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PREFACE

One of the principal themes of the Task on Environmental Quality
Control and Management in IIASA's Resources and Environment Area 4is a
case study of eutrophication management for Lake Balaton, Hungary. The
case study is a collaborative project involving a number of scientists
from several Hungarian institutions and IIASA. This paper, originally
prepared for the Second ISEM Conference on the State-of-the-Art in
Ecological Modelling (Liege, Belgium, April, 1980), is a further
contribution to the Lake Balaton case study. It describes a mathe-
matical model of phosphorus transformation processes and phytoplankton
growth in the lake. As such, the model presented here is one of three
models currently being developed for the analysis of data characterizing
recent variations of water quality within the lake. Results are re-
ported for a comparison of the performance of the model with observations
recorded for 1977.
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SUMMARY

A mathematical model of phosphorus transformations has been applied
to a real set of physical, bioliogical, chemical obseryation data in Lake
Balaton. The model includes dissolved oxygen and five phosphorus forms
in water environments: phytoplankton phosphorus, bacterial phosphorus,
dissolved inorganic phosphorus, dissolved organic phosphorus, and unliv-
ing particulate phosphorus, and also three phosphorus forms in inter-
stitial water: inorganic, organic, and particulate phosphorus fractions.

The purpose of this report was to present the best possible tali-
bration between existing observation data from 1977 and model output.
This is one of the important steps that must be performed before appli-
cation of the model for prediction and management purposes.

Hypothesis about three populations of phytoplankton give a model
output that agreed reasonably well with the observation data for total
P, dissolved P, dissolved organic and inorcanic phosphorus, particulate
organic phosphorus, and phytoplankton chlorophyll "a" in all basins
simultaneously. This provides indirect evidences that the model consi-~
dered is a reasonable representation of a complex ecological process
in phosphorus transformation and phytoplankton dynamics in Lake Bala-
ton.
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SIMULATION AND ANALYSIS OF PHOSPHORUS
TRANSFORMATION AND PHYTOPLANKTON DYNA-
MICS IN RELATION TO THE EUTROPHICATION
OF LAKE BALATON

A.V. Leonov

BACKGROUND

Lake Balaton is a large shallow lake in Central Europe. It is
situated in the west part of Hungary. Surface area of the lake is
about 600 kmz. The lake is 75 km long and 8 km wide. The average
depth is about 3 m. and only in a small portion of the lake, divi-
ded by the peninsula of Tihany, the denths of the lake reach 11-

12 m. Lake Balaton receives drainage from a catchment area almost ten
times bigger than the water body itself, i.e., S,77S.km2 (van Straten,

et. al., 1979).

The river Zala is the major tributary to Lake Balaton and enters
the water body at its southwestern part. It receives mainly agricul-
tural runoff and some domestic and industrial disposals from a total

catchment area of the river Zala watershed, 2,622 kmz. Significant



nutrient loading to Lake Balaton results from the Zala River contri=-
butions because this river gives about 50-75% of the total inflow
{(Csaki et. al., 1978; van Straten, et. al., 1979). Other important
tributaries enter the lake in its central part. The water outflow of
Lake Balaton is regulated by a special gate at the northeastern end
of the lake.

Lake Balaton is a tvpical example of a water body with changeable
eutrophic conditions in different parts of the lake. The eutrophica-
tion of Lake Balaton is attributed to phosphorus and in a smaller de-
gree to nitrogen loadings of the Zala River water flow discharge. The
Zala River enters Lake Balaton in the shallow Keszthely Bay and the
effect of the river is felt not only within the bay itself, but also
in the next basin of Lake Balaton, i.e., Szigliget. In the last two
basins, Szemes and Sidéfok, the effect of the Zala River may be con-
sidered quite low. The resultant situation is the decreasing eutro-

phic conditions from southwestern to northeastern ends of the lake.

During the last years, the water body eutrophication as an actual
limnological problem became a subject of many special studies with the
help of mathematical models of different degrees of complexity. The
main purpose of these studies to quantify impacts and assess alterna-
tive control strategies in terms of biogenic element balances in vari-

ous water bodies.

The special project named "The Lake Balaton Case Study" was ini-
tiated at the International Institute for Applied Systems Analysis in
1978. The general objectives of the project are development and appli-
cation of improved ecological models with special reference to under-
standing and management of eutrophication processes in Lake Balaton.

At the first step of study the main attention was given to the con-
struction of phosphorus models since phosphorus is a key element of

Lake Balaton eutrophication.

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 sedi-
ments do not exert a significant influence on phosphorus cycling in

water environment (Lung, et. al., 1976).



However, a much better understanding of the relationship between
phosphorus input to a lake and phosphorus transformation processes in
the aquatic-ecological system may be attained with the help of models
constructed on the basis of synthesis of biological and chemical mo-
dels. This type of models include several phosphorus forms, chemical
as well as biological. Using this type of model it is possible to ex-
plain the dynamics of phosphorus in microorganism cells and concen-
tration changes of each of the chemical forms of phosphorus present
in the water and also the rates of phosphorus interchange between
various forms including biological and chemical. This type of model
is very useful for studying complex processes in conjunction with
eutrophication such as phosphorus releases from sediment to overlying
water, phosphorus loading from a watershed, phosphorus regeneration
by microorganisms and others. An importnat stage in understanding
the water body eutrophication is to quantify the rates of these pro-
cesses and establish interaction which plays a significant role in
phosphorus transformations. It is a complex problem setting which the
model described in this report is specifically addressed.

MODEL DESCRIPTION

The phosphorus transformation processes that develop in water
environments depend on the interactions between biological and chemi-
cal phosphorus compounds. These interactions determine the transport
of phosphorus from one form to another and, in one's turn, they are
defined by kinetics of growth, mortality and total metabolism of micro-

organisms and nutrient recycling as a whole.

The structure of the phosphorus transformation and oxygen cycle
model is shown in Figure 1. The next model compartments considered for
a water environment are dissolved inorganic phosrhorus (DIP), dissolved
organic phosphorus (DOP), phytoplankton phosphorus (F), bacterial phos-
phorus (B), nonliving particulate phosphorus (PD), and dissolved oxygen
(02). Because the sediment-water interactions are a very important
factor in the aquasystem of Lake Balaton that regulate the nutrient
content and enrichment of water body by DIP, the model includes phos-
phorus forms in sediment, namely dissolved inorganic phosphorus (DIPs),
dissolved organic phosphorus (DOPS), and nonliving particulate phos-

phorus (PDS) in interstitial water sediment.

Phytoplankton growth kinetics is a function of water temperature,
incident sclar radiation, and nutrient concentration, specifically DIP.

Bacterial growth kinetics is a function of water temperature and DOP
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concentration. These microorganisms also uptake oxygen in respiration
processes. The nutrients which are results of microorganism activity,
recycle from unliving particulate and soluble organic phosphorus forms
to inorganic phosphorus. The kinetics of recycle processes are temper-
ature dependent. The model takes into account the inputs of phosphorus
forms from watershed areas and the loss of unliving particulate phos-
phorus by sedimentation. The dissolved oxygen is the result of phyto-
plankton production and reaeration that is considered to be a tempera-

ture-~-dependent process.

The model is constructed on the basis of mass conservation princi-
ples for each model compartments which are given by a set of coupled
ordinary differential eguations. All mass balance equations of the

model considered are presented in Table 1.

Magnitudes of the rate constants for the kinetic terms in the
mass balance equations are obtained by calibration of the model using
a set of data observations which include: total phosphorus, total
dissolved phosphorus, orthophosphate phosphorus, particulate inorganic
phosphorus, and phytoplankton chlorophyll®"a". Concentration of other
phosphorus compounds important in the study and simulation of phos-
phorus transformations were received from these measured phosphorus
qguantities by difference calculations. These are dissolved organic
phosphorus, particulate phophorus, and particulate organic phosphorus.
In the first instance of model application the rate constants were cho-
sen so that the model can reproduce the observed behavior of phosphorus
compounds and phytoplankton in the most polluted area of Lake Balaton
in 1977 (Leonov, 1980a). It was a preliminary test of a phosphorus
model. In this report results of model application for simultaneous
modeling phosphorus transformation in different basins of Lake Balaton

in 1977 are presented.

SEGMENTATION OF LAKE BALATON

The phosphorus model built for Lake Balaton is applied in simul-
taneous simulation of phosphorus compounds and phytovlankton dynamics
in various basins of the water body. Subdivisicon of Lake Balaton ba-
sins 1s shown in Figure 2. The structure reflects the four charac-

teristic basins in the lake: I - Keszthely Bay, II - Szigliget Basin,
III - Szemes Basin, and IV - Sidfok Basin.

Each basin within the lake is reproduced in the model as a com-

pletely mixed system similar stirred tank reactor. Because the'lake
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Constiuent Symbol Eqguations

W = 0.45 wS = 1.0
] for winter-spring for summer
= = 9
Tcr 11.5°¢ phytoplankton Tcr 29°¢C phytoplankton
- 0 = 7g0
Topt 8.5°C group Topt 26°C group

TF 0. 31T for autumn phytoplankton
group .

n.21T
R = 0.2 + 0.022(e - 1)
1 + 0.028 e

-3,.0.403T
. 3.68 « 10 (e - 1)
Temperature reduction . = 0.3 + .
factor for bacterial S “ra 1+ 5.25 . 107" 403T
uptake rate
(undimensional)

-4 _0.351T I
Decompostion rate of K, K, =1.2 - 10 ( ?u o 351; v p=
nonliving particulate-P 1+ 3 10 e ° !
to DOP
(day=1)

) (T-20)
Reaeration rate K K = K 0 *« 1.05
2
(day'1) 4 4(T) 4(20°)
Saturation oxygen 02S t 02Sat = 14.61996 - 0.4042 - T + 0.00842 + T2 -~ 0.00009 « T .
level (mg O;/1)
Oxidation rate of1 53 SB(T) = 53(200) . 1.05(T-20) ’
PDs to DOPS (day™ 1)
where

T is water temperature in °cC.
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Figure 2. Subdivision of Lake Balaton by basins (a) and schematic
presentation for calculating the concentration distri-

butions:

j is number of basins ,

Vj is volume of each basin R

Q. and Q ~are characteristics of net water advective
ing out;

transport , and

Ci is concentration of specific constituents.

—_— input of Ci by water flow ;
——— input of Ci by precipation ;
—_—— input of Cs from other sources (e.g., water-

shed runof¥f) H

—_—f output of Ci by water flow ;

s> output of P_ by sedimentation.

D
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is shallow concentrations of all compounds mentioned above are consi-
dered as average for a water volume of each basin as a whole. It was
assumed that transport of all compounds in the space between each basin
takes piace by means of advective transport. Effect of mixing between

adjacent basins is ignored in the given model.

DATA AND FORCING FUNCTIONS

Since the ecological system under consideration includes physical,
chemical, and biological processes the interactions between them are
extremely important. Detailed analysis of all Lake Balaton observa-
tion data available at IIASA were presented by van Straten et. al.
(1979). These data include not only phosphorus measurements in dif-
ferent basins of Lake Balaton but also: (1) daily magnitudes of tem-
perature and light intensity; (2) weekly measurements of dissolved
inorganic and particulate phosphorous fractions and phytoplankton
chiorophyll-a in the Zala River water discharged in Lake Balaton;

(3) water balance data that include weekly measurements of discharge
flow rates of the Zala River, and monthly calculated values of flow
input-output rates and precipitation rates for all basins of Lake

Balaton.

Before model application, various quantities known as forcing
functions must be specified. External nutrient loads are important
forcing functions in the present study and they were taken from the report
by van Straten et. al. (1979). Magnitudes of all rate constants in
mass balance equations are presented in a special report that gener-
alizes the results of the study of phosphorus transformation in Lake
Balaton for 1977 (Leonov, 1980bL).

MODELING RESULTS OF PHOSPHORUS

TRANSFCRMATION

The Runge-Kutta - 4 method was used to solve the differential
model equations with a constant time step equal to 0.1 day. The
oxygen cycle in the water environment and phosphorus transformation
in sediment were not considered at this step of the study because
the information about these processes is not sufficient for modeling.

Simulation results of phosphorus transformation in water environ-
ment for different basins of Lake Balaton are presented in Figures
3-6. All measurements are shown in these figures by points, while
curves are simulation results. These model outputs are only an

attempt to describe an existing set of observed data for 1977. At
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the present study step the model is not intended to be used for pre-

dictive purposes.

For obtaining model outputs for chlorophyll”"a", the phytoplankton
biomasses were converted from phosphorus units to chlorophyll"a"

centrations with the help of a simple ratio:
pg chl"avl = 2,100 mg P/1 .

Preliminary simulation results for phytoplankton chlorophyll"a"
dynamics in Keszthely Bay (Basin I) showed that the model output was
almost 2-2.5 time higher than the data during summer months (Leonov,
1980a). This problem has been eliminated in the present work by using
the hypothesis of three phytoplankton groups characterized for winter-
spring, summer, and autumn periods (Herodek, 1979). These phytoplank-
ton groups have various temperature dependéncies. Summer phytoplank-
ton population also have higher nutrient requirements than winter-
spring and autumn phytoplankton groups. In this case, the calculated
concentrations of phosphorus compounds and phytoplankton chlorophyll®"a“
agree reasonably with data of measurements considering the precision
of the chemical and biological analytical techniques. Also ih the
model the effect of wind on the Lake Balaton ecosystem behavior is not
taken into account and in the periods of strong storms, when concen-
trations of particulate inorganic phosphorus (this phosphorus fraction
is not taken into consideration by the model), in the water environ-
ment can increase 2-3 times there are differences between model out-
put and data. However, the general pattern of observations in all

basins of Lake Balaton are reproduced by model.

In accordance with the general eutrophication research of the
Lake Balaton Project, it is interesting at this step of study to
examine and compare the role of different ecological processes in
phosphorus transformation for various basins within Lake Balaton, The
simulation results presented in Figures 3-6 were used to assess the
contributions of main ecological processes considered by the model
in phosphorus transformations and its seasonal cycling. The data
of these calculations are shown in Table 2. The data provide
a preliminary basis for estimating and understanding the role and the
efficiency of external P-loading and internal phosphorus transforma-
tion processes in a general direction of eutrophication changes in

individual basins of Lake Balaton.
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Table 2. Contributions of different ecological processes in material phosphorus flow, (mg P/1)
for Lake Balaton basins, 1977. (*denotes inflow from Zala river to Keszthely Bay)

Process| Water transfer of PD Water transfer of DIP Water transfer of DOP Water transfer of F andB
Basins I* II III 1V 1* II 111 1V 1* II I11 v 1* IT III v
Seasons

Spring | .2303{.0069].0056|.0016|.1079(.0n19 (.0014{(,.0008|.0000).0049].0040|.0014].0214|.0029(.0020|.0009
Summer | .0224].0015|.0012|.0003|.0927{.0009|,0003}.00011.0000(.0037|.0024].0004¢.0043|.0030(.0019|.0005
Autumn | ,0356.0026|.0035].0014}.0856}.0005(.0001}.0001).0000(|.0020|.0017|.0004).0035).0021{.0014(.0006
Annual | .5590(.0196}.0)45(.0048].3880].0087].0033(.00221.0000.0124}.0097}.0032|.0431}.0105(.0067|.0028

Process| Phytoplankton mortalityjBacterial mortality PD decomposition to DOP|DOP uptake by bacteria
asins
1Y)
Seasons I II III v I I1 III IV I I1 III IV I IT I11

Spring ( .1134.0616(.0295|.0273|.0087|.0096)|.0076|.0061|.0543|.0371(.0146].0120].0270{.0288|.0215].0178
Summer | .1598(.0760(.0342].0275{.13401.1290|.0596|.0472]1.1733|.1718]|.0746},0609].2402).2180(.0973(.0772
Autumn | .1319}.0599}.0282(.0223}.0898(.0881|.0503|.0368|.0794|.0942).05471.0373].1344(.,1270|.0709]|.0504
Annual { .4509].2109).0997(.0818]|.2383|.2327|.1214}.0929].3075].3034(.1462).1104}.4084(.3804].1941|,.1487

-LZ—

Process| DIP uptake by phyto- DOP excretion by phyto-|DIP excretion by Sedimentation of PD
plankton plankton bacteria

Baslnsg

Seasons I II ITI Iv I IT ITI Iv I 11 111 v I II ITI IV

Spring | ,1344{,n829|.0376(.0358(.0339|,0209}.0094(.0089(.0106|.0113|.0081|,0069].2652(,0580).0348{.026U
Summer (.2370/(.1108|.0490).0403].0608{.0280/.0123|.0100].0938|.0845|.0367).0290}.1479|.0349].0163}.0129
hutumn .17361.0708].0337|.0261|.0442(.0177/.0083|.0064)].0515).0484].0266(.0187}.1603|.0902].0386|.0257
JAnnual | .6223(.2822(.1307/.1089].1583|.0710).0325{.0271|.1584|.1466(.0732|.0558{.8422|.2347].1085}.0775

Process PD input from other sources [DIP input from other sourcedDOP input by precipi- DIP input by precipation
{e.g. watershed runoff) (e.g. watershed runoff) |tation R
Basins
II III v I II III v
Seasons I I1 I11 v I II III v I

Spring | .0000(.0190(.0075f.0045(.0150|.0690|.0270}.0270|.0033|.0025(.0022|.0020{.0055|.0041|.0037].0034
Summer | .0000(.003G{.0030]|.0030}.0550{.0220|.0060|.0060|.0052(.0039(.0035|.0032}.0086|.0065|.0058].0053

Autumn .0000}.06601.0315|.0135}.0175(.0100/.0600].0000].6036|.0027|.0024{.0022}.0061|.0046|.0040|.0037
Eﬁnual .0000].11801.0420 .0213J.0905 .1010(.0330 |.0330{.0163 |.0122 .0109J.0100 .0272].0204 |.0182 |.0166
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The analysis of conditions for phytoplankton growth in Lake Bala-
ton is one of the main purposes of the eutrophication study. This analysis
together with material phosphorus flows data, gives comprehensive in-
formation concerning the possible water quality changes of the lake
in spatial and time aspects. The dynamics of net phytoplankton
production, calculated in ugChl"a"/1-day, in various basins of
Lake Balaton is shown in Figure 7. These calculations summarize the
basic assumption and hypothesis concerning the phytoplankton dynamics
in relation to phosphorus transformation and its cycling in the Lake
Balaton ecosystem for environmental conditions of 1977.

DISCUSSION

Since the model permits the computations of the dynamic behavior
of phosphorus compounds and phytoplankton and also estimates of the
material phosphorus flows in the Lake Balaton ecosystem, some remarks

may be arrived by analysis of these simulation results.

1. The main process in total P-loading are water transport,
precipitation, and P-input from external sources. Analysis of simu-
lation results show that during January-April, 1977, the largest
part of phosphorus, e.g., 55-78% transports by water flow from the
Zala River are in particulate form. The role of DIP in P-loading of
the Zala River water flow becomes significant from May, 1977, and
from the May-December period its gquota is 52-86%. The annual input
of particulate-P and DIP by the Zala River water flow comprises of
56.53% and 39.2%, respectively, of the total P-input, while the annual
inputs of phytoplankton- and bacterial-phosphorus are estimated to be
equal to 4.2% and 0.1%, respectively. The Zala River water flow
contributes annually 88% of the total P-input, while precipitation
and P-input from other sources give just 4% and 8% of total P-input,

respectively.

The role of the Zala River water flow is very important in P-
loadings of Basin I, because the annual P-input from the Zala River in
1977 was estimated at 0.99 mg P/l, then annually for other basins the
water flow in the lake transfers just 0.05-0.013 mg P/1l, i.e. 1lU4-25%
of total P-loadings of basins. Approximately the same amounts of P,
i.e., 11-28% of total P-loading, are provided by precipitation in
Basins II-IV. The P-input from external sources of the watershed area
is the main P-loading in Basins II-IV, which gives 54-72% of the total

external P-input into Lake Balaton.
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2. The particulate organic phcsphorus in Lake Balaton is com-
posed of three main compounds, namely phytoplankton, bacteria, and
unliving particulate phosphorus, as taken into account by the model.
The simulation results show that the total amount of particulate or-
ganic phosphorus in Lake Balaton basins were varied three-fivefold
in concentrations in 1977. The living part of particulate phosphorus
comprises an average of 20-40% of the total and this portion increases
up to 60-70% in periods of active growth of phytoplankton and bacteria.
The proportion of phytoplankton phosphorus to bacterial phosphorus in
the living part of particulate matter is not constant during the year
in Lake Balaton basins. The phytoplankton phosphorus is dominated in
the winter-spring months; contributing during this period 88-95% of
phosphorus in the living part of particulate matter. The role of bac-
teria becomes essential in summer-autumn months, during this period

they comprise 40-60% of phosphorus in living matter.

3. The major proportion of particulate organic phosphorus is com-
posed of unliving particulate matter or detritus. It comprises 60-80%
of the total particulate phosphorus most of the year. Just in warm
months when growth of microorganisms becomes active, the role of detri-
tus in providing the particulate phosphorus pool decreases to 30-40%.

4. 1In total balance of particulate phosphorus the role of inter-
nal processes in the Lake Balaton ecosystem is extremely important.
The phytoplankton and bacteria mortalities are considered by the model
as the main internal sources of particulate matter. Phytoplankton
mortality provides annually 0.08-0.45 mg P/l in particulate P-pool
in all basins that equal to 36-40% of the total P-input. The role of
this process is especially important in spring months (Table 2}. Bac-
terial mortality contributes the essentiecl part of particulate phos-
phrus in the summer-autumn period, namely 35-62% of the total in vari-

ous Lake Balaton basins.

5. The detritus is decomposed to DOP in the phosphorus transfor-
mation process considered by the model. Quantitative estimation of
detrital phosphorus amounts decomposed to DOP is essential for better
understanding the role of suspended organic matter in transformation
cycles of phosphorus in the water environment. The role of this pro-
cess in phosphorus transformation is extremely small in the January-
April period, when water temperatures were low. The effect of this
process may be considered to be important in the May-September period:

about 0.05-0.06 mg P/l in each month during this period has been
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transformed from detritus to DOP in Basins I and 1I. Contributions of
this process to total P balance in Basins III and IV are 0.01-0.04 mg
P/l for the same period. Total annual contributions of nonliving par-
ticulate phosphorus decomposition to DOP are practically similar for
Basins I and II and equal to about 0.3 mg P/l, while for Basins III
and IV they are almost two times lower (Table 2).

6. Among all transformation processes, sedimentation is one of
the major regulators of phosphorus content in the water environment.
The estimation of phosphorus losses in sediment were received for each
basin on a monthly and seasonal basis. They show that the significant
part of phosphorus is settled annually in Basin I, while the total
annual P-losses in Basins II, III, and IV are 3.6, 7.8, and 10.8
times lower than in Basin I. However, the percentage of phosphorus
annual losses by sedimentation consists approximately of the same part
from total phosphorus loading in all basins. These are 75%, 78%, 79%,

and 83% for Basins I-IV, respectively.

The composition of phosphorus settled t& sediment is changeable
in various seasons. In winter months a suspended material entering
into Lake Balaton with river inflows is dominated in settled phosphorus,
while in spring, summer, and autumn months the detritus generated
by biochemical processes in the lake is prevailed in the.particulate

phosphorus fraction settled to the sediment.

7. Mechanisms of phosphorus cycling in water environments, in a
large degree, depend on the bacterial activity so that any gquanti-
tative assessment of bacterial significance in phosphorus transfor-
mation processes in Lake Balaton.is desirable at this step of study.
It is especially interesting to know the bacterial efficiency in the
process of DOF uptake, DIP excretion, detritus formation and also the
estimation of the seasonal change of net bacterial production rates in

different basins of Lake Balaton.

Estimates of simulation results show that the release of dissolved
phosphorus as inorganic orthophosphate in bacterial metabolisms is
egual to 37-40% of the total phosphorus uptake by bacteria in an ob-
served range of DOP concentration in Lake Balaton basins. Net bac-
terial production rates were found to vary seasonally. During January-
April all processes in bacterial metabolism were balanced and the net
bacterial production rate was very close to zero. Bacterial uptake of

DOP begins to be noticeable at the beginning of May. To approximately
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the end of May the net bacterial production rate reaches maximum level
due to increasing water temperature. These values at peak are equal
to about 1-2 ug P/l-day in various basins of Lake Balaton.

In the July-September period the bacterial effect on phosphorus
transformation is very essential: the monthly uptake - 0.07-0.08
mg P/l (Basins I-II) and 0.03-0.04 mg P/1 (Basins III-IV) of DOP,
excrete - 0.01-0.03 mg P/1 of DIP, and they form 0.02-0.05 mg ?/1
as detrital phosphorus in all basins within Lake Balaton. Analysis
of material flows of bacterial phosphorus transformation show that
during the summer months just 20-30% of uptake in phosphorus is used
by bacteria on the biomass construction. Bacterial excretion of DIP
is a very important source of phosphorus for phytoplankton growth.
The amount of DIP excreted by bacteria in the June-September period
in Keszthely Bay is comparable with DIP inputs from external sources. Annual
inputs of DIP by bacterial excretion in Basins II-IV are estimated
to be equal to 50-60% of the total DIP inputs. The role of this pro-
cess is especially significant for the maintenance of phytoplankton
production in the summer-autumn mgnths when DIP input from watershed
areas is decreased to 15-25% of the total.

8. One of the key facts of water body eutrophication is certainly
the dynamics of phytoplankton with relation to processes of phosphorus
transformation in time and space aspects. Ph&toplankton growth in wa-
ter environments is controlled by a combined influence of temperature,
light, and nutrition. Only through quantitative estimations of all
processes defining the phytoplankton metabolism and controlling the
growth it is possible to assess and predict the aqua system responses

in a wide range of state variable concentration changes.

Analysis of phytoplankton net production rates (Figure 7) and
phosphorus material flows (Table 2) allow us to receive some impor-
tant guantitative characteristics concerning the features in beha-
vior of the .Lake Balaton ecosystem with the given set of environ-

mental conditions.

The intensive growth of phytoplankton in Keszthely Bay at the end of
February was due to favorable physical conditions and especially nutri-
ents. Just low concentrations of DIP can explain the absence of in-
tensive net production of phytoplankton at this period in other basins
of Lake Balaton. Favorable conditions for phytoplankton growth is
observed in all basins during mid-March til the beginning of April.
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Spring peaks of net phytoplankton production rates are about 2
ug Chl-a/il-day for Basins I-II and 1 ug Chl-a/l~day for Basins III-IV.
Amounts of DIP uptaken by phytoplankton in spring bloom are estimated
as 6.13, 0.08, 0.038, and 0.036 mg P/1 for Basins I, II, III, and 1V,

respectively.

After the spring peak of phytoplankton biomass, the growth is
limited by DIP content in April and at the beginning of May in all ba-
sins. For this period the phytoplankton DIP uptake is smaller than
its mortality and metabolic excretion losses. In this period the phy-
toplankton biomass slightly decreased and phytoplankton net production
was negative.

To approximately mid-May the phytoplankton growth is increased from
the results of 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 as 0.237, 0.111, 0.043, and 0.0
mg P/l for four basins from Keszthely to Siofdk, respectively, although
the DIP content in these basins are almost similar, about 0.004-0.006
mg P/1. This is a result of equilibrium between all biochemical pro-
cesses defining the nutrient cycling in water environment. Data pre-
sented in Table 2 gives a possibility to estimate efficiencies of indi-
vidual processes in phosphorus cycling for different basins on the ba-
sis of combined effect 6f external P-sources and interrial processes cf

phosphorus transformation.

Analysis of simulation results show that, although the bacterial
excretion of DIP in May-June is effective, the nutrient level is noct
enough for maintaining the active phytoplankton growth at favorable
physical conditions in all basins, and in July the active growth
phase changes to a negative growth phase. In mid-August the phyto-
plankton growth becomes essential as a resuit of the complex effect
of bacterial DIP regeneration, DIP inputs from watershed areas, and
favorable physical conditons. This relatively short phase of active
phytoplankton growth is continued to the end of August til the begin-
ning of September when phytoplankton growth becomes to be limited by
DIP content. 1In the next months, the phytoplankton growth is regulated
mainly by temperature and light conditons.

As shown in Table 2, the effect of phytoplankton is very signifi-
cant in phosphorus transformation in Lake Balaton, and eépecially in
Basin I. Annual uptake of DIP by phytoplankton is estimated to be
equal to 0.622 mg P/l in Kesztnely Bay, that is about 63% from total p
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input in Basin I from the watershed area. However, phytoplankton effi-
ciency is completly a result of all simultaneous biochemical processes
in P-cycling and it is determined in the first instance by processes

of nutrient uptakes and excretion by microorganisms.

CONCLUSIONS

The hypothesis concerning the phosphorus transformation processes
and phytoplankton growth were used for development of the mathematical
model of detailed biogeochemical phosphorus cycling intended for study-
ing the eutrophication phenomena in Lake Balaton. The specific objec-
tives of the study are to inc;ease the understanding of the dynamic
behavior of the Lake Balaton ecosystem. The main focus of this report
was given to the model application for reproduction of observation
data on phosphorus compounds in different basins of Lake Balaton (1977),
in connection with phytoplankton dynamics.

The degree to which the model outputs agree with the available set
of observation data was considered here as an important criteria of
model examination. It appears reasonable to claim that agreement of
model outputs in four basins is quite satisfactory for all phosphorus
compounds, when hypothesis of three phytoplankton groups was used.

In order to analyze the simulation results from the point of view
of phosphorus control, the special calculations of phosphorus material
flows were made for all phosphorus-using activities and sources. 1In
this case, the model gives a considerable degree of insight in under-
standing the behavior of the Lake Balaton ecosystem and, in particular,
phosphorus transformation processes, which forms the first basis in
estimating the role of external nutrient load and internal processes
of phosphorus cycling in different parts of the lake. Estimated
phosphorus mass flows quantitatively explain the importance of indi-
vidual processes in total phosphorus cyYcling on the basis of observed
data, while calculated rates of phytoplankton net production indicate
direct response of algae on content of nutrients from different sources.
These estimations may be used for gquantitative explanation of change-
able conditions in a trophic state and nutrient limitations in four
basins of the Lake. They also may be considered useful in €formula-
tion of management alternatives in the future.
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In the next step of study of Lake Balaton eutrophication, an attempt
will be made to use this model for an analysis of phosphorus compounds
and phytoplankton dynamics in 1976, an abnormally dry year on the basis
of estimated rate constants and available data on water temperature,
radiation, water balance, and external phosphorus inputs from the Zala

River and watershed area.

In this step of study the hydrodynamic processes of Lake Balaton are
represented in the model in the simplest way. From the results of this
study it is possible to suggest that a more complete description of eutro-
phication phenomena in Lake Balaton must include better estimations of
hydrodynamic effects upon biological and chemical processes in water en-
vironment and especially influences of wind-induced circulation on ex-
change processes in water-sediment interface.
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