equal to 37-40 per-
cent of the total bacterial uptake of phosphorus in an observed
range of DOP concentrations in Lake Balaton basins. In a quanti-
tative assessment, this process is very important for maintaining
DIP levels in the water body. In Basin I, the annual bacterial
excretion of DIP is estimated to be equal to 24 percent of the
total DIP input from all sources. During June-September, the
bacterial DIP excretion in this basin is even comparable to DIP
input from the River Zala. In other basins, the role of bacterial
excretion, contributing to the overall balance of DIP, is higher,
and it is estimated to be equal to 52-57 percent.

Mortality of bacteria is a main factor in regulating bacter-
ial biomass levels in the absence of predators. It is estimated
to be equal to about 32-35 percent of the total phosphorus uptake
by bacteria in the spring. Thus, the quota is increased to 56-73
percent in the summer-autumn period in all the basins.

The dynamics of calculated bacterial net production rates
for all the basins is shown in Figure 25. It was found that
these values vary seasonally in accordance with temperature and
DOP concentration changes. During January - April, all the
processes in bacterial metabolisms are balanced and the
bacterial net production rate is very close to zero. Bacterial
uptake of DOP begins to be noticeable as of May. Approximately

at the end of May, bacterial net production reaches the maximum
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Figure 25. Dynamics of bacterial net production in different basins of Lake Balaton, 1977.



level attainable. This is due to increasing water temperature.
These values in the peak period, are equal to 1-2 mg P/f2-day in

various basins.

In the July-September period, the effect of bacteria on
phosphorus transformation is very noticeable: the monthly uptake
of DOP is 0.07-0.08 mg P/& (Basin I-II) and 0.03-0.04 mg P/%
(Basin III-IV); they excrete 0.01-0.03 mg P/& as DIP and they
form 0.02-0.05 mg P/% as detrital phosphorus in all basins for
the period of the year mentioned. An analysis of bacterial-
phosphorus transformation shows that during the summer, just
10-20 percent of total phosphorus taken up is used by bacteria
for production of their own cell material. The role of excretion
is especially significant for the maintenance of phytoplankton
production in summer and autumn, when DIP input from the water-
shed area is reduced to 15-25 percent of the total. Thus
although the model results as a whole confirm a conclusion
of Olah ( 1969a; 1974) about slight spatial differences of
bacterial numbers, it also show gquantitatively the bacterial
functional differences in phosphorus transfer motion in dif-

ferent Lake Balaton basins.

6.4. Phytoplankton Phosphorus Transformation

One of the key factors of water body eutrophication is the
dynamics of phytoplankton with relation to processes of phos-
phorus transformation,in time and space. Phytoplantkon growth
in water is controlled by the combined influence of temperature,
light and nutrition. Only through a quantitative estimate of
all the processes defining phytoplankton metabolism and control
of its growth 1is it possible to assess and predict the lake
system's responses to a wide range of state variable changes in
concentration. Some guantitative assessments of phytoplankton
activity were presented and discussed in previous sections of
this report. Table 19 consists of guantitative data on the main
phytoplankton activity in phosphorus transformation processes.
These data are the results of special calculations based on the

simulation results presented in Figures 20-23.
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About 25 percent of the phosphorus taken up is excreted by
phytoplankton as DOP. A significant part of DOP is produced by
phytoplankton through the detritus chains. The quota of detritus
formed by phytoplankton is about 67-85 percent of the total uptake
of phosphorus in phytoplankton metabolism. This quota is smallest
in summer, when the nutrient level limits phytoplankton growth to
a great extent. Features in the behavior of phytoplankton in the
lake's ecosystem for the given set of environmental conditions
of 1977, may be studied and understood in detail with the help of
graphs showing the dynamics of phytoplankton net production rates
(Figure 26), and values of phytoplankton activities in phosphorus

tranformation (Table 19).

The intensive growth of phytoplankton in Basin I at the end
of February, was due to favorable physical conditions and nutrient
levels. Only a low concentration of DIP can-explain the absence
of an intensive net production of phytoplankton at this period in
the other basins. Favorable conditions for phytoplankton growth
are observed in all basins from mid-March till the beginning

of April.

Spring peaks of phyteplankton net production rates are about
2 pg Chl "a"/f-day for Basins I-II and 1 ug Chl "a"/%2-day for
Basins III-IV. Amounts of DIP taken up by phytoplankton in spring
bloom, are estimated to be 0.13, 0.08, 0.038, and 0.036 mg P/ for
Basins I, II, III, and IV, respectively.

After the spring peak of phytoplankton, growth is limited
by DIP content in April and at the beginning of May in all the basins.
For this period, the phytoplankton DIP uptake is smaller than i*s
mortality and metabolic excretion losses, the phytoplankton
biomass decreases slightly and phytoplankton net production

is negative.

To approximately mid-May, phytoplankton growth increases
due to DIP input by bacterial regeneration. In summer,
uptake of DIP by phytoplankton is most essential in comparison
with DIP uptake in other seasons. It is estimated to be 0.237,
0.1117, 0.049, and 0.04 mg P/% for four basins from Keszthely to
Sibdfok, respectively, although the DIP content in these basins are
almost similar, about 0.004-0.006 mg P/2. This is a result of
equilibrium between all biochemical processes defining nutrient

cycling in the water. The data presented in previous sections of
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Table 19. The influence of phytoplankton in phosphorus trans-
formation processes in Lake Balaton basins, 1977

(mg P/2).
pasin Season ugigie excggiion ;ﬁizgiiz;

Spring . 1344 .0339 . 1134
Summer .2370 .0608 .1598
' Autumn .1735 . .ou42 .1319
Annual .6223 .1583 .4509
Spring .0829 .0209 .0616
Summer . 1107 .0280 .0760
H Autumn .0708 L0177 .0599
Annual .2822 .0710 .2109
Spring .0376 .0094 .0295
Summer .0490 .c123 .0342

ITT
Autumn .0337 .0083 .0282
Annual . 1307 .0326 .0997
Spring .0358 .0089 .0273
Summer .0403 .0100 .0275
v Autumn .0261 .0064 .0223
Annual .1089 L0271 .0818
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this report make it possible to estimate the efficiency of indivi-
dual processes in phosphorus cycling, in connection with phyto-

plankton dynamics and nutrient levels for different basins. These
data take into account the combined effect of external phosphorus

sources and internal processes of phosphorus transformation.

An analysis of simulation results show that although the
bacterial excretion of DIP in May-June is effective, the nutrient
level is not enough for maintaining active phytoplankton growth
under favorable physical conditions,in all basins, and in July,
the active growth phase changes to a negative growth phase.

In mid-August, there is a significant increase in phytoplankton
growth as a result of the complex effect of bacterial DIP regenera-
tion, DIP inputs from watershed areas that may include all possi-
ble sources mentioned previously, and favorable physical
conditions. This relatively short phase of active phytoplankton
growth is continued till the beginning of September, when phyto-
plankton growth becomes limited by the DIP content. In the next few
months, phytoplankton growth is regulated mainly by temperature

and light conditions.

In a quantitative sense, the effect of phytoplankton in
phosphorus cycling is very significant, especially in Basin I.
Suffice it to say that the annual uptake of DIP by phytoplankton
estimated to be 0.622 mg P/% in Keszthely Bay, is about 63 percent
of the total phosphorus input from the watershed area, in Basin I.

7. INTERNAL PHOSPHORUS CYCLING

A useful way of assessing the lake's ecosystem behaviour,
is to estimate the amounts of phosphorus stored in various com-
pounds and individual fluxes of phosphorus between the different
compartments, chemical as well as biological. It is assumed to
be important, because qualitatively, the reactions comprising the
phosphorus cycling and sources of phosphorus in the lake's eco-
system are well known in principle, however, the quantitative
information vital to the understanding of the phenomena of eutro-
phication in Lake Balaton is lacking. Special calculations based
on simulation results have been made, to compare the annual
amounts of phosphorus transfer by the various transformation
pathways considered in the given model. Results of these calcu-

lations are summarized in Figure 27.
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With the help of these data, we can estimate the phosphorus
annual budget of Lake Balaton for the environmental conditions of
1977. Taking into account the hypotheses about the phytoplankton
development, external phosphorus loading and sedimentation, and
also the complex effects of the main abiotic factors such as
temperature, radiation, water balance, loading of the River zala,
phosphorus transformations, and the fact that the model output
satisfactorily tallies With observed data, it is possible to
say that the estimated phosphorus budget for Lake Balaton in
1977, although being tentative, is based on an actual set of
measurements. Tﬁe results of analysis show that in 1977, only
2-13 percent of the total phosphorus load in the basins was
retained in the water and recycled by biochemical transfor-
mation processes; 75-83 percent of the total phosphorus settled,
and 9-23 percent was transferred by water flow from one basin

to another.

The phosphorus in the water is recycled repeatedly. The
movement of phosphorus compounds in water may be considered as
biogeochemical cycles, determined by the activity of microorganisms
and physical-chemical reactions. In this way, a cycle may be
described in terms of compound pools that include some gquotas
of matter in soluble form, organically bound in living and non-
living particulate matter. An estimate can be made of the rate
of phosphorus recyling and sizes of different phosphorus
pools; this can be used for defining the features of water
ecosystem behaviour. In this case, very important information
may be obtained with the help of flow rates between different
pools,or actual contributions of various processes to the total
balance of matter in the ecosystem studied. The results of
special calculations of annual phosphorus movements presented
in Figure 27, allow us to obtain quantitative information concern-
ing the contributions of the key processes in phosphorus cycling,
namely the decomposition of organic phosphorus and the formation
of mineral phosphorus in the total balance of phosphorus in the
lake. These processes provide favorable conditions for the
growth of microorganisms, owing to the continued recycling of inor-

ganic compounds and decomposition of organic substances.
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A better understanding of the system functions in phosphorus
recycling may be obtained through an analysis of turnover times
of this element and its individual fractions (Pomeroy 1974). The
model's output allows us to calculate the values of turnover times
for phosphorus compounds, using the quantities of phosphorus in
the model compartments, i.e. phosphorus pools, and the rates of
flux between them. Thus, the mean annual turnover times of all
the phosphorus compartments were obtained for each basin, by divid-
ing the phosphorus pool sizes averaged for one year, by the rate
of phosphorus flux through the pools, for the same period of time.
Flux rate, in this case, was defined as the average of the input
and output rates of the pools. The results of calculating
the turnover times of phosphorus fractions and total phosphorus,
obtained with the aid of the model presented in this report, are
summarized in Table 20. Although the mean annual turnover times
of phosphorus fractions are not greatly different, a variance may
be observed. Turnover time as a whole for phosphorus fractions,
range from 1 day to 15 days. The phosphorus pool turnover in the
bacteria's biomass is approximately 1 day in all the basins. The
phytoplankton phosphorus biomass turnover is somewhat slower--
about 5-8.5 days. Thus, the given model is consistent with one
of the major ecological postulates that the turnover time in-
creases, the higher the position of the germs in the trophic
structure (Odum 1967).

Dissolved inorganic phosphorus has a turnover time of 5-11
days. This assessment of turnover time for DIP obtained for the
Lake Balaton ecosystem by the present model, is in accordance
with the measured turnover time of 5-10 days for phosphates in
other lakes as well (Golterman 1975). The orthophosphate-
phosphorus turnover time is 8 days in the 1lake as '

a whole. This has been corroborated by 0Olah et al. (1977). The
turnover time for DOP is practically the same for the various

basins considered by the model and is equal to 5-6 days. It is
found that differences between the mean annual turnover times of
nonliving particulate phosphorus in all basins within Lake Balaton
appear to be greater than turnover times of other phosphorus
fractions (Table 20). These differences in turnover times of



-88-

Table 20. Comparison of mean annual turnover times (in days) for
phosphorus fractions in Lake Balaton basins (analysis
of simulation results for environmental conditions of

1977).
Phosphorus Keszthely | Szigliget | Szemes sidfok Range
fraction Bay Basin Basin Basin

DIP 5.0 6.5 - 11.4 10.1 5-11.4
DOP 6.0 5.6 6.2 4.8 4.8-6.2

Nonliving parti-
0.6 - 7.4 15.4 10.7 0.6-15.4

culate-P

Phytoplankton-P 5.0 6.0 8.5 7.6 5.0~ 8.5
Bacterial-P 0.9 0.8 0.9 1.2 0.8-1.2
Total P 12 35 58 55 12 - 58

nonliving particulate-P in various basins, show the significant
role played by suspended matter in phosphorus transformations in
the lake. In Keszthely Bay, this phosphorus fraction has a turn-
over time of 0.6 day, while in other basins,turnover time of non-
living particulate-P is almost ten times higher, and it is
estimated to be equal to 7.4-15.4 days. It is possible to explain
the obtained differences in turnover times of nonliving particu-
late phosphorus in Lake Balaton basins by the fact that all pro-
cesses connected with this fraction are much faster in Keszthely
Bay than in other basins. It must be notedbthat the value of
turnover time for nonliving particulate-P obtained for Rasins II-IV
is in general agreement with the average turnover time for labile
detritus--1-2 weeks (Watson and Loucks 1979)}. The total phos-
phorus turnover time in Lake Balaton is approximately 0.5-2 months
on an average. An assessment of turnover times for total P sug-
gest that phosphorus is retained and recycled to a different ex-
tent in the various basins. 1In Keszthely Bay, the turnover time
of total phosphorus is shortest--about 0.5 month, in the Szigliget
basin it is equal to about 1 month, and in Basin III-IV the turn-
over time of total vhosphorus is estimated to be equal to about

2 months.
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8. CONCLUSIONS AND RECOMMENDATIONS

The application of mathematical models in limnological
research opens up the possibility of studying and predicting eco-
system functions and changes in eutrophication, as a result of
the combined effect of abiotic, biotic, and particularly anthro-
pogenic influences. Many important quantitative characteristics
describing the water ecosystem behavior that cannot be obtained
directly from concentration values of chemical and biological com-
pounds present in the water, may be easily estimated by ecological

models specially constructed for studying limnological questions.

This report describes the mathematical model of biogeochem-
ical phosphorus cycling in water. It was applied for the
analysis of phosphorus transformation processes, in conjunction with
phytoplankton dynamics and eutrophication phenomena as a whole in
Lake Balaton's ecosystem. The main purpose of this study was to
use this model for simulation of the seasonal dynamics of compounds
and phytoplankton,based on a real set of measurements of water
temperature, radiation, phosphorus loads and water balance. The
specific objectives of the given study are to increase the under-
standing of the dynamic behaviour of Lake Balaton as an ecological
system. A data set for 1977 was used at this stage of the study.
It appears reasonable to claim that the model output for the four
basins of Lake Balaton is quite satisfactory for all phosphorus
fractions considered in the model and for phytoplankton, when the

hypothesis for three seasonal groups was used.

In order to analyze the simulation results from the point of
view of phosphorus control, sprecial calculations of phosphorus
flows were made for all phosphorus-dependent activities and sources.
In this case, the model gives a considerable degree of insight
into the behavior of the Lake Balaton ecosystem and, in
particular, phosphorus transformation processes, which form the
basis for estimating the role of external nutrient load and inter-
nal processes of phosphorus cycling in different basins of the
lake. Estimated phosphorus mass flows quantitatively explain the
importance of individual processes in total phosphorus cycling,
on the basis of observed data, while calculated rates of bacterial

and phytoplankton net production indicate a direct response of
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microorganisms on the content of nutrients in the water. These
estimations may be used for a quantitative explanation of change-
able conditions in a trophic state and nutrient limitations in
four basins of the lake. They may also be considered quite impor-

tant for the formulation of management alternatives in the future.

A detailed analysis of phosphorus compounds and phytoplankton
dynamics indicate that the spring peak of phytoplankton biomass
is primarily controlled not only by increasing light, temver-
ature and nutrients accumulated in water during winter, but also
by additional external inputs of nutrients. It is estimated that
the mid-summer minimum of phytoplankton is due completely to the
scarcity of DIP. The fall peak of phytoplankton is a complex
interaction of nutrients regeneration by bacteria and external
nutrient inputs. These processes are more essential in Basins

I-II.

On the basis of model results, pool sizes, flux rates and
turnover times were calculated for all phosphorus fractions
considered in the model. Results indicate that the range of turn-
over times of phosphorus compounds is about 1 day to 15 days.
Turnover times of total phosphorus is shortest in Basin I and it
is equal to about 2 weeks, while in other Lake Balaton basins

total phosphorus turnover time is 1-2 months.

The primary emphasis in this report is on the scientific
analysis and validity of the phosphorus model intended for
Lake Balaton ecosystem studies. It is recommended that this
model be used to analyze phosphorus compounds and phytoplankton
dynamics for other years, for instance, 1976 and 1978, and to
apply the values of rate constants,so as to give a satisfactory
description of ecosystem behavior in 1977. This work provides

the basis, not only for model validation, but also for understanding

the response of Lake Balaton's ecosystem to the different environ-

mental conditions and external loads.

Application of the given model to analyze oxygen dynamics
in the water and phosphorus dynamics in sediment requires the
data for verification of model constants on the basis of compar-

ison of model output with a real set of measurements.
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It is now obvious that for application of this model for predic-
tion purposes, the description of the sedimentation process must
be improved. One possibility is to construct a submodel of
sedimentation,where the sedimentation rate will be estimated on
the basis of wind data. It must be noted also that at the current
stage of the Lake Balaton ecosystem study, the hydrodynamics of
Lake Balaton were given in the ecological model in the simplest
way possible. Results of the first model calculations make it
possible to suggest that a more complete description of eutro-
phication phenomena in Lake Balaton must include better estima-
tions of hydrodynamic effects upon biological and chemical
processes 1in the water, and especially the influences of wind-
induced circulation on inter-basin ekchange processes and wind-

induced resuspension of sediments.
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