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PREFACE

One of the principal projects of the Task on Environmental
Quality Control and Management in IIASA's Resources and Environ-
ment Area is 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 insti-
tutions and IIASA (for details see WP-80-187 and WP-81-108).

As part of the case study, different lake ecological models
and water quality management models are under development, serving
both to improve our scientific understanding and to solve real-
life problems. Generally the water quality of the lake is di-
rectly related to nutrient loads, which in turn are the result
of different kinds of human activities and natural processes in
the watershed. Consequently, as was done in this study, the
water quality can be directly related to the development of the
watershed. With historical data for the lake and its region,
valuable conclusions can be drawn on the past development of
artificial eutrophication and future trends can also be analysed
to some extent. A remarkable advantage of the approach presented
here lies in its simplicity.

Lasz16 Somlydody
Leader
Balaton Case Study
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ABSTRACT

A multiregional, multicriteria watershed development model is
presented as a way of describing the eutrophication processes in
shallow lakes on an annual basis. Its application to Lake Balaton
is illustrated. The simulation and forecasting of eutrophication
in the lake, which depend on different watershed development acti-
vities, is discussed for the period 1981-85.

The formulation of the model rests on the fact that a close
connection exists between the eutrophication of a shallow lake
and the development of its watersheds which generate nutrient
loading. A multicriteria utility function is used to describe
watershed development. The applications of the model to Lake
Balaton are presented; they are based on the regionalization of
the Balaton basin into eleven regional units (four waterbodies
and seven watersheds).

Watershed development needs are assessed for the various water-
sheds of the Balaton basin, for the period 1930-1980. The eutro-
phication indicated by a moving summer average of chlorophyll-a for
each of the four basins of the lake depends on the level of water-
shed development in the corresponding or contributing watershed,
their geometric character and the eutrophication in the preceding
basin. The spatial distribution of the water quality within basins
is not considered. The model parameters are elaborated by regres-
sion analysis.

The simulation of eutrophication is based on three development
variations for each watershed for 1981-85, namely a strong, a me-
dium and a zero growth variation. Using different combinations
of the specific watershed variations, more than 30 spatial lake
protection strategies and their effects on eutrophication were
simulated on an annual time scale. The average uncertainty of
the simulated eutrophication values for the whole lake is +23%.
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With the help of this simulation, the spatial efficiency of the
comprehensive control actions in the watershed has been measured.
The forecast of eutrophication by 1985 is given by the most real-
istic watershed development strategy.

One of the more important recommendations is that the most
efficient development management, i.e., control strategy from
the viewpoint of the whole lake, is the very one which concen-
trates all of the limited, available control efforts in the next
five years on the Zala watershed, which is the largest source of
nutrient loading. This suggestion is based on the relative effi-
ciency figures of the protection measures taken for the various
watersheds and calculated by the model. To illustrate the use of
the model for evaluating the effectiveness of different management
actions and lake protection policies, the possible effects of the
Kis-Balaton reservoir on eutrophication are identified. The model
can be combined with other models dealing with the Lake Balaton
problem and applied to the eutrophication problem of other shallow
lakes and man-made storage reservoirs.
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THE INFLUENCE OF WATERSHED DEVELOPMENT ON THE
EUTROPHICATION OF SHALLOW LAKES: A MODELING
APPROACH APPLIED TO LAKE BALATON

1. INTRODUCTION

The acceleration of eutrophication in Lake Balaton, a shallow
lake, is caused by the increasing socio-economic and water re-
sources development--watershed development--in the contributing
watersheds, during the last few decades. Artificial eutrophi-
cation is the response of the lake-ecosystem to man's interfer-
ence. However, watershed development, which is «a priors and
spontaneous from the viewpoint of the lake, can be modified by

the policy adopted to protect the lake.

The concept of watershed development was originally proposed
for river basins outlined by David (1976). The aim of this pro-
cess 1s to establish a continuous balance among natural water
supplies, socio-economic and environmental requirements and their
effects over space, time, quality, quantity and energy aspects
on a basin-wide scale during the socio-economic development of
the regions. 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.

The main elements and features of watershed development, their

changing importance during the process, the structure and the ra-
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tio of the basic activities depend on the stage of development.
For evaluation and modelling of the progress of watershed develop-
ment, a multicriteria analysis based on a system of indices was
proposed by David (1978a). This multicriteria analysis is nec-
essary because of the great number of elements and criteria in-

volved in watershed development.

The integration of the watershed development approach and water
quality control has been suggested in David (1978b). When consider-
ing the problem of eutrophication in Lake Balaton (Herodek, 1976;
van Straten et al., 1979) or other shallow lakes, the idea of ap-
plying the watershed development approach to the eutrophication
problem seems to be appropriate. David et al. (1979) developed
the concept behind this application, which is that the close con-
nection between eutrophication of the lake and man-made watershed

development can serve as a basis for modelling eutrophication.

There are then, two basic approaches to modelling the eutro-
phication problems in shallow lakes (Figure 1). The first approach
(p), relates watershed development with nutrient loading which, in
turn, affects eutrophicatioﬁ, while the second approach (B), di-
rectly connects watershed development to eutrophication. For eutro-

phication 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 ex-
tremely useful, in particular for short-term management. However,
the construction of reliable models requires a good interdisciplin-
ary knowledge about many physical and other processes. In most
situations, additional investigations will be necessary, involving
laborious and coordinated data collection programs,--a time-con-
suming operation. Furthermore, it is difficult and in many cases

impossible to collect the historical data.

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

tistical data. The development of such a model requires a rela-



tively short time. However, considering the detailed process
involved, this approach can only be considered as a rough approx-
imation. The integrated character does not supply information

on the actual behavior of the individual processes that may play

a role; but it is good for general and regional evaluation.

There is a pressing socio-economic need to control the eutro-
phication of Lake Balaton, therefore both approaches are necessary
to accomplish this goal. The model described and applied in the
present paper employs approach (B), while approach (A) is the
object of other modelling efforts carried out in the course of
the Lake Balaton Case Study. The results of the two approaches

can be harmonized in a further step of the research efforts.

According to this conceptual framework and the previous study
(David, et al., 1979), the purpose of this paper is to present a
multiregional and multicriteria watershed development model for
the description of the long-range eutréphication process in shallow
lakes, to show how it is adapted to Lake Balaton and illustrate
its application in simulating the eutrophication in the lake,
depending on different watershed development activities, for
the period 1981-85.

2. MODEL DESCRIPTION

The discrete time watershed development model of the multi-
annual eutrophication process, in an arbitrary shallow lake, is

described in this section.

The model is based on the regionalization of the hydrological
system of the lake which is in many respects similar to the water-
shed of a river basin. Its reaches are the waterbodies, (here
a waterbody is meant to be a segment of the lake where the water
quality 1s approximately uniform), which are connected to the
watersheds. According to this, the lake is considered to con-
sist of N waterbodies: WBj, j=1,2,...,N. The water in the
lake flows from WB, to WB.. Each WBj is connected to Ej water-

1 N
sheds (the value of Ej is 1 or 2):

WSji, i=1%1o0ri=12;3=1,2,...,N.



Every WB and WS plays a special role and has a special system of
interconnections. They cannot be interchanged or replaced by one
another. The waterbodies and watersheds form the regional units
of the model, they are connected by hierarchical order, based on
the direction of hydrological throughflow. Therefore the basin

may be considered a multiregional, hierarchical system.

On the basis of the foregoing, an index E(l,]) characterizing
the annual eutrophication of the waterbody WBj in year 1 of a

multi-annual period can be described as follows:

E(L,3) = £5M(1,3); INL(L,3,8), £=1ori=1,2];
[_T_(u), E = 1, ,_1]/ [E(AIJ)I A= 1_11 l-zl . I]I (1)
[E(A,u), x =1, 1-1,...,; u=1, 3 =111

Here M(l,j)characterizes meteorologically WBj and the adjacent
watersheds WSji in year 1l; NL(l,j,i) is the annual nutrient load-
ing coming from WSji in year 1; the indices {2(31} geometrically
characterize WBj and its 'upstream' basins; the indices {E(A;j)}
indicate the past states of eutrophication in WBj; the indices
{E(Xx,u)} the present and past states of eutrophication in the
"upstream" waterbodies. It is noted that an equation of similar
structure can be derived from the finite difference form of the
differential equation governing algal dynamics.

Then the following assumptions are made:

(i) According to the watershed development concept mentioned

in the previous section, the value of NL(l,j,i) depends on
D(l,j,i) and H(j,i), where D(1l,j,i) is the watershed development
index which indicates the state of socio-economic and water ma-
nagement development on WSji with respect to their influence on
nutrient loading in year 1; H(j,i) is the natural geographic in-
dicator of WSji, which is constant in time and indicates the na-
tural role of the watershed WSji in the multiregional hydrological
system. Indicating their role by their product, this connection

can be written as



(ii) The present state E(l,j) of eutrophication of a basin depends
on E(1-1,3j), (but not on E(1-2,3j), E(1-3,j) etc.), on the present
state E(l,j-1)of eutrophication and on the geometrical character

T(j-1) of the preceding waterbodies.

On the basis of these assumptions, Eg. (1) can be written in

the form

(3)

E and T are looked for in such a form that Egq(3) should be trans-

formed into

Then the following further restrictions are made.

(i) Considering the "random" effect of meteorological factors
on the E(l,j) values and our efforts to characterize the long-
term, multi-annual eutrophication process, instead of E(1l,j) its

moving average

E*(1,j) = [E(L-1,3) + 2E(1,j) + E(L+1,3)1/4 (5)

_I_

is written in Eg(4), and M(l,j) is omitted. According to the

sense,
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in case of the first and the last (L-th) year of the time period.
Physically E and thus E* can be determined on the basis of the
annual and summer average and peak of such indicators of eutrophi-

cation as chlorophyll-a, phytoplankton production, biomass and



individual count. E* can be considered as the eutrophication in-

dex of the multi-annual eutrophication process.

(ii) The waterbody's geometrical index T(j) can be determined by
the consideration of the surface area of the waterbody, the average

depth and the average volume of water in it.

(iii) The watershed development index is considered in the form

d

Fq (7)

(1,3,1)1; [Fy(1,3,1)1}
where Eg(l'i'l)' Eé(l,i,i) and E?(l,i,i) are, respectively, the
p-th natural, the g-th regional development and the r-th water
management basic factor in the watershed WSji influencing the
nutrient loading in year 1. The aim of the introduction of the
watershed development index is to express in an integrated form
the level of regional and water management activities on the
watershed in time influencing the nutrient loading coming from
there. 1In this sense, the watershed development index can be
viewed as a multiattribute utility function. According to the
multicriteria utility theory (Keeney and Raiffa, 1976), it can

be written as
K
D(1,3,i) = } Wi I (1.3, (8)

where the ;k's are indicator or criterion indices each of which
expresses a watershed development criterion influencing nutrient
loading and has to be composed from the basic factors, the yk's
are weighting factors constant in time and space, furthermore

K

w,, =1. All of the I

Wi _k's are dimensionless; most of them are

k=1

time-dependent, are manageable partly short- and partly long-term
and express possible--small or great--influence on nutrient load-
ing; they are simple functions of the basic factors with a specific

meaning.

To get Ek in a dimensionless form, a transformation is applied

as follows:



Ix ~ Lo,k
_ : , (9)
Ix 7 7 _
100,k ~ Lo,k

where 18 Kk 2 0 and 1100 x mean the lowest and highest possible

values of 1& during the watershed development process and where

Ei is a composition of the basic F factors in their original di-
mensions. The minimum value ;8 Kk refers to the natural or initial
’

stage of development, to the nutrient loading without any human
1

L100,x

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

influence, the maximum value to a maximal stage of develop-
basis of the actual and historical wvalues and on the expected de-
velopment conditions of the indices 1;. The interval [Eg K’ 5100 k]
4 14
indicates the possible range of Ei during the watershed develop-
ment. In other words, it is a scale to measure the utility of the

criterion. The definition of I in Eg. (9) implies that

0 < I, <100 , (10)
where Ek = 0 means no influence on nutrient loading, lk = 100 a
maximal one. Then the following reasonable constraint is made:

a higher index value should express a higher effect on nutrient

loading. 1In certain cases, the composition of factors leads to
an index Eﬁ whose increase indicates a decreasing effect on nu-
trient loading. 1In these cases the transformation
_ _ *
I =1 Ix (11)

is required.

According to the above considerations,
0 <D(l,j,i) < 100 , (12)

and D changes in time parallel with nutrient loading. This im-

plies that D can decrease in time if NL decreases.

Let the relative ground surface area of WSji as a percentage of
the total watershed area of the basin now be taken for the na-

tural geographical indicator H(j,i) of the watershed. Based on



this and considering the product in Eq.(2), the integrated water-
shed development indices corresponding to WBj can be calculated

as follows.

D*(1,j) = ) H(j,i) - DI(1,3,1). (13)

(iv) The function £j in Eqg. (4) 1is looked for among the linear

functions.

On the basis of the above considerations, Eqgq. (4) is trans-

formed into

T(IIE™(1,3) =ay+byD"(1,3) +eyT(3-NE™(L,3-1) +d T(HE(1-1,3)

(14)

which is the general form of the multiregional and multicriteria
model of multi-annual eutrophication processes in shallow lakes
based on the watershed development concept and on discrete time

steps.

This model involves input parameters E,g,gj,g(i i),K,T(3),

14
Wy and input variables E(1l,j) for 1 < L and Ek(i,i,i). After

the calibration procedure follows: the parameters ij'gj’gj’éj
are determined, E*(l,i) is estimated for 1 < L , and the best
estimate is determined. As final output the values of E*(l,l)

for 1 > L are produced.

The watershed development index can also be calculated in

the following way. The Ek(l,i,i)'s are standardized to

SI, (3)
I (1,3,1)—=
Ln.
% (1,34 = i (15)
E. L I
Ln. I Ip(l,3,1) SIﬁ(j)
ji:‘] =1




where

e~

e~ |3

—_

§£k/££j are respectively the dominator on the right side of Eqg. (15)
are the mean respective standard deviation of I, (1,3,1i) for fixed
j. Then for each j a factor analysis of the gk(l,i,i)'s is per-
formed. Let ggk(;,i) denote the value of the k-th factor for j
(5==1,2,...,5j) in year 1 and Ek(l,i) the estimate calculated by
writing FJ, (1,]) instead of D*(1,j) in Eg.(14).

Let
L 2
} [E*(1,3)-E (1,3)1°/L
I=1
S..{(‘ = = * 100 ’ (17)
I E¥(1,3)/L
T=1
and
*
« /85 (18)
Wor T
3 K
1/8*
k§1 S5k

and S; be the error percentage corresponding to

K.

_z] ¥ FJ, (1,3) (19)
Wik Ty lzrd

k=1 jk k

(the better the estimation which S gives in itself, the larger
is its weight). The natural geographic indicator can be improved
by taking into account such quantities as the difference of the
average elevation of the watershed and the corresponding water-
body, the distance between the areal gravity center of the water-
shed and the corresponding waterbody, the average slope.of arable
land, the average precipitation of several years, the total length

of water courses, etc.
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For determination of the best parameters and for comparison
of various combinations, the following error calculation can be

used.

= f— - 100 , (20)

where ﬁ(l,j) is estimated by the model.

3. APPLICATION OF THE MODEL TO LAKE BALATON

The specification of Eqg. (14) for Lake Balaton is described
in this chapter. The basis of this specification is the regionali-

zation of the hydrological system of the lake.

In keeping with the regionalization described in the previous
section, the lake is considered to consist of N =4 waterbodies:
Keszthely EBay WEH)’ Szigliget Basin (WB2), Szemes Basin (WB3) and
Sibéfok Basin (WB4), as proposed by Baranyi (1974). The Keszthely
Bay is connected to one watershed (WS11), while the others are
connected to two watersheds on each side: W821:W822:WS31:WS32:
WS41:WS42: (Figure 2). Therefore, the Balaton basin may be con-
sidered a multiregional, and with respect to the waterbody, also
a hierarchical system. There are eleven regional units (four
waterbodies and seven watersheds) which are connected by hierar-
chical 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 waterbodies.
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 relative figures given in the last two columns of the table
indicate the difference in natural loading in the individual hier-

archical levels.
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Considering the described regionalization, for the specifi-
cation of Eq. (14) there are two main tasks, namely the construc-
tion of the watershed development index and the selection of model
options. On the basis of these, the specified form of the model

is developed.

3.1 Construction of the Watershed Development Index

One of the most important tasks of specification is the care-

ful construction of the watershed development index.

According to Eq.(7), the description of watershed development
is based on the basic development factors. From the basic factors
characterizing the stage of regional development of a watershed,

50 development 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 and description are listed in Appendix 1. The na-
tural factors are considered to be constant in time, while the
others are time-dependent. Their values were determined for each
of the seven watersheds in 1930, 1940, 1950, 1955, 1960, 1965, 1970,
1975 and 1978 by the help of water management experts of these re-
gions. The values of the selected factors for 1930 and 1978 are
also presented in Appendix 1 to indicate the first and final values
of these time series. The set of years which were determined for
the factors, was selected according to the characteristics of the

development process.,

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

appear in the future.

On the basis of these selected factors, a system of indicator
indices as development criteria was created. The k =25 indicator
indices(Ik) defined are presented in Appendix 2, together with
their composition as well as a description of its effects on nu-

trient loading. The indices (Iﬁ)s are presented with their original
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dimensions. It should be noted that there is no a priori relation-
ship between the number of factors and the number of indices, as

is perhaps suggested by the incidental ratio of 2 in this appli-
cation. Typically, there is a conflict between the wish for more
detailed criteria and the availability of the data needed in such
detailed criteria. Therefore, a reasonable balance should be found.
For the present application, reasoned judgment drawing upon per-
sonal experience has been the basis of the selection of the 25
criteria listed. As soon as more information on their relation-
ship with the nutrient loading are available, slight changes to

decrease their number might be desirable.

The composition of the indicator indices from the basic fac-
tors can be done in many ways. In practice the composition was
guided by the wish to separate the various watershed development
processes as much as possible in order to make the influence of
management decisions transparent. As a result, 20 out of 25 in-
dices are manageable on the short- or long-term. The remaining
five (I1—IS) express natural factors which can hardly be influenced,
but they have been included because of significant effects on nu-
trient loadings. These effects are considered in the construction
of the weighting system which is discussed below. The indicator
indices include--among others--the tourist loading, the specific
fertilizer use, the density of motoring roads, the amount of used
water infiltrated into the soil, the ratio of population served by
waterworks and sewage canals, the untreated part of the sewage

water, the urbanized part of the watershed, etc.

The actual value of the 25 criteria for the previously men-
tioned 9 years between 1930 and 1978 were calculated in two steps.
First, the physical values of these watershed development criteria
were calculated according to their algorithms listed in Appendix 2,
using the data of the appropriate basic factors from Appendix 1.
These physical values, also for 1930 and 1978, are presented in
Appendix 3. As an illustration, the time series of tourist load-
ing and the ratio of untreated sewage discharge for the seven water-
sheds are presented in Figures 4 and 5, respectively. For compar-
ison, the time series of the summer average of chlorophyll-a are
also indicated in the figures. Some of the Ii-s increase over time

and space, but some of them have changing character over time and
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space. The time-series of indicator indices were used for the con-

struction of the weighting system.

The lower and upper limits of the criteria scale as intervals
needed for the normalization of the criteria according to Eg. (9)
are listed in Table 2. The development of this scaling was based
on the historical range of the indices and a subjective judgment

of their future development.

Next, as a second step, the normalized, dimensionless value
of each of the criteria was calculated according to Eg. (9), using
the data of Table 2 and Appendix 3. The results, the normalized
values of the indicator indices as watershed development criteria
for the seven watershed units form the basis of the calculation

of the watershed development index.

To express the different influences of indicator indices on
nutrient loading according to Eg. (8), there is a need to develop
a system of weighting factors for the selected indicator indices.
We assume that the weighting system is constant for all regional

units and in time.

The formulation of the weighting system has been done in two
steps. First, a system of weighting factors was developed by a
multicriteria analysis of the time-series of indicator indices
between 1930-1978. Then the control of this weighting system
was done by comparing it with a number of weighting systems based

on the practical knowledge of aspects in the field.

The multicriteria analysis of long-term time-series of indi-
cator indices was based on the six selected criteria listed in
Appendix 4. They express the changing character of the trend in
the time-series, the spatial differences of time-series among the
watershed units, the effects of the indicator indices on eutrophi-
cation and the manageability of the activity involved in the index.
Each criteria has three classifications with 1,2 and 3 points.
The scale with 3 points indicates a stronger weight than the one
with 1 point. Based on these criteria and their classification,
the multicriteria evaluation of time-series of indicator indices
is presented in Appendix 5. The evaluation can be followed in
case of Ig and I18’ the time-series of which are shown in Figures

4 and 5, respectively. Summarizing the points for each Ik (zP)
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and taking the second power of this sums (EP)Z, the value of weight-
ing factors was calculated as the ratio of (ZP)2 and the total sum
of (EP)Z. These figures are given in Appendix 5. As a result of
this analysis, the weighting system for the indicator indices, de-
veloped by the long-term time-series analysis of indicator indices

is presented in Table 4.

This weighting system was controlled by a comparison of other
weighting systems. They involved five individual systems given by
experts on basis of their practical knowledge (David et al., 1979),
and five other systems constructed with the help of mathematical
statistics and different geographic characteristics of the basin.
Furthermore the uniform weighting as a basis for comparison was
also taken into account. The ratio of the maximum and minimum
weighting factors in the different weighting systems varied between
1-10. Altogether there were 12 weighting systems in the comparison.
The comparison was done by a correlation analysis between the water-
shed development indices calculated by the individual weighting
system and different eutrophication indices for two years, 1965
and 1975.

According to this correlation analysis, the following conclu-
sions were reached: the best correlation (r = 0,77-0,78) were
found by two systems, namely the one developed on a multicriteria
basis and another one constructed with the help of mathematical
statistics and geographic characteristics. But the differences
in the correlation was small, about 10%, for the other systems
as well. This means that the construction of the watershed de-
velopment index is not very sensitive to the weighting system as
a whole in case of 25 indicator indices. This conclusion is ap-
propriate because 25 is quite a large number in a unit system of
indices. As we decrease the number of indices, this sensitivity
might increase. The weakness of sensitivity is explained also by

the factor analysis described in the next chapter.

Considering the long-range character of the problem, the
weighting system presented in Table 4 was selected for the con-
struction of the watershed development index. In this system,
the ratio of maximum and minimum wk values is more than five,
which means that the weighting makes quite a large difference

among the indicator indices.
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Using the selected weighting system, the watershed develop-
ment indices, the D(1l,j,i) values were calculated by Eq. (8) for
the seven watersheds and for the selected years (Table 5). The
D values for 1980 were estimated by a trend analysis of the pre-
vious values. The time series of the watershed development index
of the watersheds are presented in Figure 6 with the values of
chlorophyll-a. The shape of the curves indicates the appropriate-

ness of the basic assumption of this approach.

3.2 Selection of the Model Options

Let us take the relative ground surface area of the watershed

W as a percentage of the total watershed area of the basin for

S..
thélnatural geographical indicator H(j,i), and calculate the water-
shed development index D(l,j,i) according to the previous chapter,
the integrated watershed development index 9*(;,1) according to

Eq. (13). TFor determining those waterbody geographical index T (j)
and eutrophication index E(l,]j) which are the best with respect to
the error percentage (20), 7x4x3 =284 {Iplgqr} combinations were
compared. 21 was the relative average volume of water, zzz ﬁg?,g3
the relative surface area of the waterbody, I4==/631125the square __
root of the average depth of the waterbody multiplied by 23,gé= /iS,
and 27(j) = 1. Eqr was the yearly average (g=1), the summer aver-
age (g =2), the yearly maximum (g =3) and the summer maximum (g =4)
of chlorophyll-a (r =1), phytoplankton biomass (r =2) and chloro-
phyll-a modified by a regression on phytoplankton biomass (r = 3).
The comparison of the various combination of these indices led to
the result of chlorophyll-a measurement of Téth (1980] T(j) =1.
This latter result indicates that E(l,j) is primarily determined

by the processes within the waterbody and by its geographical con-
ditions. E(l,j) is the result of the eutrophication processes in
the waterbody. 1In these calculations L=8, 1=1 was the year
1973,...,1 =8 was the year 1980. With the above T(j), thus actu-
ally without the waterbody geographical index, Eqg.(14) has the

form

E*(1,j) = a. + b, . D*(1,3) + 5 - E*(1,3-1) + 4, -E"(1-1,3)

(21)



_']6_

The values of the summer average of chlorophyll-a as the optimal
eutrophication index and its moving average E*[l,i) for the men-

tioned 8 years are given in Table 6 (in mg/m3).

The factor analysis performed for the alternative calculation
of the watershed development index resulted for j =1 in 2 factors,

for each of the other j's in 4 factors (E1 =2,K,=K ==§4 =4) .,

This result is in good harmony with the weak se;iitigity of the
welighting system mentioned earlier. The corresponding error per-
centages §§ turned out to be only little smaller than the §j's.
For that reason and with the purpose of maintaining the physical
content of the watershed development index, at length the orig-
inal construction of D(l,j,i) was kept. For similar reasons and
purposes, the original natural geographical indicator H(j,i),
i.e. the ratio of the ground surface area of WSji in the total
watershed area of the basin was also kept. 1Its value for WS11,
WSH 4y W822,...,WS42 is in turn 0.515, 0.185, 0.126, 0.061, 0.053,
0.022 and 0.038. The values of the corresponding 2* are listed in

Table 7 for the period 1973-80.

Then the following problem was investigated: is it possible
to reduce the number of parameters in the system of eguation (21)7?
Trials were made in two directions. First, an attempt was made to
make some parameters zero. It turned out that--presumably because
of the definition of E*(i,i)——the assumption gj= 0 increases the
error percentages §j only to a small extent (in keeping with ¢, =0.
Second, an attempt was made to model more than one watershed with
the same system of parameters. It turned out that Ay, =23 =3,,

b,=by;=b, and ¢, =c; =¢, can be assumed. Thus the system of

Eg. (21) was transformed into the following:

E*(1,1) = a, + b,D*(L,1) ,
(22)
E"(1,3) = a;+b, - D"(L,3) +cy - EX(L,3), 3 = 2,34
The parameter values are the following:
a, = -215.26, 91 = 16.76, (23)
a, = -4.47, b, = 1.29, ¢, = 0.50
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Then the specified model of multi-annual eutrophication pro-

cesses in Lake Balaton is the following:

E¥(1,1) =-215.26 + 16.76 . D™ (1,1)

E"(1,j) = -4.47 + 1.29 . D"(1,3) + 0.50 E*(1,3-1), j = 2,3,4

(24)

Multiplying 92 resp. ¢, by the standard deviation of Q*(i,i) resp.

2
E*(i,i—1) calculated for j > 1, one gets 3.34 resp. 4.71. These
numbers roughly show that the eutrophication index of WBj(j_>1)
1 4.71/3.34 = 1.41

times as much as on the development index of the adjacent water-

depends on the eutrophication index of WBj_

sheds. The estimated values E(i,i) corresponding to the above
parameters according to Eq.(22) are given in Table 8. The error
percentages §j calculated according to Eqg. (20) are 8.5, 10.1,

27.2, 35.8 for WB .,WB4, resp. Their average is 22.6.

1o
An obvious constraint for the time domain of the validity of
Eg. (24) is that E*(;,i) should be positive. A sufficient condi-
tion is that D*(1,1) > 12.84 and D*(1,3) > 0.29 for j = 2,3,4.
The first inequality is equivalent to D(1,1,1) > 24.93, which
holds only from the year 1969. Thus Eqg.(24) has a limited. past
validity (which is in good harmony with Figure 6). It does not

hold, of course, for Eg.(21).

4. SIMULATION OF EUTROPHICATION FOR 1981-85

The application of the specified model Eqg. (24) for the simu-
lation of eutrophication between 1981-85 is presented in this sec-
tion. This is a possible application, because the model has ob-
viously some predictivecapacity. The matter at issue is that the
expected turn of watershed development can be pretty well fore-
cast and this makes it possible to predict the future trend of
eutrophication assuming the future validity of the basic condi-

tions of the model specification.
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The simulation of the eutrophication in the lake is based
on three watershed development variations all of which are the
result of various human activities on the corresponding watersheds.
In case of the strong growth rate variation indicated by 3, the
increase of the watershed development index (D) follows the pre-
vious trend between 1981-85 too. It assumes that there will be
practically no effective lake protection policy to decrease the
nutrient loading. On the other hand there is a zero growth rate
variation indicating by 1 which assumes such an effective lake
protection policy that the watershed development index (D) could
be constant at the 1980s level. It means that the results of po-
sitive and negative measures and efforts on the control of nu-
trient loading will be balanced. Finally there is a medium growth
rate variation indicated by 2, which assumes that the lake pro-
tection policy will be gradually more and more effective and there-
fore it involves a decreasing growth rate of D. Considering the
real conditions of decision making and implementation of lake pro-
tection measures, it is not yet feasible to assume a decrease in
D between 1981-85. Therefore a variation like this has not yet
been considered. It would be feasible in a later period. The
watershed development indices for the seven watersheds calculated
according to these variations are presented in Table 9. The re-
spective Q* values are also presented there.

Based on these growth rate variations of D, various lake pro-
tection strategies can be constructed according to the spatial
distribution of these variations over the watersheds (WSji).
Thirty-three lake protection strategies listed in Table 10 were
developed. There are three pure strategies (No.71, No.14 and No.25),
when the same growth rate variation is applied for all of the seven
watersheds (variation 3, 2 and 1, respectively). They are uniform
development strategies. The other strategies are combined ones
in which different growth rate variations are connected to the

individual watersheds.

By the application of Eqg. (24), the response of the waterbodies
of the lake can simulate these lake protection strategies. The

response 1is expressed by the E* values.
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The simulation results of the pure strategies are listed in
Table 9 and they are presented in Figure 7 which is an extension
of Figure 6 to the simulated five year period. The development of
D values according to the growth rate variations and the develop-
ment of E* values corresponding to the pure strategies are indi-
cated in the figure. 1In case of strategy No.1, which is the most
serious, the lake eutrophication index which is the average of the
same indices in the waterbodies will increase with 78% by 1985, in
comparison with the level of 1980. In case of strategy No.14 and
No.25 the same values are 46 and 5%, respectively. The last figure
indicates that a small increase of E* can occur as a response to
the increase of D from 1979 to 1980. This delay can be calculated

by the moving average E*.

The effectiveness of various strategies is measured by the
percentage of decrease of the lake average eutrophication index
compared to its value produced by strategy No.1. These values

of effectiveness are also listed in Table 10.

.For illustration of the simulation results, the time series
of variables of two important strategies (No.6 and No.26) are pre-
sented in Figures 7 and 8 indicated by strong, dark lines. The
spatial distribution of the watershed development and eutrophica-
tion process in the Balaton basin according to the same strategies
are shown schematically in Figures 9 and 10, respectively. Based
on these representations, an evaluation can be made of the simula-

tion results.

5. EVALUATION OF RESULTS

In this section the results of simulation are discussed and
evaluated, and the main conclusions of the modelling work are pre-

sented.

5.1 Discussion of Results

On the basis of the application of the specified model for
the simulation of the eutrophication process between 1981-85, the

following results have been obtained.
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(i) If we consider the pure strategies, the three years' average
values of summer average of chlorophyll-a in 1985 will be between
60.5-35.0; 39.2-27.5; 20.8-13.0 and 9.5-5.5 mg/m3 in the respective
waterbodies, starting from WB1. It indicates that the same increase
of watershed development in the various watersheds results in the

greatest eutrophication in WB1.

(ii) The evaluation of the pure strategies furthermore indicates
that the difference between the maximum and minimum values of si-
mulated eutrophication indices according to the various pure stra-

tegies is the largest in the first basin and its value decreases

towards the eastern end of the lake (WB2...WB4) (see Figure 7).
The smallest is in WB4. The values in 1985 are 25.5, 11.7, 7.8,
4.0 mg/m3 respectively, and their ratio is 6.4:3:2:1. This ratio

indicates the chance and certainty of lake protection measures in
the various watersheds connected to the waterbodies. This differ-
ence can be narrowed to the greatest extent if measures are taken
in WS11. Moreover, this indicates the effectiveness of our measures

in connection with the waterbodies.

(iii) Based on the previous results, the effectiveness of the com-
bined strategies can be evaluated. First let us consider and com-
pare the strategies No.6 and No.26 (see Figures 7-10). 1In case of

strategy No.6 a clear increase 1s shown in WS while in the other

117
six watersheds there isnone. It means that we concentrate our ef-
forts on W521’ WSZZ’ “en WS42, but no effective measures will be
taken in WS11. The result of this strategy, as can be seen in

o WB3 and WB4 will be
only a little bit less than eutrophication in case of the worst

Figure 7, is that the eutrophication in WB

strategy (No.1). Therefore the effectiveness of this strategy
is very poor, only 6% (see Table 10). It means that we can make
a lot of effort to reduce the nutrient loading in six watersheds,
but the effectiveness of these measures is very poor because of
the hierarchical character and the loading conditions of the sys-

tem. We make these efforts in the wrong place.

On the contrary, in case of strategy No.26, we concentrate

our efforts only on one watershed, namely to WS (growth rate

11
variation is zero). 1In parallel it is assumed that there are no

effective measures in all of the other watersheds (strong growth-
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rate variation is applied). The result can be seen in Figure 8.

In WB, we reach the minimum value of eutrophication and in the

.
other waterbodies the eutrophication is near to the minimum values.

The effectiveness of this strategy is 33%.

Further results can be seen by comparing other strategies.
These comparisons clearly indicate the importance of the regional
distribution of the lake protection measures in this hierarchical
eutrophication system, because the effectiveness of measures de-
pends on their applied spatial distribution to a very great extent
(see Table 10).

(iv) According to the simulated strategies, the relative effi-
ciency of protection measures involved in the values of D* and
taken on the various watersheds connected to the waterbodies has

to be determined. The calculation is presented in Table 11. Four
strategies were selected for this calculation. As can be seen from
the table, the efficiency of the same volume of protection measures

to decrease eutrophication is 6.2 times greater in WS than in

11
WS41—WS42. The corresponding values are 1.7 and 1.1 for WS

and for WS

217522
31-WS32, respectively. These figures are in good harmo-

nization with the ratio mentioned in point (ii) of this section.

(v) Considering the results of the simulation and the present
activities on lake protection, strategy No.14 can be considered as

a possible version of the forecast of eutrophication in the lake

by 1985. It means that the values of E* will be 50, 33, 17, 7 mg/m3

for the waterbodies starting from WB It indicates a smaller

growth rate of eutrophication than p;eviously noted, according to
the effects of the intensification of lake protection measures.

But it should be mentioned that if the measures will be concentrated
to a greater extent on WS11, then the efficiency of the invest-

ments can be increased and better conditions can be achieved.

(vi) With the watershed development index, the specified model

can be used to evaluate the effectiveness of different management
actions and lake protection policies. As an illustration of this,
an evaluation has been made of the effectiveness of the Kis-Balaton
reservoir. The capacity of the projected reservoir will be 100.106
It will be located at the end of Zala river in WS11. The effec-
tiveness of the reservoir can be measured by the decrease in the
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watershed development index and according to this, by the de-
crease of the eutrophication index in the waterbodies. Let us
assume that with the 1980 watershed development index only one
action will be taken, i.e., the construction of this reservoir,
and that there will be no protection or pollution activity. 1In
this case, the construction of the reservoir will influence the

9 indicator indices listed in Table 12, while the other 16 will

remain unchanged. Eight indices from the nine decrease, and only
one increases. In case of I18 and 119 this change is large, at
122 it is medium, while at the others it is small. The value of

change expressed in per cent of the value for 1980 of I, is cal-
culated and estimated depending on the availability of the required

data. For example, in case of I it is calculated, but for I

19 7
it is estimated. The 9 indices involve the hydrological, environ-
mental, social, regional economic and technical effects of this
protection investment. According to the listed per cent values

of Ii, the AIi and the modified Iﬁ values were calculated. Sim-

ilarly the dimensionless Ik’ the modified Ik and AIk values were

K values the AIkwk values were

calculated and their sum, the net balance of the reservoir is

determined. Then with the aid of w

AD = =-2,0, which means that the reservoir will decrease the water-
shed development index by 2.0 points (Table 12). According to
this, D* is -1.03 and therefore the modified D* is 13.87 compared
to the 1980s level.

The estimation of effectiveness of the Kis-Balaton reservoir
then can be calculated by Equation 24. The results of this cal-
culation are presented for the four WB-s in Table 13. As can be
seen in it, the Kis-Balaton reservoir can decrease the 1980s level
of eutrophication expressed by E by 45,4 40,0 26,4 and 39,2% for
WBy « . . . . . WB,, respectively. As an index to measure its re-
liability, the average error of this calculation is +23%. Con-
sidering that the reservoir with full capacity will start to
operate 8-10 years later, and the watershed development will in-
crease slightly, these relative effectiveness values might be
smaller. Therefore, it is recommended that the Kis-Balaton re-

servoir be completed as early as possible.

The above methods can be used to evaluate the effectiveness

of all other protection policies, measures, management strategies,
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individual investments, etc. By this approach the comprehensive
effects of such activities, for example, the development of sewage
treatment plants can be estimated in the watersheds as a unit,

hierarchical system.

5.2 Conclusions and Recommendations

(1) The specified model is able to describe the relationship
between the eutrophication and the nutrient oriented watershed de-
velopment on a multi-annual and multiregional basis by the consider-
ation of a multicriteria utility function of watershed development.
The eutrophication process of shallow lakes, like Lake Balaton,
can be characterized by the model. Furthermore the model is able
to simulate the various lake protection policies, strategies, in-
vestments, projects, etc. and to measure and to compare their ef-
fectiveness. It 1s proposed that the effects of the various pro-
jects and other measures planned for the next five year period be

estimated by the model, as a decision analysis aid.

(2) According to the results of simulation and forecasting,
it is proposed to concentrate all of our limited, available con-
trol efforts and resources on the Zala watershed in the next five

years.

(3) It is proposed to utilize the calculated relative effi-
ciency figures of the protection measures implemented in the various
watersheds relating to the socio-economic, regional development and
water management planning processes of the region. For example, if
the location of a sewage treatment plant with a certain capacity
has to be determined, locating it in the Zala watershed could be
about 6 times more efficient than placing it in WS41 or WS42 from

the viewpoint of the whole lake.

(4) Considering that the results of this modeling work har-
monize well with the physical considerations of experts and with
the results of other research scientists [e.g., the nutrient load-
ing values determined by Jolénkai, Somlydéddy (1981)]1, it is pro-
posed that the results of this research work be integrated with

that of other Lake Balaton modelers.
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(5) Considering the fifty years' long time series of Balaton
basin development and eutrophicatiocon, it is proposed to study the
development in the past and the delays between these processes in
the various regions. It gives some information regarding the in-

tensification of control works.

(6) Based on the evaluation of the present results, further
development of the model is proposed. In keeping with the results
of the factor analysis conducted by the authors, it is possible to
decrease the number of Ik indices. Using the nutrient loading
estimate of Jolénkai, Somlyddy (1981), it is possible to determine
Eg. (2) in a numerical form for the past couple of years. From
this then an effort can be made to estimate the historical time-
series of the nutrient loading. Furthermore, by the application
of remote sensing to evaluate the spatial distribution of water
quality in the lake, the characterization of the eutrophication

index can be developed.

(7) In light of the eutrophication problems in many other
shallow reservoirs, it is proposed that this model and this meth-

odology be used for the protection of those waterbodies as well.

(8) Considering the interdisciplinary character of the model
it is proposed to use it in other fields of activity, for example

in the planning of regional development.



REFERENCES

Baranyi, S. (1974) Investigation on the origin and exchange of
water in Lake Balaton. Research Report of 1971, VITUKI,
Budapest (in Hungarian).

David, L. (1976) River basin development for socio-economic growth.
Proceedings of UN Interregional Seminar on River Basin and
Interbasin Development. Vol.1. United Nations, Natural

Resources Water Series, No.6, New York-Budapest.

David, L. (1978a) River basin development, VMGT 95, VIZDOK,
Budapest, Hungary (in Hungarian with English summary).

David, L. (1978b) System development of water resources and water
quality control. Modelling of the Water Quality of the Hydro-
logical Cycle. Proceedings of the Baden Symposium, September
1978, IAHS-IIASA. Publ. No. 125, pp. 262-268.

David, L., L. Telegdi, and G. van Straten (1979) A watershed de-
velopment approach to the eutrophication problem of Lake
Balaton. Collaborative Paper, CP-79-16, IIASA, Laxenburg,
Austria.

Herodek, S. (1976) The eutrophication of Lake Balaton considering
primary production measured by 14C method. Balaton Ankét,
Hungarian Hydrological Society, Keszthely (in Hungarian).

Jolankai, G., and L. Somlyddy (1981) Nutrient loading estimate
for Lake Balaton. Collaborative Paper, CP-81-21, IIASA,
Laxenburg, Austria.

Keeney, R.L., and H. Raiffa (1976) Decisions with Multiple Ob-

jectives: references and value tradeoffs. New York:
Wiley and Sons.

-25-



-26-

Td6th, L. (1980) Personal communication.

van Straten, G., G. Jolankai, and S. Herodek (1979) Evaluation of
research on the eutrophication of Lake Balaton -~ a background
report for modeling. Working Paper, WP-79-13, IIASA Laxen-
burg, Austria.



-27-

Table 1. Some natural characteristics of the Balaton basin
Hierar- Areasa Volume of| Ratio of | Natural ground
chical ater—- Lake sur- water in water surface area
level shed face Total| the lake | body’s per unit
(Watexr (at aver-| area and water volume
body ) age water| the total
level) ares
2
km 1061113 % m?/m3
B1 2700 4o 2740 %90 1,5 30,0
=
g By - By | 1630 136 1766 480 7,7 3,4
o -
g% "B | 6oo 188 788 540 23,9 1,1
Balaton Basin | 5245 585 5840 1925 lo,?2 2,7
B1 2700 4o 2740 %0 1,5 30,0
& 32 4330 176 1506 570 3,9 7,6
H
2| B
;—5, 3 4930 364 5294 1110 6,9 4,4
i,
(total 5245 595 5840 1925 lo,?2 2,7
Balaton
basin)
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Table 2. Interval of indicator indices

Scale with limits
ggggx tni? lower I1 upper Il
' oLk bp 100,k
I, % x mm o 18
I
2 1 0,03 0,20
I3 1 o 1
I4 n/km? loe 800
I5 %0 o} 4o
Ig 1 o 0,5
17 1 0,4 0,95
I8 visitor day/head o loo
I 2
9 sources/loo km o loo
Ilo 1 0,4 8
11; 1 o G,5
110 1 o 0,6
I13 kg/ha/year 0 8o0
T4 nead/km?2 0 500
IlS m/km? o 3000
I16 1 o 4
I17 n3/yr/km? 0 25000
11g 1 0 | 1
I1g 1 0,2 1
I20 1 0 1
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Interval of indicator indices

Scale with limits
ggggx Unit - -
lower, 1o,k upper lloo,k
1 1 o 1
I22 1 o) 1
Ios head/km?
= lo 400
I24 works,/km?2 o 6
I25 m/lo6 m3 o 150




Table 3. Variability

=30~

0f indicator indices over time

Type of variebility Code of indicator indices
constant Il, 12’ 13’ 14’ I5
strong, quick I, Ip Tg. Iy3, Ipg, Ipg
L7, Tis, Too, Io1,%00,T04,%05
glight, slow I9’ Ilo, Ill, 112’ 114’ 119’ 123
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Table 4. The weighting system

Code of Value of weighting
indicator index factors

Wi
4 0,033
I2 0,023
I3 0,018
I4 0,018
Is 0,023
I6 0,028
I7 0,038

I8 0,074 maxe.
I9 0,051

Ilo 0,014 min.
I11 0,028
I12 0,028

I13 0,074 raxX.
Tig 0,028
I15 0,051
116 0,058
Il? 0,051
his 0,051
I19 | 0,028
20 0,045
Ia1 0,051
I22 0,038
123 0,033
I24 0,058
125 0,058
1,000
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Table 6.
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The summer average of chlorosphyll-a and its moving average

(in mg/m3)

WB 2 4
year | E E*] E '] E EX| = E*
1973 | 12.7 | 13.0 | T3 | Teo | 442 | 3.9 | 2.6 2.7
1974 | 13,7} 13.1 | 6.4 T4 | 3.3 3.5 | 2.9 | 2.4
1975 | 12.2] 14.5 | 9.7 | lo.1| 3.4 | 4.6 | 1.3 | 2.7
1976 [ 19.8| 19.8 | 14.7 | 14.8| 8.3 | 7.0 | 5.2 | 3.9
1977 | 27.5| 23.8 [ 20,1 | 17.3| 8.1 8.1 | 3.8 | 4.7
1978 | 20.4 | 28.8 | 14.3| 22.8| 7.7| 9.2 5.9 5.3
1979 | 46.8 | 34.5] 42,3 19.5| 13.2 | 11.0} 5.4 | 5.4
1980 | 23.8) 31.,5] 18.9| 26.0| 9.9 1ll.0| 4.9 5.1
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Table 7.

The integrated watershed development indices

WB 1l 2 3 4
year D*

1973 | 13.4 | 8.0 | 3.2 | 2.5
1974 | 13.6 | 8.0 | 3.3 | 2.5
1975 | 13.8 | 8.0 | 3.4 | 2.6
1976 | 4.0 | 8.2 [ 3.4 | 2.6
1977 | 14.2 | 8.4 [ 3.5 | 2.6
1978 | 14.5 | 8.5 | 3.6 | 2.6
1979 | 14.7 | 8.7 |[3.6 | 2.7
1980 | 14.9 | 8.9 |3.7 | 2.7

Table 8.

The estimated eutrophication indices

=D,

year
1973 | lo.1l | 12.4 3,2 0.7
1974 | 13.1| 12.4 | 3.5 0.5
1975 | 16.0] 13.1 | 4.9 | 1.1
1976 | 19.6 | 16.0 | 7.4 | 2.4
1977 | 23.5| 18.3 | 8.8 | 2.9
1978 | 27.3| 2l.0 [11.6 | 3.5
1979 | 31.2| 24.1 |15.1 | 4.5
1980 | 35.1| 22.8 |[13.8 | 4.5
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Table 9.

The numerical data of sinmulation

Indices and their | WB1 WB2 WB3 WB4

growth rate - . :

-~ 1980 | 29,0 |31,6 | 24,2 | 37,0 | 27,5|47,8 43,5
EEC; 0 &30 (1) | 29,0 | 31,6 | 24,2 | 37,0 | 27,5[47,8 [43,5
R st | AMedium | 30,7 [35,0 | 24,4 | 39,5 | 29,5(52,5 44,0
S8g (2) gxv __
£35 P Tone ,0 | 57,0 | 25,3 | 40,5 | 31,5|54,5 46,5
geographical indi-| 0,515 0,185| 0,126[ 0,051 0,053| 0,024 0,038
cator,HB(j,1)

1980 14,9 8,9 3,7 2,7
o B Zero(1l)| 14,9 8,9 3,7 2,7
DT D & .
+ O g N
sS el o Medium | 15,8 9,5 4,0 2,8
Baa s 3 2
QDO
k5% Strong | 16,5 lo,0 4,1 3,0
H 2o (3)
g 1980 | 31,5 26,0 11,0 5,1
-~ -
g*. | Zero )| 35,0 27,5 13,0 5,5
27 | & vedtum [49,5 | 32,8 [ 17,0 7,3
25y | B2
= A Strong | 60,5 39,2 20,8 9,5
AE¥ (3) ’ ’ ’ ’
§ Dé‘s Strong-Zero| 1,6 1,1 0,4 0,3
g
® |E* Strong-Zero| 25,5 11,7 7,8 4,0
) 85
ba
L]
i
A
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Table 10. Simulated lake protection strategies and

their effectiveness

Strategy | The applied growth rate variation on the|Effectiveness

No. watersheds (%)

| WSll WSZI—WS22 WS31—NS32 JS41-WS42

1 3 3 3 3 0

2 2 1 1 1 21

3 1 -2 1 1 39

4 1 1 2 1 40

5 1 1 1 2 40,5
i) b L 1 1 6

7 1 3 1 1 38

8 1 1 3 1 39

9 1 1 1 3 4o
lo 2 2 1 1 19
11 1 1. 2 2 39
12 3 3 1 1 2,5
13 1 1 3 3 38,5
14 2 2 2 2 18
15 1 2 2 2 38
16 2 1 2 2 19
17 2 2 1 2 19
18 2 2 2 1 18
19 3 2 2 2 2
20 2 3 2 2 16
21 2 2 3 2 17
22 2 2 2 3 17
23 3 3 2 2 1
24 2 2 3 3 17
25 1 1 1 1 41
26 1 3 3 3 33
27 3 1 3 3 3
28 3 3 1 3 2
29 3 3 3 1 1
30 2 3 3 3 15'5
31 3 2 3 3 1
32 3 3 2 3 0,5
33 3 3 3 4 2 1 0,5
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Appendix 1.

Selected development factors for indicating watershed

development and their impacts on nutrient loading

I. Natural factor

s (considered to be constant in time)

.Y
Factor Description bnlt

code

Values of factors

WSll WS

21

W822

WSBl

WS

32

WS4

1 WS

42

lake area connected

to WS T

136

188

ground surface area
of WS

|

D700 970
km2

660

320

200

the distance of the

average elevation of 8o 35

WS and WB above sea
level

160

4o

1lo

4o

loo

distance between the

areal graviiy center 05 13

of the WS and the
connected WB

12

average slope of
arable land of VWS

12 4

o0

average yearly
precipitation

mm o 745 630

650

680

6lo

maximum precipita=-
tion for one day

mm ] 130 lol

T4

lo9

63

73

average number of ;4
dry days in a
year

8¥8 1032 271

277

272

277

274

279

total length of
water courses

km D.230 680

i50

137

75

35

1o

length of rivers

km 40 (o}

11

potential water
resources (multi-

106m3 300 80

annual average
runoff)

year

To

25

30

lo

12

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

6,3 90

lo m

480

540

€15
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Appendix 1. (contd.)
IT. Regional (socio-economic) development factors
(data for 1930 and 1978)
Pactor Description |Unit |years Values of factors
AW Q g 13 T ML A
code ”311 szl WSzz JSjl J532 db4l JS42
P number of
13 constiant 153 | 1930 202 55 36 21 15 13 16
population |head| 1978 209 55 39 25 11 27 38
Fl4 number of 3
population lo 1930 8 2 2,8 1,0 0,9 1,1 1,1
working in . a ¢ fo
industry head | 1378 31 8 2,8 3,0 0,3 2,0 9,2
F15 number of 3
population lo 1530 1llo 19,0 12,4 7,0 4,5 3,6 4,4
i ; i
‘ggl{gﬁfftfl}e head | 1978 45 lo,0 4,2 4,0 0,8 5,5 5,1
7 visitor’s  |lo° | 1930 50 15 5 69 16 3o 25
16 day head | -
% dav 1978 1700 655 151 1593 420 1635 1750
1
{
F17 number of settle-
settlements |ments 1930 195 48 31 22 29 7 14
1978 177 43 27 22 9 4 8
P g number of 1930 50 2 20 2 3 3 3
industrial plants
plants 1978 190 14 57 lo 19 75 40
F19 number of 1930 o} o} 2 o] o] o} 1
large animal |farms
Farms 1978 16 15 8 2 3 1 3
F,,  arable land |km® [1930 | 198 722 359 218 165 72 109
1978 | 18oo0 625 282 192 144 60 87
Fy vineyards and 5 | q93, 150 21 32 lo 28 4 20
orchards km
1978 125 23 32 16 28 11 25
F,, forest land [m® | 1930 | 6lo 128 194 38 57 11 4o
‘ 1978 690 189 206 57 72 16 44
F23 :;22nized km2 1930 160 75 15 36 12 12 28
1978 180 75 22 36 16,5 26,5 37,5
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Appendix 1 . (contd.)
Factor Description Unit|years Values of factors
¥y i 3T ' 3t W I
code “Sll JS21 u.S22 .ISBl ..332 JS41 .IS42
P number of standard 3 .
24 (full-grown) lo” |1930 | 94 32 12,2 9,0 6,1 3,9 6,6
animals headl1g75| 75 23 12,9 7,0 7,0 4,6 8,0
F,. total amount of 3¢ [1930 1 0 0 0
25 fertilizers used | =% 93ﬁ ° ° °
in equivalents year 11978 | 32 15 6,1 7T 3,1 1,7 2,1
PO ’
12 Sth T :
P ength of motoring 1
o6 (paved) roads m 1930 o} 130 20 To 30 30 30
1978 150 226 216 llo l4o 235 228
Py ;gz:}ll ggzg;ial 10‘6m3 1930 | 6,3 10,8 0,4 38,5 0,2 0,5 0,5
demand year |1978 |44,2 31,3 1ll,0 16,2 4,0 18,0 22,0
r,, totaliactuel — 116,3]1930] 4,4 10,3 0,33 81 0,15 0,33 0,33
year 11978 32,4 26,1 7,0 11,1 1,8 1lo,3 17,8
F29 :'gz‘;iluggmem;ic 106m3 1930 f 3,1 0,8 0,1 0,4 0,1 0,2 0,2
year fi1g73li2,2 4,0 3,8 2,2 1l,0 6,1 4,5
o actual industrial
Fa5 water use lo6m3 1930} 0,2 0,1 0,01 0,1 0,01 0,01l o,0l
year |1978| 8,8 0,5 0,5 0,4 0,2 0,9 9,5
Py el vt we b o 05 0 01 Tk o o1
and fish ponds [year |1978] 9,3 20,5 1,52 8,0 0,26 2,78 3,35
F32 ?‘g:‘ug}li’;:;c.er use 106m3 1930 0,6 0,4 o,l 032 0,0 0,0 0,1
farming year [1978[ 2,1 1,1 0,9 0,5 0,3 0,3 0,2
water use with 6_3
F33 drinking water lo’m” | 1930f 3,7 1,3 0,2 °,7 0,1 0,2 0,3
quality year 11978]18,3 5,6 5,0 3,1 1,4 6,6 5,1
F34 %ﬁ:ﬂlieg.fwater 1061113 1930( 4,1 2,9 0,3 2,0 0,1 0,2 0,2
Year 1978 18,4‘ 13’4 4’5 3’4 1’5 5,1 5,4-
amount of 6_3
35 reused water Lo_m_r 1930 © © °
year | 2978 2,3 5,0
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Appendix 1.

(contd.)

Factor Description Unit ‘years Values of factors
T T i i T K 15
code dSll J321 w822 JS31 WS4, MS41 "%2
P amount of water 6 3
36 import from lo m” | 1930 © © © © © © ©
outside the year | 1978 4,2 1,6 0 1,0 0 0 o
watershed
F37 amount of water 1o6m3 1930 o o o o o o o
export to outsiddgyear 1978
the bagin 0 0,6 87,6 o o 7,4
F underground 6.3
38 Watergresources éga? 1930 4,0 1,3 0,09 0,7 0,05 0,06 0,07
taken out 1978 | 15,2 4,0 157,7 1,6 0,6 3,6 3,6
F39 g:zkigczgaisgatermB/s 1930 0,12 0,6 0,0l 0,5 0,01 0,0l o,o0l
& 1978 | 1,21 2,0 0,65 0,8 0,4 2,3 2,8
F4O irrigation water 3 1930 | o 0 o o ) ) )
in August il
use in augus /s 19781 0,5 1,0 0,35 0,1 0,1 0,8 0,7
7 total effluent 6.3
41 discharge collec-;%ag— 1930 1 0 o 0,1 0 0,1 o,l
ted by sewage - 1878 6,5 1,0 1,6 1,3 0,1l 4,1 ,8
works
Fyo Eiiiﬁii foluent o3 1930 o,1 0 o 0,1 o , 1  o,l
from F4§ year | 1978 [ 5,2 0,8 0,7 1,2 0,1 2,5 2,9
F43 existing storage 6.3 | 1930
capacity 10°m ° o 0,4 ° 0,2 o
1978 2,0 l,0 2,5 0,3 o,l 0,8
F44 number of reser- freser-4 1930 lo/15/ o/61/ o/4/ 13/ Jo/
voirs (and fish (voir N ° o/4/ o 0/0 0/5/ o/o/
ponds) (figh) 1878 |18/9/ 11/88/ 28/  3/16/ 1/o/ 3/8/ o/o/
onds
F number of constant
45 population supplisds. 19301 7 1 ° 1 ° 0 °
with waterworks lo_head1978 126 46 24 19 6 20 30
F46 number of constant
population supplied 1930 | 1 o 0 1 0 0,5 0,5
with sewage works , 3
lo“head
0" 2f8% 978 | 66 9 9,4 2 0,5 9,7 8,8
F47 irrigated area e ® 1930} o o) o) 0 o) o) o)
1978136 1,3 lo,1 o,2 1,7 18,6 22,3
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Appendix 1.

(contd.)

Factor Description

Values of factors

Unit years
w3 WS w3 w3 w3 w3 W3
11 21 22 31 32 41 42
F48 drainage area km2 1930 67 108 o) 24,7 o
1978 179 109 o) 24,7
F 1 th of
49 bzzihesoused _ 1930 0,5 1,0 0,1l l,0 0,3 0,3 0,6
for recreation | km 1978 6,0 20,0 2,2 29,0 11,0 18,0 18,4
FSO number of
existing licen-
water right ses 1930 425 7o 32 23 28 7 20
licenses for 1978 | 1556 277 260 105 380 455 475

water use and
waterworks




Note:

List and description of indicator indices
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I, denotes the normalized, dimensionless, while I'

Appendix 2.

denotes the original

k k
(physical) form of the k-th indicator index.
. it ipti
Name‘of Composition sz Descglptlon of effects
Index the index and description of I'. on nutrient
Code (eri (2) , I’ k
criteria of I 5 x | 10ading
erosion I'I =F;.F, higher value indicates
I; poten- <xrm |more erosion, more
tial slope of arable land x max. wash out from arable
one day precipitation land, thus more NL
. I! = F,/F . o
quantity 2 7776 mm |higher value indicates
IZ distribu- |max. one day precipitation mm |more wash out from
tion of average yearly precipitation the soil, more erosion
precip-
itation
. I 365 - Fg day |higher value indicates
L time = 1- — . . -
3 . . 3 F day less uniform distribu-
distri- 8 . . )
. tion of rainfall which
bution X
number of wet days is worse for wash out,
of pre- 1 -
cipita~ number of dry days water demand, water
tign management control,
causes more erosion,
etc.
. I ' = . . .
I, density 4 F‘g/F2 m higher Va%ue indlcates
o of km~ more erosion, more
natural length of water courses possibilities to col-
water area of WS lect and transfer both
courses point and non-point
sources
I natural Ié = F3/F4 o/oo |higher value indicates
5 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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Appendix 2. (contd.)
_ _
Index Name of Composition Unit |Description of effects
Code the and description of of I'. on nutrient
index of I' k
(criteria) k loading
16 population Ié = F14/F13 head |higher value indicates
ratio in- head |greater importance of
volved in population in industry industry, therefore
industry constant population more ecological prob-
lems, more water de-
mand, more sewage
water, more demand for
recreation, etc.
) y - higher value indicates
I7 population 1 7" L- *15</ Fl} head .. increase of effi-
ratio 1n- head . . .
> clency 1n agricultural
VOIYed in population in agriculture production, more non-
agricul- 1- point sources, fertitil-
ture constant population izer and chemical use, etc.
T visitor Ig = Flé/Fl3 visi- Jhigher value indicates
3 (tourist) tor |more NL to the WS and
loading visitor's day day |[the WB, more need for
constant population head |infrastructure, more
. non-constant popula-
tion, etc.
I density Ié = (F; +Fg* F19)/F2 sour- |higher value indicates
9 of pos- ces |more point sources, more
sible (settlements, industrial IOORA? NL, more need for treat-
point plants, animal farms) ment facilities, etc.
sources over area of WS
Ilo ratio of IiO = FZO/FZZ EEE higher value indicates
arable wm2 |more non-point nutrient
and arable/forest land loadings more erosion,
forest more runoff, etc.
land
use
2 . ..
I urban- Iil = F23/F2 km~ |higher value indicates
11 ized «m2 |more sewage water, more
part urbanized area infiltration to the
of the area of WS soil, more urban runoff,
WS shorter collection time,

etc.
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Appendix 2. (contd.)

available water resources

. Index Name of Composition Unit |Description of effects
Code the index and description ,OF of 1", on nutrient
(criteria) of I'k ' )
loading
. . 2 .
I ratio of IiZ = FZI/FZO km vineyards and orchards
12 vineyards - xm2 |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 erosion.
I fertilizer Ii3 = FZS/FZO kg/ |higher value indicates
13 use year/ |more nutrient loadings
total amount of used ha
fertilizer
arable land
density of ', =F,, /F head Jhigher value indicates
I 1SLYY 116 7 Fa4/ %2
14 animal km2 more NL (more sewage
populatior| number of standard animals water, more pasture
area of WS land use, more water
demand, etc.)
. higher value indicates
f o= .
115 den51Fy ° IlS F26/F2 z more regional develop-
motoring , km? ment, more traffic, more
roads length of motoring roads ) ;2
tourists, more point and
area of WS - X
non-point pollution
sources
F 3 . ..
I use of T - 28 m” higher value indicates
15 . 16 F, +F,o+F, -F 3 more use of natural
available 11 °38 "36 37 | m .

] _ resources, more regional
water total actual water use development, more water
resour- management activities
ces
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Appendix 2. (contd.)

Index Name of Composition Juit |Description of effects
Code the index and description of , .
(criteria) of T' of I k on nutrient
k loadi
oading
I17 gseq water I'17= [F28-(F34+F35+F41)]/F2 m3/ higher value indicgtes
infiltrated year/|more sewage water 1n-
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.
I18 ratio of IH8= 1 - F42/F41 m3 highe;Lvalue indicates
untreated treated effluent discharge| 3 more )
sewage “total effluent discharge o
discharge
I ratio of I'19= 1 - F&B/Fll m3 higher value indicates
19 unregu- —3 |more nutrient loading,
lated _existing storage capacity | ™ because less water can
runoff potential water resources be stored before getting
to Balaton
T. ratio of IEO= F45/F13 head |higher value indicates
<0 popula- head | greater development,
tion sup- |constant population supplied more water demand, wmore
plied with d.w.w. sewage effluents, etc.
with
drinking number of constant population
water
works
I. ratio of 1'. = F, /F head | higher value indicates
21 21 46" 713 )
popula- head |more sewage water facil-
tion sup- constant populstion supplied ities, than more nutrient
plied with d.w.w. loading.
with
sewage number of constant population

works
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Appendix 2. (contd.)
Index + | Name of ComposiFiog Unit Description of effects
Code the‘indgx and description of of I' on mutrient
(criteria)] of I'k I'k k
loading
I22 Fat%o of Iéz = (F47+F48)/F20 ka h%gher valug in?icates
1rriga- o - ] o higher cultlvatlon2 '
tion and area of irrigation and drainage more wash out possibil-
drainage arable land ities, etc.
. . head | higher value indicates
I, i‘;ﬁ‘;liat;-mn T3 = F13/%, .22 | higher effects (more
number of constant population vater demand, more
2reas of WS sewage water and re-
gional development, etc.)
I density 154 = FSO/F2 works | higher value indicates
24 of all 2 |wmore regional develop-
. km .
water number of water rights ment, more possible
works in area of WS sources of nutrient
the WS loading
ky
I beach “49 - higher value indicates
23 length I’ = —= |more nutrient loadin
g 25 7 6.5 g
indica~ 1z lo™n” | (more visitors, more
cor for recreation loading of
direct water)
recrea-
tion

loading
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Appendix 3.

Physical values of indicator indices for 1930 and 1978

Index Unit Physical values of I’k
code § ' ' -
s WSy, WS, LEPS WS3; WS3, WS, Ws,,
1. xmm 15,5%0 4,04 5,406 2,96 5,45 1,26 2.18
I, e C 0,17 0,15  o,11 0,11 0,16 o,lo 0,12
I, %%% c 0,43 0,65 0,68 0,66 0,68 0,67 0,69
1y 'ﬁ% ¢ 455,6 Tol,o 227,33 428,1 267,9 304,4 250,0
I ©/00 C 3,20 1,94 13,33 5,71 22,00 13,33 25,00
;6 %%%% 1930 0,04 0,04 0,08 0,05 0,06 0,08 0,07
1973 0,18 Q,15 0,07 0,12 0,03 0,07 0,24
I7 head 1930 0,46 0,65 0,66 0,67 0,70 0,72 0,73
head 1978 0,78 0,82 0.89 ___0.84 0,93 0.80 0,87
I visitor 1930 0,25 0,27 0,14 3,29 1,07 2,31 1,56
day/head
. 1978 8,13 11,91 3,87 63,72 33,13 62,78 45,05
Iy, EEiE%EE 1930 9,07 5,15 8,03 7,50 11,43 8,7 9,00
1978 14,19 7,94 13,94 10,63 11307 69,57 25,20 ;
I, wm® 1930 3,13 5,64 1,85 5,74 2,89 6,55 2,72
Km® 1978 2,61 3,31 1,37 3,37 2,00 3,75 1,98,
Ill gg; 1930 0,06 0,05 0,02 0,11 0,04 o0,l0 0,14
lm 1978 0,07 0,08 0,03 0,11 0,06 0,23 0,19
112 EE; 1930 0,08 0,03 0,09 0,05 0,17 0,06 0,18
lam 1978 0,07 0,04 0,1l 0,08 0,19 0,18 0,29
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Appendix 3. (contd.)
Tndex  Unit % Physical values of I?,
code 2 WS, WS, WS,,  WSg, WS, WS, WS,
I kg/ha/ 1930 5,2 0 o) 0 o) o) 0
13 7year ’
1973 178 . 240 216 365 215 283 241
I14 hegd 1930 34,8 33,0 18,5 28,1 21,8 33,9 33,0
an 1978 27,8 23,8 19,6 21,9 25,0 41,7 40,0
I15 ! 1930 3,7 134,o0 30,3 218,3 1lo7,1 260,9 150,0
2 . , , ‘
kam 1978 425,9 233,0 327,3 343,8 500,0 2043,5 1l40,0
3 )
I16 - 1930 o,0l1 0,13 0,00 0,32 0,00 0,03 0,02
m
1978 o,lo0 0,31 0,05 0,40 0,06 0,76 1,59
I m3/year/
17 [\ 2 1930 T4 7613 30 18750 143 261 150
1978 1926 12061 1363 20000 714 9565 13000
118 m3 1930 o] o} o] o] o] o]
m 1978 0,2 0,2 0,56 0,08 0,39 0,4c
Iy m 1930 1,00 1,00 0,99 1,00 1,00 0,98  1,0¢
o 1978 0,99 0,99 0,96 0,99 1,00 0,92 1,0c
I20 head 1930 0,03 0,02 0,00 0,05 0,00 0,00 0,0C
head 1973 5,60 0,84 0,62 0,76 0,55 0,74 0,79
121 hggd, 1930 0,00 0,00 0,00 0,05 0,00 0,04 0,03
head 1978 0,32 0,16 0,24 0,08 0,05 0,36 , 23
122 km2 1930 0,04 0,15 0,00 0,11 0,00 0,00 0,00
km® 1973 o,l2 0,18 0,04 0,13 0,0l 0,31 0,26

o/ e
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Appendix 3. (contd.)
Index Unit a Physical values of I’k
code o WS WS WS WS T WS
™ 11 21 22 31 32 “41 42

123 head 1930 74,8 56,7 54,6 65,6 53,6 113,0 80,0

xkm® 1978 77,4 56,7 59,1 78,1 39,3 234,8 190,0
124 EQ£E§ 1930 0,16 0,07 0,05 0,07 0,lo 0,06 o0,lo

km 1978 0,58 0,29 0,39 0,33 1,36 3,96 2,38
I . 1930 5¢6 4,2 0,4 3,7 1,1 0,7 1,5

2 T33
lo™m 1978 66,7 83,3 9,2 lo7,4 40,8 44,2 45,2
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Appendix 4.

List and scales of evaluation criteria for weighting

Criteria Scales (points)
Code Nomination 1 2 3
Interval of
A changing constant small large
Type of . slight strong
B changing uniform breaking breaking
C Bizgzgggn of decreasing uniform increasing
Differences
D among uniform nedium strong
watersheds
gffect on : o
E eutrophication small mediun strong
F Manageability no slowly quickly




Appendix 5.

lulticriteria evaluation of weighting factors

g;gzcggbr Bvaluation criteria points ol | Velue

indices 4 B G D E F LB (ZP) % of

I - (A-F) Yk

k points

1 1 1 2 3 3 2 12 144 | 3,3 10,033
2 1 1 2 3 2 1 lo loo 2,3 10,023
3 1 1 2 2 2 1 9 81| 1,8 { 0,018
4 1 1 2 3 1 1 9 81| 1,8 }o0,018
5 1 1 2 3 2 1 lo loo 2,3 10,023
6 3 1 3 1 1 2 11 121 2,8 | 0,028
7 3 2 3 1 2 2 13 169| 3,810,038
8 3 3 3 3 3 3 18 324 T,4 {0,074
9 2 2 3 3 3 2 15 2251 5,1 jo,o051
lo 2 1 1 1 1 2 8 64 1,4 lo,0l4
11 2 1 3 1 2 2 11 121 | 2,8 {0,028
12 2 1 2 2 2 2 11 . 121} 2,8 0,028
13 3 3 3 3 3 3 18 324} T,4 {0,074
14 2 1 2 2 1 3 11 121} 2,8 {0,028
15 3 2 3 3 2 2 15 2251 5,1 }o,051
16 3 2 3 3 2 3 16 256 5,8 10,058
17 3 2 2 3 2 3 15 . 2251 5,1 {0,051
13 3 2 2 2 3 3 15 225 5,1 0,051
19 2 > 1 1 2 3 11 121 | 2,8 jo0,028
20 3 3 3 2 1 2 14 196 | 4,5 {0,045
21 3 3 3 2 2 2 15 225 5,1 {0,051
22 3 1 3 3 1 2 13 169 3,8 10,038
23 2 1 3 2 ) 2 12 144 | 3,3 {0,033
24 3 3 3 3 2 2 16 256 | 5,8 0,058
25 3 3 3 2 3 2 16 256 | 5,8 10,058
Total 4395 [1oo,0 {1,000




