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PREFACE

This report is one of the results of the collaboration in
the framework of IIASA's Lake Balaton Case Study between the
Hungarian Balaton Eutrophication Modelers Group (BEM) and
IIASA's Resources and Environment Area task on Models for
Environmental Quality Control and Management. The approach
to the eutrophication management problem of Lake Balaton
proposed in this report is an attempt to bypass the detailed
modelling of watershed and waterbody processes, constituting
the other line of research pursued in the Balaton Case Study.
As such, it takes a special place in the spectrum of modelling
activities around Lake Balaton, deserving attention precisely
because of its different angle of attack.

The work for this report was done during several short
visits of the Hungarian authors to IIASA. It is obvious that
the results, though promising, are of intermediate nature.

Let the reader therefore not hesitate to convey to the authors
any critical remarks and comments he might have, in the interest
of further development of this research.

—V—






ABSTRACT

The approach to long-term management of the eutrophication
of a lake proposed in this paper is based on the hypothesis
that a close relation exists between the human activity in the
watershed and the degree of eutrophication in the adjacent
waterbody. The method builds on the watershed development
approach applied earlier to water resources planning.

To test the basic hypothesis and to investigate the
relationship in quantitative form an application to the eutro-
phication problem of Lake Balaton has been attempted. For this
purpose the Balaton catchment was separated into regional units
with differing degrees of development. In view of the main
water transport direction in Lake Balaton, the adjacent water-
bodies can be considered as a hierarchical system. For this
multiregional, hierarchical system a model was formulated in
which the effects of the relevant watershed development factors
and natural factors on the nutrient loading from the watershed
are expressed in one condensed watershed development figure.
Comparison of the development figure for various time instants
and various regions with historical and spatial data for the
degree of esutrophication should then allow the specification
of the relation in a numerical form.

The actual application presented in this paper is of
preliminary nature because data for the existing level of
watershed development (1975-76) were available only. A system
of 25 nutrient loading effecting watershed development criteria
was designed on the basis of 50 development and natural factors
selected from available statistical data. The 25 criteria were
then composed into a development indicator for the four water-
shed regions using 7 alternative weighting systems. The results
were compared with 3 alternative eutrophication indices derived
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from phytoplankton biomass data. The model relationship was
analyzed by means of correlation analysis, and a tentative
assessment was made of the sensitivity to weighting system and
eutrophication index.

The first numerical results support the idea behind the
basic hypothesis of the watershed development approach. The
quantitative results agree with subjective opinions on the
present situation in the Balaton region. The overall conclusion
is that it is worthwhile to pursue the line of research of this
report as a perspective tool in the simulation of the effects
of long-term watershed development policies on the eutrophication
of the lake. The collection of the necessary historical data
for this purpose is highly recommended.
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A WATERSHED DEVELOPMENT APPROACH TO THE
EUTROPHICATION PROBLEM OF LAKE BALATON
(A Multiregional and Multicriteria Model)

Laszlo David, Laszlo Telegdi, and Gerrit van Straten

1. INTRODUCTION

The eutrophication of Lake Balaton in Hungary, a relatively
large (600 kmz), shallow (3.5 m average depth) lake, with a
watershed of 5180 km2 (Figure 1), has considerably accelerated
since the 1960's. Socio-economic development on the watershed
and subsequent harmful phenomena affecting the lake-ecosystem
‘must be held responsible for this acceleration. To analyze
this process, predict its later course and determine the steps
required to protect the water quality in future, it is desirable
to investigate the eutrophication problem of the lake not only
from the physical, chemical and biological point of view, but
also from the point of view of watershed development.

The concept of river basin (watershed) development as a
process was outlined by David (1976). The aim of this process
is to establish a continuous balance among natural water supplies
and socio-economic and environmental requirements over space,
time, quality, quantity and -energy aspects on a basin-wide scale
during the socio-economic development. Therefore, it is an
increasingly integrated, planned and comprehensive long-term
process, the purpose of which is to achieve the optimal use and
control of natural water resources. The criteria for optimal
use and control basically depend on the constraints of socio-

economic growth.
-1-
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From the perspective of water resources management, the
development process of the watershed can be divided into three
consecutive periods: (I) a natural, (II) a developing, and
(III) a fully developed phase. ’

In period I there is no significant human interference in
the watershed; the gquantity and quality of water resources are
virtually conform to natural conditions, and fluctuate with them.
In period II, deliberate human interference is restricted to
that of a local and regional character and expands step by step
to basin-wide dimensions. Under its influence, the natural run-
off system gradually changes and becomes more regulated. Multi-
purpose integrated water projects and growing systems are con-
structed with increasingly large capacities. The usable water
resources, the importance of water demand control, the amount of
sewage effluent, the number of point and non-point sewage sources,
and the extent of sewage treatment, etc., also increase according
to the socio-economic and environmental conditions. The deterio-
ration of the water quality has begun and induces the development
of water quality control. Finally, period III is that of total
regulation of the watershed, where the redistribution of com-
pletely regulated water resources among users and the prevention
of water damages, etc., are continuously undertaken by the fully
developed, basin-wide and controlled multipurpose water resources
system as a unit.

The main elements and features of watershed development and
their changing importance during the process have been charac-
terized by David (1978 a). The structure and the ratio of the
basic activities also depend on the stage of development.

For evaluation and modelling of the progress of watershed
development, a multicriteria analysis based on a system of indices
was proposed by David (1978 b). This multicriteria analysis is
needed because of the great number of elements and criteria in-
volved in watershed development. Based on this proposition, the
Institute for Water Management (1979) in Budapest evaluated the
progress of watershed development in the river basin (main water-
sheds) of Hungary. According to this investigation, the river

basin of Lake Balaton presently is in the first phase of period



II of development and relatively less developed than some other
river basins of the country.

The integration of the watershed development approach and
water quality control has been proposed previously by David
(1978 a). The problem of the eutrophication of Lake Balaton
seems to provide a suitable example for analysis within this

framework.

The present ratio of the degree of eutrophication in the
lake is estimated to be roughly 8:4:2:1 for the Keszthely, the
Szigliget, the Szemes and Siofok Basins, respectively. The data
of the adjacent watershed areas show a similar ratio, suggesting
a close relation between degree of eutrophication and the con-
nected watershed. Such marked differences in eutrophication
were not observed in the early 1950's (Herodek, 1976), when the
watersheds were in the natural (I) phase of development. There-
fore, the eutrophication should be considered as the result of
the regional and water management development process on the
watershed during the last 20~30 years. The similarity in both
space and time qualitatively suggests that the idea of applying
the watershed development approach to the eutrophication problem
is appropriate.

The degree of development of the watersheds is different,
and so is the water quality in the adjacent waterbodies. There-
fore, the following basic hypothesis is made: there Zs a close
connection between eutrophication of the lake and the human-made
watershed development.

The purpose of the present paper is to outline the multi-
regional and multicriteria model for long-term control of
eutrophication in Lake Balaton, based on the watershed develop-
ment approach, and to present the preliminary application of the
model to the present stage of watershed development. The model
purposely parallels the family of models on eutrophication of
Lake Balaton, the detailed structural modelling on nutrient
loading and the models of eutrophication processes of the water-
body. Together with these models, it can form a system of sup-

plementary models on Balaton eutrophication.



The paper is organized in the following way. In the next
chapter the description of the model is presented. Next, the
preliminary application of the model is discussed. Finally,
the results of the preliminary application and the conclusions

of the applied approach are summarized.

2. WATERSHED DEVELOPMENT MODEL
FOR EUTROPHICATION CONTROL
In this chapter, the concept and the composition of the
watershed development model is outlined and its capability for
long-term eutrophication control is described.

2.1 Approaches to Eutrophication Modelling

As can be seen in Figure 2, there are two basic approaches
to modelling the eutrophication problems at Lake Balaton. The
first approach indicated by (A) relates watershed development
with nutrient loading which, in turn, affects eutrophication,
while the second approach (B) directly connects watershed develop-
ment to eutrophication. For eutrophication control purposes,
both approaches are important.

In the case of (A), the processes have to be described by
fairly detailed, structural models. Once developed such models
are extremely useful, in particular for short-term control.
However, the construction of reliable models requires a good
interdisciplinary knowledge about many physical and other proces-
ses. In most situations additional investigations will be neces-
sary involving laborious and coordinated data collection programs,
a time-consuming operation. Furthermore, it is difficult and in
many cases impossible to collect the historical values of the
various types of data involved.

In the case of approach (B), a direct relation is sought in
terms of an integrated, multicriteria empirical model which can
be used especially for long-term control of eutrophication. The
long-term effects of human activities can be measured and simu-
lated by this approach since the historical time-series of the
basic factors needed are usually available from regular statis-

tical data. The development of such a model requires a
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relatively short time. However, considering the detailed pro-
cesses involved, this approach can only be considered as a rough
approximation. The integrated character does not supply infor-
mation on the actual behaviour of the individual watershed and
waterbody processes that may play a role.

There is a pressing socio-economic need to control the
eutrophication of Lake Balaton, and both approaches are neces-
sary to accomplish this goal. The model described in the pre-
sent paper employs approach (B), while approach (A) is the
object of other modelling efforts conducted by the BEM (Balaton
Eutrophication Modelling) project.

2.2 Regionalization of the Balaton Basin

The area considered in this approach involves not only the
lake itself, but also its watersheds. Lake Balaton and its
watersheds form a unit river basin, which we propose should be
called the Balaton Basin. This name can express that the lake
itself is an inseparable part of the basin. As the water flows
through the lake from west to east, the lake itself can be con-
sidered as a special "river". (The lake surface is approximately
ten percent of the basin area.) Its reaches are the waterbodies,
which are connected to the‘watersheds. A regionalization of the
basin is proposed (Figure 1), in which four waterbodies after
Baranyi (1974) and seven watersheds should be considered. The
four waterbodies, which have previously been mentioned, are
Keszthely Bay, and the Szigliget, Szemes and Siofok Basins.
Keszthely Bay 1s connected to one watershed, while the others
are connected to two watersheds on each side. Because Qf the
direction of the flow in the Balaton Basin and geographical and
economical factors, every waterbody and watershed plays a special
role and has a special system of connections. They cannot be
interchanged or replaced by one another.

Therefore, the Balaton Basin could be considered as a multi-—
regional, and with respect to the waterbody, also as a hierar-
chical system. There are eleven regional units (four waterbodies
and seven watersheds) which are connected by hierarchical order

based on the direction of water flow. According to this



hierarchical character four basin levels (Bj) are considered,
all of them at the outflow section of the corresponding water-
bodies. This multiregional, hierarchical system of the Balaton
Basin is shown in Figure 3. Also, the regions covered by the
separate watershed and waterbody modelling efforts according to
approach (A) are indicated. Some natural characteristics of
the Balaton Basin according to the proposed regionalization
are listed in Table 1.

The general description of the multiregional, hierarchical

system of the Balaton Basin is given by

4 7

B= (U WB.)uU (U Ws;) ' (1)
. J . 1
j=1 i=1

where B denotes the total Balaton Basin, WBj denotes the j~th
waterbody, and WSi - with i=i(j) - denotes the i-th watershed.

As a result of the hierarchical description, 1 implies

B. = B. ,UWB.U( U WS,) (2
e N C !
where Bj denotes the j-th level of Balaton Basin.

The outflow of the first level is at the eastern edge of
Keszthely Bay, the outflow of the fourth level and of the whole

Balaton Basin is at Siofok.

2.3 Description of the Model

The formulation of the watershed development model for
eutrophication control of Lake Balaton is based on the following

basic assumptions:

1. the increase of eutrophication in the lake is the
result of the regional water management development
process in the watershed;

2. the lake and its watersheds form a unit hydrological
basin, which is considered as a multiregional, hier-
archical system composed of eleven watershed and water-
body units, and in which the direction of water flow

should be followed and is unchangeable;
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Table 1. Some natural characteristics of Balaton Basin.
]
Volume of |Ratio of Natural ground |
Area . |
Hierar- water 1n {water surfgce area o
hical the lake |[body's loading per unit
i lci Water—'Lake sur- (at aver-|area and water volume :
eve shed |[face Totallage water |the total
[(Water level) area
body) i
|
|
km? 10%m3 7 n’/m ;
‘ |
B1 2750 40 2790 80 1.4 34, '
a B2-B1l 1650 |, 140 1790 410 7.8 4,
: NI
< ] | ‘ .
> | B3-B2 ' 530 |, 190 720 | 600 i 26.4 0.
o ! | |
| j i
B4~B3 250 | 230 480 | 810 '47.9 § 0.
i ? f
] I ‘ i !
Balaton Basin| 5180 | 600 5780 1900 | 10.4 | 2.
| ;
t —T ‘
i i |
B1 ' 2750 i 40 2790 80 1.4 i 34,
| !
i
B2 4400 ' 180 4580 490 3.9 9.
= !
= i
= !
<! B3 4930 | 370 5300 1090 7.0 4.
o I
= |
© B4 i
(total !
Balaton
Basin 5180 600 4780 1900 10.4 2,
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3. the regional (watershed) units can be in a different

stage of watershed development.

Using the above assumptions, the degree of eutrophication

(ET) on Bj level can be described as follows:

.,t) = £ff|ET(B. ,,t ; .2 NL(WS,,t) ;
ET(BJ ) ‘ [ ( 51 ) i) (Ws

' AET(WBj,tﬂ ’

where ET(Bj,t) and ET(Bj_1,t) denote the eutrophication on the
j=th and j-1th level in (discrete) time t, NL(WSi,t) denotes
the nutrient loading coming from the i-th watershed connected
to WBj in time t, and AET(WBj,t) denotes the change of eutro-
phication in WBj in time t, according to the processes in the
waterbody. Since we want to characterize the eutrophication
as a long-range process, the time variable t is considered in
years. Since the year as a time scale is in the same order of
magnitude as the flow time, and since the model primarily ad-
dresses long-term phenomena, possible time delays between input
and output are not taken into consideration.

According to our modelling approach, we consider the change
of eutrophication caused by the processes in-the waterbody as

a black box, so that Equation 3 can be transformed as follows:

ET(B.,t) = g|ET(B. ., )
( 5 ) g[ (BJ_1 t) i(9) NL(WSi,tJ . (1)

Using our basic hypothesis, the nutrient loading coming
from the i-th watershed can be described in the following form

(WSi,t) ; pr(WSi,t)} (5)

NL (WS, t) = k[Fnu(WSi.t) i Fay

1f w=1,2,...M v=1,2,...N p=1,2,...R,
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where Fnu’ Fd and pr are the p-th natural, the v-th regional

development agd the p-th water management basic factors in the
watershed influencing the nutrient loading, all in time t.

According to the watershed development approach Equation 5
can be transformed into the following form by grouping the

basic factors

where D; is the stage of watershed development of the i-th
watershed and Hy is the indicator of the natural character of
WSi. Here Di’ called the development figure, indicates the
state of the regional and water management development with
respect to their influence on nutrient loading in time t. Di
depends on a large number of different kinds of basic factors.
It is assumed that Hi is constant in time; it indicates the
natural role of i-th watershed in the multiregional hydrological
basin system and depends on some constant natural factors.

The aim of the introduction of the development figure is
to express in integrated form the level of regional and water
management activities on the watershed in time t, which in-
fluence the nutrient loading coming from there. 1In this sense
the development figure can be viewed as a multiattribute utility
function (Keeney, Raiffa, 1976). Therefore, according to the

multicriteria utility theory, it can be written as

. (F , R iS .
Dl( nu Fay wp k=1 k k( i’ '

(7)
where Ik is the k-th indicator or criterion index to express a
watershed development criterion influencing nutrient loading in

time t. It has to be composed from the basic factors F. W, 1is

k
the weighting factor of Ik' It is assumed that Wk is constant
K
in time and k§1 W, = 1. All of the Ik criteria are dimension-

less; most of them are time-dependent, partly short and partly

long-term manageable; they express possible influence on nutrient
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loading; they are simple functions of the basic factors with an
apparent meaning and their increase implies the increase of
nutrient loading.

To get I, in a dimensionless form, a transformation is

applied as follows

1 1
I. -1
I, = =0k g0, (8)
I -1
100,k 0,k
where Ig K > 0 and 1100 x mean the lowest and highest possible
14 14
values of I during the watershed development process and where

k

I; is a composition of the basic F factors in their original

dimensions. The minimum value Ig K
14

of development, to the nutrient loading without any human in-
1

100,k
ment, to a maximal human influence. They can be calculated on

refers to the natural stage

fluence, the maximum value I to a maximal stage of develop-
the basis of the actual and historical values and on the expected
development conditions of the indices I;. The interval

1 1 C g . 1 .
[IO,k’ I100,k] indicates the possible range of Ik during the
watershed development. In other words, it is a scale to measure
the utility of the criterion. The definition of I, in Equation

8 implies that

0 < I, < 100 , (10)

where I, = 0 means no influence on nutrient loading, I, = 100

a maximal one.

In certain cases, the composition of F factors leads to an
index Iﬁ,
loading. 1In these cases the transformation

whose increase indicates decreasing effect on nutrient

I, =1 - IX (11)

is suggested, in order to match the convention that a higher

index value expresses a higher effect on nutrient loading.
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According to the above constraints it also follows that
0 < D, < 100 , (12)

where D; changes in time parallel with the development of the
watershed as far as it affects the nutrient loading from the
watershed. This implies that the value of Di can decrease in
time if the nutrient loading decreases.

With respect to the natural character of watersheds, we

assume that Equation 6 can be rewritten as
L(Ws,,t) = h[HiDi] : (13)

In other words, the nutrient loading is a function of the product
of the natural watershed factor (in practice mainly based on the
watershed area) and the development figure. The term HiDi is
thus the nutrient loading indicator of WSi, denoted by nl(WSi,t).
For the entire water basin the H; can be normalized to fulfill
the constraint i§1 H, = 1, so that H expresses the weight to be
assigned to the watershed development figure of each basin due

to its natural character.

Given Equation 13 and the definition Equation (7) the basic
relation expressed by Equation 4 can be formulated in terms of
the criteria indexes and Hi as

k

ET(Bj,t)= fl:ET(B._1,t) ; z Hi )}

WI(WS.,t)] (14)
] i(3) tk=1 KK I

k

where 1 =1,2...7, 3 = 1,...4 and k = 1,2...K.

This equation describes the dynamic multiregional and multi-
criteria form of the watershed development model for the eutro-
phication control in Lake Balaton.

Assuming that the numerical form of the function can be
determined by regression analysis, considering historical data

series, the model can be used for the simulation of different
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long-term watershed development policies and therefore for the
simulation of their effects on eutrophication. In other words,
with the help of this model different long-term eutrophication
control measures or policies can be simulated and evaluated on
a multicriteria basis.

Further work is oriented to the development of the physical

content and numerical form of the model.

3. PRELIMINARY APPLICATION OF THE MODEL

In this chapter the preliminary application of the model
is discussed for the present level of watershed development.
The aim of this preliminary application is to develop the con-
crete, physical system of variables and to find the numerical
form of connections involved in the model for one specific
point in time. Based on this, the applicability of the water-
shed development approach is evaluated and the preliminary
results are presented.

In light of the present availability of data, this first
numerical application of the model is performed with watershed
development data of the year 1975 and eutrophication data of
the year 1976. The combination of the data from both years is
acceptable in this preliminary stage, because on the one hand
the values of the basic factors are changing slowly, and on the
other hand, the regional and water management development should

in any case, precede changes in eutrophication.

3.1 Determination of Input Variables

According to Equation 14, the following input variables
should be composed and formalized: regional units, basic factors
and watershed development criteria (indicator indices), the
system of their weighting factors, natural watershed indicators

and eutrophication factors.

3.1.1 Regional Units

The present availability of watershed data did not allow
the analysis of the full set of watersheds according to Figure

3. Instead, the two watersheds adjacent to a single waterbody
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were combined into one watershed for this preliminary applica-
tion. Thus, a system of four waterbodies and four watersheds
results for the time being.

According to the previous notations, the regional units

considered are the following (see Figure 1 and Figure 3):

WB 1, WB 2, WB 3, WB 4; j = 1,2,3,4.
WS 1, WS 23(WS 2 + WS 3), WS 45 (WS 4 + WS 5),
WS 67(WS 6 + WS 7); i = 1,23,45,67.

Therefore, the multiregional model in this case is composed

of eight regional units.

3.1.2 wWatershed Development Criteria

From the basic factors characterizing the stage of regional
development of a watershed, 50 factors were selected which in
some way could be of importance with respect to nutrient loadings.
They include 12 natural, 14 regional development and 24 water
management factors. Their nomination, description and values
for 1975 by regional watershed unit are listed in Table 2.

Note that these presented values are only preliminary, as they
were estimated from larger and different territorial units.

The selected basic factors have three functions: 1) most
of them are direct elements of the watershed development cri-
teria (indicator indices); 2) some of them provide a basis for
computing the factors involved in the previous group; 3) a few
are not yet directly used, but presented in order to provide an
outlook for features of the watershed development process which
might possibly appear in the future.

On the basis of these selected factors a system of water-
shed development criteria (indicator indices) was composed.

The 25 criteria defined are presented in Table 3, together with
a verbal description of each criterion as well as a description
of its effects on nutrient loading. It should be noted that
there is no a priori relationship between the number of factors
and the number of indices, as is perhaps suggested by the inci-
dental ratio of 2 in this application. Typically, there is a
conflict between the wish for more detailed criteria and the
availability of the data needed in such detailed criteria.
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Basic factors for indicating watershed

development and their impact on nutrient
locading (data for 1975),

I. Natural factors .

Factor
Code

Description

Unit

wsl

ws23
(WS2+WS3)

WS45

(WS4+WS5)

Ws67
(WS6+WS7)

lake area connected
to WS

[ 3]

km

40

190

230

ground surface area
of WS

o

2750

1650

530

250

the distance of the
average elevation of
WS and WB above sea
level

65

70

75

95

distance between the
areal gravity center
of the WS and the
connected WB

30

12

average slope of
arable land of WS

11

10

average yearly
precipitation

750

710

660

650

maximum pre-
cipitation for
one day

70

52

51

53

average number
of dry days in
a year

293

281

277

275

total length of
water courses

1410

704

212

104

10

length of rivers

km

40

11

potential water
resources (multi-
annual average
runoff)

106m3

year

600

280

100

20

average volume of
water in the lake's
WB connected with
the watersheds

10 m

80

410

600

810
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II. Regional (socio-economic) development factors.

Factor  poccription Unit ws1 Ws23 WS4S  WS67
Code
13 number of constant 10° head 180 100 80 60
population
Fla number of population 107 head 23 16 5 8
working in industry
Fis number of populacion 10° head 26 20 6 3
working 1in agriculture
F 103 head
16 visitor's day 1200 860 1500 2000
x day
I:17 number of settlements settle- 180 93 25 10
ments
FIB number of industrial plants 140 90 18 40
plants
Flo number of large farms 10 7 4 2
animal farms
PZO arable land km2 1700 1140 250 S0
le vineyards and ka 146 110 54 28
orchards
F22 forest land km2 710 330 210 80
2
Fog urbanized area km 170 100 40 70
PZL number of standérd 103 head 70 16 10 4
(full-grown) animals
F”S total amount of ferti- 3
© lizers used in equiva- 107t 37 23 7 3
lents PZOS year
F length of motoring
2 .
26 (paved) roads km 980 220 110 100




Table 2. (contd. .)
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II1. Water management factors.
£2¢9T  pescription Unit ws1 Ws23 WS45  WS67
F total official 6 3
27 fresh water loea“‘ 31 51 32 28
demand year
F total actual 6 3
28 water use IyCL_au;_ 23 34 20 19
F29 aczual domestic 106m3 10 15 10 9
water use :;;;:
F actual industrial 6 3
30 water use gl;i 4 7 2 3
F actual irrigation 6 3
31 water use lyi:;: 4 8 6 6
F actual water use of 6 3
32 animal farming lyci:‘r 5 4 2 1
F33 wa?er‘use with 106m3
drinking water ,
. vear 9 8 5 4
quality -
F amount of 6 3
34 consumed water gl;i 6 16 13 11
F amount of 6 3
35 reused water 10 o” 3 5 1 1
year
F amount of water import 6 3
36 fror outside the water- 10 m- 8 - - -
shed year
6 3
F amount of water export 10 'm
37 . X - - - 7
to outside the basin year
F underground water 6 3
38 resources taken out 19—2— 14 10 8 4
year
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Table 2. (contd..)
III. Wwater management factors. (Continued.)

£:§Zor Description Unit WSl ws23 WS45 WsS67

F39 peak-actual water m3/s 1.0 1.9 1.0 1.2
use 1n August

FAO 1rr1$at10n water m3/s 0.6 1.2 0.7 0.8
use 1n August

FAl total effluent dis- 1O6m3 8 8 5 6
charge collected by _—

year

sewage works

Fia treated efgl“e“; 1085° 4.0 1.0 0.5 0.5
discharge from F , year

Fis existing storage 10%° 6.0 10.0 3.5 0.5
capacity

F;a number of reservoirs reservoir 5 6 1 1
(and fish ponds) (fish ponds) (4) (12) (2) (2)

|

FAS number of population 3
supplied with water- 107 head 74 53 56 45
works

F&6 number of population 3
supplied with sewage 107 head 30 29 30 25
works
C . 2

F47 irrigated area km 18 25 20 21

. 2 .

F48 drainage area ko 160 75 5 -

FA9 length of beache§ xm 20 15 20 25
used for recreation

FSO number of existing
water right licenses licenses 550 1100 750 350
for water use and
waterworks
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Therefore, a reasonable balance should be found. For the pre-
sent application reasoned judgment drawing upon personal expe-
rience has been the basis of the selection of the 25 criteria
listed. As soon as more information and data are ‘available,
slight changes might be desirable.

The composition of the indicator indices from the basic
factors can be done in many ways. 1In practice the composition
was guided by the wish to separate the various watershed develop-
ment processes as much as possible in order to make the influence
of management decisions transparent. As a result 21 out of 25
criteria are manageable on the short or long term. The remaining
four (JZ-JS) express natural factors which can hardly be in-
fluenced, but they have been included because of significant
effects on nutrient loadings.

The actual values of the 25 criteria for 1975 were calcu-
lated in two steps. First, the physical values of these water-
shed development criteria were calculated according to their
algorithms listed in Table 3, using the data of the appropriate
basic factors from Table 2. These physical values are presented
in Table 4. This table also contains the lower and upper limits
of the criteria scale, the limits being needed for the normaliz-
ation of the criteria (Chapter 2.3). The development of this
scaling was based both on the actual present range of the cri-
teria and a subjective judgement of their historical and future
development.

Next, as a second step, the normalized, dimensionless
value of each of the criteria was calculated according to
Equation 8, and using the data of Table 4. The results, the
normalized values of watershed development criteria for the

four watershed units, are listed in Table 5.

3.1.3 Weighting Systems

To express the different influences of the watershed devel-
opment criteria on nutrient loading according to Equation 7,
there is a need to develop a system of weighting factors for
the selected criteria. We assume that the weighting system is

constant for all regional units.



Table 3.

Note: According to Eg.

The watershed develoovment
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8 Jk denotes

criteria (indicator indices).

the normalized, dimensionless,

while J! denotes the original (physical) form of the k-th
criteridn or indicator index.
Criteria Name of Composition Unit ;Description ?f the
L of effects of Jy on
Code the and description ' . .
. . ' J nutrient loading
criterla of Jk k
J Population Ji = F13/F2 head |higher value indicates
1 . 1 .| — .
density number of constant population ka higher effects (more
area of WS water demand, more
sewage water and
regional develop-
ment, etc.)

3, quantity J! = F7/F6 mm |higher value indicates
distribu~- |max. one gay precipitation mm |more wash out from
tion of average yearly precipitation the soil, more erosion
precip-

i itation

3 time g =1 365 - Fg day |higher Yalue 1gd1c§tes

3 . . 3 F day less uniform distribu-

. distri- 8 . . .

; . tion of rainfall which
bution .

] number of wet days lis worse for wash out,
of pre- - :

‘ cipita- number of dry days ,water demand, water

! tign jmanagement control, ,

} | causes more erosion,

; letc. !

s ' ;

J : density J} = F,/F : m . higher value indicates

4 4 9°"2 F—p | .

‘ of ikm= .more erosion, more
natural length of water courses ; ‘possibilities to col-
water area of WS i ‘lect and transfer both
courses ‘point and non-point

_sources f
1 ‘ :

JS natural Jé = F3/F4 o/oo higher value indicates !
energy more erosion, more run-:
poten- average slope of the surface off, shorter collection;
tial of of WS time, etc. |

WS
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Table 3 (contd..)

Criteria Name of Composition Unit |Description of the
Code the and description of |effects of Jg on
criteria of Jé Jé nutrient loading

J6 population Jé = FlA/FIB head |higher value indicates
ratio in- head |greater importance of
volved in population in industry industry, therefore
industry cons tant population more ecological prob-

lems, more water de-
mand, more sewage
water, more demand for
recreation, etc.

J7 population J; = FlS/F13 head |higher value indicates
ratio in- head  greater importance of
volved in |population in agriculture agriculture, more non-
agricul- constant population point sources, fertil-
ture i izer and chemical use,

‘ etc.

Jg visitor ! Jg = F16/F13 visi- 'higher value indicates
(tourist) tor :more NL to the WS and
loading ; visitor's day day :the WB, more need for

; constant population head ‘infrastructure, more
E ‘non-comnstant popula-
; ition, etc.

J9 density f Jé = (F17 + F18 + F19)/Fi sour~ higher value indicates
of pos- : ces more point sources, more
sible }(settlements, industrial lOOkﬁg NL, more need for treat-
point ' plants, animal farms) ment facilities, etc.
sources i over area of WS :

. : . 2 . ..

JlO ratio of JlO = FZO/FZZ km_~ higher value indicates
arable kmZ MOre non-point nutrient
and arable/forest land loadings more erosion,
forest more run-off, etc.
land

| use
5

Jll | urban- Jil = F23/F2 Emi ‘higher value indicates
| ized «m? ,MOre sewage water, more
' part urbanized area infiltration to the
| of the area of WS |soil, more urban runoff,
. WS ishorter collection time,

etc.

<4 —
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Table 3 (contd..)

Criteria |Name of Composition Unit |Description of the
Code the and description of |effects of J; on
Criteria of Ji Ji nutrient loading
. 2 .
J ratio of J!, =F,,/F km vineyards and orchards
12 . 12 21" 20 —_— c .
vineyards - km2 indicate the most dan-
and or- area of vineyards and orch. gerous type of agricul-
chards arable land tural land use from the
point of view of ero-
sion because of the
higher fertilizer use
and higher slopes;
higher value indicates
more erosiom.
J ‘fertilizer J!', =F,../F kg/ |higher value indicates
13 13 - “25'%20 1 :
| use year/ |more nutrient loadings
i total amount of used km
: fertilizer
! arable land
J density of J, =F,,/F head |higher value indicates
14 . 14 24772
animal | xm2 :more NL (more sewage
populatior| number of standard animals! ‘water, more pasture
area of WS iland use, more water
. demand, etc.)
J density of J!'. =F,,/F m  !higher value indicates
15 . 15 26" "2 - - .
motoring km2 more regional develop-
roads length of motoring roads ment, more traffic, more
area of WS i tourists, more non-point
traffic and agricultural
sources
J use of J], = F,,/F m3 higher value indicates
16 16 28" 711 —
poten- I m3 more use of natural
tial total actual water use resources, more regional
water potential water resources development, more water
resour- management activities

ces
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Table 3 (contd..)

Criteria |Name of Composition Unit |Description of the
Code the and description k of effects of the J! on
Criteria of Jé Jé nutrient loading
J17 used water Jig = [F28—(F34+F35+F41)]/F2 m3/ higher value indicates
infiltrated year/|more sewage water 1in-
into the total actual water use minus 2 filtration to the soil,
soil the sum of consumed, reused, km which has a long-range
and collected sewage water NL effect, deteriora-
over area of WS tion of soil and ground-
water, etc.
Jis ratio of Ji8 =1 - F42/F41 o3 highe§Lvalue indicates
untreated treated effluent discharge| 3 more AL.
sewage “total effluent discharge o
discharge
J1g ratio of Ji9 =1 - F43/F11 year | higher value indicates
unregu- more nutrient loading,
lated _existing storage capacity . because less water can
' runoff potential water resources f be stored before getting
| 5 to Balaton
JZO %ratio of Jéo = FAS/F13 | head |higher value indicates
‘ popula- 1 head | greater development,
tion sup— |population supplied with ; more water demand, more
plied d.w.w. ; sewage effluents, etc,
with number of constant popula-
‘drinking tion , !
.water | f i
! | works : |
| ‘ 2
| Is1 ratio of ?Jél = FA‘/F head higher value indicates
i 6’713 ‘ .
i popula- i head 'more sewage water facil-
: tion sup- population supp. with s.w. ities, than more nutrient
| plied ;number of constant popula- ‘loading.
; with : tion i
sewage

works
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Table 3 (contd..)

|

Criteria |Name of Composition Unit |Description of the
Code the and description of effects of the J& on
Criteria of JL Ji nutrient loading

Joo Fat%o of Jéz = (F47+F48)/F20 km2 h%gher valug inqicates
1rriga= ' ) Y higher cultlvatmnz .
tion and | area of irrigation and drainage more wash out possibil-
drainage arable land ities, etc.

J23 erosion Jé3 = FS . F7 %Z x mm| higher value indicates
poten-— more erosion, more wash
tial slope of arable land x max. out from the arable

one day precipitation land, thus more NL

Jo4 density Jé4 = FSO/FZ works |higher value indicates
of all ka more regional develop-
water number of water rights ment, more possible
works in area of WS sources of nutrient
the WS loading

's
! . 63 |, .
J ' beach J!. =100 - F,,/F 10 m~ |higher value indicates
25 25 1249 . .
. length km more nutrient loading
i indica- (more visitors, more
. cor for recreation loading of
i direct water)
5 recrea=-
tion

loading




-27-

Table 4. The physical values of watershed development
criteria in 1975 and their scales.
Criteria Unit Physical values of Jg% Scale with limits
[ 1
Code WS1 | WS23 | WS45 | WS67 lower, JO.k upper JlOO.k
3, head/kn? 65 61 | 151 | 240 20 300
J2 1 0.09 0.07 0.08 0.08 0.03 0.15
J3 1 0.75 0.70 0.68 0.67 0 1
J4 m/km2 513 427 400 416 300 600
J5 70 2 6 12 24 0 30
: a
J6 1 0.13 :0.16 0.06 0.13 0 0.4
1, 1 0.14 10.20 | 0.08 | 0.05 0 0.4
| a
i ; i
Jg visitor 7 i 9 | 19 | 33 0 50
day/head { f
|
' |
J9 sources 12 12 9 2 21 0 40
100 km? !
JlO 1 2.4 3.5 1.2 1.1 0.5 5
J 1 0.06 0.06 0.08 0.028 0 0.4

11




-28-

Table 4 (contd..)

Criteria Unit Physical values of Jy Scale with limits
¥ ]
Code WS1 | WS23 | WS45 | WS67 lower, JO.k upper JlOO.k
I, 1 9 10 22 31 0 50
Jy3 | ke/ba/yr | 217 | 202 | 280 | 333 0 500
" head/kn’ 25 10 19 16 0 40
s /km? 356 | 133 | 207 | 400 0 500
16 1 0.04 |0.12 | 0.20 | 0.95 0 1
3, @ /yr,km®|2181 3030 | 1887 | 4000 0 5000
\
; !
Il 1 0.50 | 0.87 | 0.90 | 0.92 0 1
; |
] !
i ' i
Jlg | vear 0.99 10.96 | 0.96 | 0.97 | 0 : 1
| ! i ‘
| i g
| z
Ioo 1 Jo.41 | 0.59 i 0.70 | 0.75 0 | 1
I 1 0.17 | 0.29 ? 0.38 | 0.42 0 | 1
| | |
| | % ; i
J | 1 10.10 { 0.09 ; 0.0l | 0.23 0 | 1
22 i i : t l !
L | : i !
| i E i
Jys % 1nm 7.70 | 3.64 . 4.08 | 5.30 2 10
!
- | |
L, works/km?[0.2 | 0.7 ¢ 1.4 | 1.4 0 2
]
6 3 .
Jys 10°m™ /km | 96 73 ‘ 70 68 20 99
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Table 5. Normalized values of watershed development criteria.

Cré;::ia : Normsalized values of Jy
i wsl Ws23 wS45 Ws67
J1 | 16 15 47 9
AP 50 33 42 42 ;
Jq 75 70 68 67
3 71 42 33 39 |
Is | 7 20 40 g0
! {
Jg 33 40 15 33 %
' 37 ; 35 50 20 12 i
Jg ; 14 E 18 38 66 |
| : ‘ t
; Jg ‘ 30 30 22 52
1o ; 42 67 16 13
! x
A 9 15 15 | 20 o
| | ) A
{ J12 ; 18 ’ 20 l 44 62
: : -
E 313 ; 43 | 40 i 56 67
Ll : ! !
i 14 ; 63 ! 25 ! 48 40
| . ,
Jis ; 71 i 27 5 41 80
_ ;
Ji6 ; 4 i 12 | 20 95
J17 ! 44 ‘ 61 38 80
; f
Jig 50 87 90 92
| §
e 99 ; 96 : 96 97
:
Iag E 41 59 % 70 E 75
' I i 17 29 38 42
Jop 1 20 18 20 46
Jo3 71 L, 20 2 41
Joy 10 35 70 70
g , 96 67 63 61
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Becayse of the lack of exact and structural knowledge on
this typé of physical weighting, five experts of the BEM team
were intéfviewed, resulting in five separate weighting systems
on the basis of the individuals' practical knowledge of the
Balaton Basin. The five weighting systems, indicated by SW, s
a = 1,5, are presented in Table 6. Furthermore, SW, was con-
structed with the help of mathematical statistics, basically
by combining the weighting systems that maximized the correla-
tion between the development figure and each of the eutrophica-
tion indices (see Chapter 3.15). System 7 in this table
indicates the uniform weighting as a basis for comparison.

The use of the alternative weighting Systems in the present
stage of development of the investigation allows for the evalua-
tion of the sensitivity to the weighting system. This is impor-
tant since the weighting also will influence the conclusions for
control derived from the model. It also makes clear that the
model represents a means of combining, in a formalized and ex-

plicit way, the subjective judgement of experts in the field.

3.1.4 Watershed Indicators

The Hi indicators used to express the role of the watershed
itself in the multiregional hydrological system, are calculated
as the ratio of the individual watershed areas to the total.
This approximate approach is considered acceptable for this
preliminary application, since the site of the watershed is of
dominant influence on the absolute value of nutrient loading.
Thus, according to the data of Table 1, these indicators are as

follows:

WS 1 WS 23 WS 45 WS 67
H, 0,53 0,32 0,10 0,05

3.1.5 Eutrophication Indices

In accordance with the suggestions of the biological ex-
perts of the BEM team in the Biological Research Institute,
Tihany, the phytoplankton biomass was selected to characterize

the eutrophication in the watershed development model. The
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Table 6. Alternative systems of weighting factors.
Criteria Alternative weighting systems, SW, x = 1,...
Code 1 2 3 4 5 6
Value of weighting factors (W)
1 0.06 0.06 0.049 0.07 0.06 0.04 .04
2 0.04 0.02 0.049 0.05 0.04 0.05 .04
3 0.04 0.01 0.028 0.05 0.04 0.04 .04
4 0.03 0.04 0.014 0.04 0.04 0.05 .04
5 0.04 0.05 0.014 0.07 0.06 0.01 .04
6 0.02 0.02 0.056 0.02 0.03 0.02 .04
7| o0 0.04 0.035 0.02 0.02 0.02 .04
8 0.06 0.05 0.063 0.05 0.04 0.06 .04
9 0.04 0.06 0.049 0.06 0.06 0.04 .04
10 ? 0.05 0.04 0.021 | 0.05 0.05 0.01 .04
11 ' 0.05 0.03 0.063 E 0.02 0.03 0.04 .04
12 ' 0.05 0.05 0.042 | 0.05 0.04 0.06 .04
13 § 0.08 0.06 0.042 0.08 0.06 0.05 .04
14 0.07 0.06 0.042 0.03 0.02 0.06 .04
15 0.01 0.01 0.021 0.01 0.02 0.06 .04
16 0.03 0.03 0.021 0.03 0.03 0.01 | 0.04
17 0.03 0.02 0.014 0.02 0.03 0.03 3 .04
18 0.06 0.05 | 0.070 0.06 0.06 0.03 | 0.04
19 0.07 0.04 0.042 0.05 0.05 g 0.04 .04
20 0.01 0.04 E 0.028 0.02 0.03 é 0.04 | 0.04
21 0.01 0.05 | 0.063 0.03 0.05 | 0.04 .04
22 0.02 0.02 é 0.014 0.02 0.02 | 0.05 .04
23 0.06 0.05 i 0.042 0.05 0.03 0.06  0.04
24 0.01 | 0.04 % 0.055 0.0l | 0.03 | 0.04 | 0.04
25 0.01 0.06 ? 0.063 0.04 0.05 ' 0.05 .04
Total 1.00 1.00 | 1.000 1.00 1.00 | 1.00 .00




selection had two criteria: 1) the capability of characterizing
the eutrophication in integrated form; 2) the availability of
historical data for approximately the last 20-25 years. The
phytoplankton biomass as an indicator meets both criteria.

For the characterization of the eutrophication by phyto-
plankton biomass, the data listed in Table 7, were used (V8rbs
1979, and personal communication). These are the results of
monthly measurements on phytoplankton biomass. The correspond-
ing sampling points are shown in Figure 4, indicating that all
of the four considered waterbodies were sampled in at least one
place (see Figure 1 also).

For finding the best eutrophication indicator, three alter-
native eutrophication indices (ETB' where B = 1,2,3) were devel-

oped from the data presented in Table 7, as follows:

ET 1 - yearly average
ET 2 - summer maximum
ET 3 - yearly maximum
of phytoplankton biomass. These indicator indices first were

calculated for the sampling places, representing the waterbodies.
Then, inter- and extrapolating these figures exponentially along
the longitudinal section of Lake Balaton, the values of the
eutrophication indices (ETBj) for the outflow points of the
waterbodies, e.g. for the four basin levels, were estimated.

The complete list of these eutrophication indices are presented
in Table 8.

The alternative indices offer another possibility for sen-
sitivity analysis. However, in the subsequent approach, the
values from the water basin boundaries have been used, since
they reflect in some way the effects of internal processes on

the waterbody (considered to be a black box in our approach).
3.2 Indication of Nutrient Loading
by Watershed Development

Using the normalized values of watershed development cri-

teria (Table S5), and the different weighting systems (Table 6),
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Table 7. Observed data of phytoplankton biomass in
Lake Balaton in 197& (after Lajos V8rés).
Months
Sampling i
v \ VII VIII IX X XI XII
places |
mg/l net weight
Keszthely Bay, WB1 (12.15 |3.55| 10.34|11.07{ 11.38| 7.51| 2.30]| 3.38
Szigliget Basin, WB2| 7.18 (1.77 0.92| 5.92| 6.82] 5.15| 1.91| 2.69
Szemes-Zanka, WB3 5.88 [1.63 1.81| 1.88 1.77 1.06| 0.83 1.97
Tihany, WB4 5.27 | 1.63 1.20( 2.72| 1.93| 0.72| 0.35]| 1.12
Flzfl, WB4 6.88 | 1.97 1.33| 2.39 2.00| 0.63| 0.66| 1.29
Table 8. The list of eutrophication indices.
l Phytoplankton biomass indices (B)
1 (ﬁ}early average: sumrer max. yearly max.
Places | ET1 ET2 ET3
mg/l net weight
Keszthely Bay, WBl 7.7 11.1 12,2
basin level, Bl 6.0 8.5 11.
Szigliget Basin, WB2 4,1 5.9 7.2
basin level, B2 ; 3.4 5.0 7.9
Szemes-Zanka, WB3 2.0 1.9 | 5.9
ol
basin level, B3 2.1 | 2.8 i 5.4
!
| Tihany, WB4 1.9 ; 2.7 5.3
| Fizfo, WB4 bo2.1 2.4 6.9
I basin level, B4 1.5 2.3 4.7
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’

the multicriteria development figures of the different weighting
systems (Dai) for each of the four watershed units were calcu-
lated according to Equation 7. These develooment figures are
presented in Table 9. They measure the "utility" of the water-
shed for nutrient loading resulting from the level of develop-
ment in 1975.

Based on the multicriteria development figures, the nutrient
loading indicators (nlix) were computed according to Equation
13, using the watershed indicators (Hi) listed in Section 3.14.
They are listed in Table 10. These indicators express the
relative contribution to the nutrient loading by the watershed
within the multiregional basin system at the established level
of development.

Because of the fixed time in the present preliminary appli-
cation, both the development figures and the nutrient loading
indicators basically can only be used for the relative compar-
ison among the watersheds and for the sensitivity analysis of
the weighting system. They were considered also as input data
in the first step towards the numerical formulation of the
basic equation of the watershed development model. Later these
data will be used as one point in time in the forthcoming dyna-

mic investigations.

3.3 Numerical Approach to the Basic Relationship

In view of the fixed time level in this first application
a numerical analysis of the basic relationship of Equation 14
was aimed only at the investigation whether the assumed rela-
tion among the variables ET, D and H exists or not. To achieve
this goal a multiple correlation analysis (Kendall and Stuart, 1966)
was done using the previously presented input data.

According to Equation 14, the eutrophication of the outflow
section of a given waterbody depends on the development figure
and the natural character of the adjacent watershed, and further-
more, on the eutrophication of the outflow section of the pre-
vious waterbody. Therefore, considering i = j in the present

application, let us denote by ET the B8-th type eutrophication

BJ
index at the outflow section of the j-th waterbody, e.g. at the

j-th basin level, by Daj the development figure of the watershed
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Table 9. Development figures (D;) Unit %.
Watersheds Systems of weighting (x)
SW1 SW2 SW3 SW4 SW5 SW6 SW7
WS1 42.8 47.5 41.4 43.4 41.9 42,7 42.0
WS23 38.6 39.1 40.2 40.7 41.5 38.4 39.8
WS45 43.7 44.5 45.6 45.4 45.1 45.4 43.1
wS67 59.8 59.7 60.3 61.6 61.3 62.4 60.0
Table 10. Nutrient loading indicators (nli).
Systems of weighting (x) |
Watersheds i
Swl SW2 SW3 SW4 SWS SW6 SW7
WSl 22.7 22.0 21.9 | 23.0 22.2 22.6 22.2
WS23 12.3 12.5 12.9 | 13.0 13.3 12.3 12.7 |
T
WS45 4.4 4.5 4.6 4.5 4.5 4.5 4.3
|
i |
| ' 1
WS67 3.0 ¢ 3.0 3.0 3.1 3.1 3.1 3.0




-37-

connected to the j-th waterbody calculated under the a-th
weighting system and by Hj’ the value of the watershed indicator
connected to the j-th waterbody. Obviously, according to the

character of the multiregional system, it is assumed that ET

Bo
= 0, For fixed B and o, let the numbers ag, b2, and Cy be
determined by

4 2
- b c = mini
j§1[:ET8j (a1ETB, 5-1 + 2Daj + 3Hj)] minimum , (15)

In order to reduce the dominant effect of the natural water-
shed indicator (essentially the watershed area) a transformation

is applied according to

ETgy = | ETgy - C3Hy + if 3 = 1,...4

(16)

Now define

.= . +
X aBT; ;4 +bD

Baj aj (17)

then equation (15) can be restated as

4 2
z [ET’. - X .] = minimum . (18)
j=1 BJ Ba]

The coefficients a, b and ¢ can be found by partial differentia-
tion, equation to zero and solving for the resulting system of
linear equations.

For fixed B and o, let us denote by o the multiple cor-

relation coefficient between ET). on the one hand, and on the

B
other hand ETé 5-1 and Daj; then o is the (ordinary) correlation
’
coefficient of ET,. and X (see Equations 17-18).

B) Baj
For fixed eutrophication indices the effectiveness of the

various weighting systems was characterized by the correlation
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coefficients o, which reflect the connection of ETBj with
ETB,j-1 and Daj' cleaned of the effect of Hj'

The values of the correlation coefficient ¢ calculated
according to the described method, are listed in Table 11. For
the calculation, the eutrophication indices of the basin levels
listed in Table 8, and the development figures listed in Table
9, were used.

As shown by Table 11, the results of this first numerical
investigation indicate the very strong, practical functional

connection among the basic variables of this approach.

4. EVALUATION OF RESULTS

In this chapter, first the results of the preliminary
application of the model are discussed and evaluated, then the

main conclusions of the modelling work are presented.

4.1 Discussion of Results

On the basis of the preliminary application of the model,
the following results have been obtained.

1. Based on the correlation analysis performed for the
present (1975-76) level of watershed development,
it can be stated that the basic assumption of the
multiregional and multicriteria dynamic watershed
development model hypothesizing a close connection
between eutrophication and human watershed develépment,
is underlined by the first numerical results. It also
means that approach (B) to eutrophication modelling
(see Chapter 2.1) is feasible. Furthermore, it jus-
tifies the necessity of regionalization of the Balaton
Basin according to the developed solution.

2. A high correlation was found between eutrophication
and development figure. The correlation was highest
if the algal summer maximum biomass was used as a
measure of eutrophication (between 0.94 and 0.99
depending on the weighting system). Also a high
correlation was found with the yearly average (0.90-
0.97). The relation between development figure and
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(c)

Eutrophication Systems of weighting (x)
indices (B)
SW1 SW2 SW3 SW4 SW5 SW6 SW7
=1 x=2 x=3 x=4 x=5 X=6 x=7
yearly 0.901 |0.947 | 0.970| 0.947| 0.951| 0.951 0.934
average
B =1
summer
maximum 0.941 0.982 0.990 0.977 0.979 0.977 0.965
B =2
yearly
maximum 0.788 0.826 0.824 0.807 0.775 0.848 0.783

B =3
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yearly maximum is less pronounced, although they are
still correlated.

A comparison of the results for the 7 weighting systems
used allows for a preliminary analysis of the sensitiv-
ity of the method to the weighting. From Table 11 it
can be seen that correlation is strong irrespective of
the weighting system. However, on the whole, the
uniform weighting provides slightly lower correlations,
which suggests the need for weighting. Furthermore,

it should be realized that, with one single point in
time, a rigid sensitivity test is not possible.

Table 9 indicates that the differences in development,
according to the weighting systems, are not very

large among the watersheds. Relatively large dif-
ferences would have been needed to detect the sensitiv-
ity to the weighting of the different indices. Con-
sequently, the choice of the most suitable weighting
system and eutrophication index can be performed only
later when time-series are available. Nevertheless,
the above preliminary results can not only provide
guidelines for the further analysis of eutrophication
control, but can also help to direct a concentrated
course of action to the most important measures.
Evaluating the present level of development of the
watersheds, as expressed by the development figures

in Table 9, it can be stated that watershed 67 is at
the highest level, about 60% of watershed development,
as far as it effects nutrient loading. The watershed
with the next highest level of watershed development
is WS 45, with about 45%, then WS 1 with about 42-45%,
and finally WS 23 with about 40%.

The last two watersheds can be considered virtually on

the same level of development, whereas WS 45 is about

10% more developed and WS 67 is about 50% more developed.

This ranking corresponds with the general opinion of

the water management and regional development experts.
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But with the help of the multicriteria development
figure, we can also measure in numerical terms the
differences among the regional units.

Based on the development figures, the nutrient loading
indicators express the normalized nutrient loading
coming from the watersheds as part of the whole multi-
regional basin system. Therefore, the data of Table 10
show that if the nutrient loading for WS 67 is 3 units,
then it is 4.5 units, 12.5-13.0 units and 22.0-23.0
units for WS 45, WS 23 and WS 1, respectively. It
means that the ratio of the nutrient loading among the
four watersheds connnected to the waterbodies can be
estimated as 7.5: 4.3: 1.5: 1. The differences with
the ratio of the natural watershedvarea, which is

11: 6.6: 2.1: 1 express the effect of the watershed
development on nutrient loading of the lake. At about
the same level of development in WS 1 and WS 23 (40%)
different estimates of the contribution to the lake's
pollution occur (50% from WS 1; 30% from WS 23).
Similarly, the role of the highest developed regions
(WS 45 and especially WS 67) in the whole Balaton
system is smaller because of the natural location of
these areas in the multiregional hierarchical system
("downstream").

These preliminary results, especially the ratio of
nutrient loading, can be used to estimate the actual
amount of nutrient loading for the whole lake if a
value for just one of the four waterbodies or watersheds
is available. Furthermore, these results underline the
weight of the natural hydrological character in the
system, and provide direction to where we have to con-
centrate the eutrophication control efforts so as to
use the available economic resources in a most effective
way.

It should be stressed that the methods for calculation
of the watershed indicator (Hi) and of the nutrient

loading indicator (nli) from the development figure
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are preliminary and should be further developed, having
once obtained more historical data.

Considering the composition of the multicriteria
development figure, the selected system of criteria
seems appropriate for characterizing the long-term
watershed development as indicated by the impact on

nutrient loading.

4,2 Conclusions and Recommendations

The outlined multiregional and multicriteria dynamic
watershed development approach can be considered as

an essential element of the decision analysis in the
long-range control of the eutrophication in Lake
Balaton. Therefore, it is recommended that a numer-
ical and detailed form of this model be developed,

under consideration of the preliminary results of the
present application.

It is recommended that the historical data needed for
the evaluation of the time patterns of development
figure and eutrophication indices be collected, on

the basis of the finalized system of criteria. This
should be done for the seven watershed units separately.
In possession of these data, one should apply the
present methodology for the analysis of the time series,
and in general, of the watershed development process.
Using the proposed dynamic multiregional and multicri-
teria watershed development model, different long-term
watershed development policies and their effects on
eutrophication can be simulated. These can serve as

a basis for decisions on control actions.

Based on the numerical results of the present prelim-
inary application, one should, in the case of limited
monetary resources, concentrate the control actions as
soon as possible to watersheds 1 and 23. By doing this,
the most effective application of the economic resour-

ces available for eutrophication control can be achieved.
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