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- 
THE EUTROPHICATION PROBLEM 

Man-made eutrophication has been recognized as the major prob- 
lem that threatens the water quality and ecosystem of lakes 
throughout the world. Initially, disquieting changes in the lake's 
ecosystem were discernible only to specialists, such as freshwater 
ecologists and limnologists, but it was not long before massive algal 
blooms, discoloration, taste and odor problems, and occasional fish 
kills started to threaten public-user functions. Since then, both 
growing awareness of the importance of the function of ecosystems, 
in general, and adverse public reaction, in particular, have forced 
water managers to look for solutions to stop further deterioration 
and to implement measures that would ensure the restoration of the 
water quality of lakes in the long term. 

Lake eutrophication control is not an easy task. Although 
there is general agreement that the exponentially increased nutrient 
loads that result from agriculture, urbanization, and industrializa- 
tion are responsible, there are many differing options for their con- 
trol, among which load reduction, for example by tertiary sewage 
treatmrnt, is just one. The problem is multifaceted since the effects 
are visible in the lake, but the causes lie in the watershed and 



consequently to achieve a balanced control strategy requires a 
thorough analysis of the sources, transport routes, and lake ecosys- 
tem responses in order to assess the cost-effectiveness of the various 
alternatives. However, not only is such an analysis required; just as 
essential is the provision of a methodology to aggregate and reshape 
knowledge that is gained at the scientific level to make it useful for 
management application. The combination of these two aspects, 
analysis and synthesis, can be seen as the unique feature of the sys- 
tems analysis study on shallow lake eutrophication conducted at 
IIASA , of which Modeling and Managing Shallow Lake Eutrophi- 
cation is the outcome. 



- 
SHALLOWNESS 

In deep lakes, the algal organic matter produced in the photic zone 
sinks to deeper layers, where it is decomposed by bacterial action. 
During the summer, lake stratification prevents the nutrients 
released in the decomposition process from becoming available 
again to the primary production cycle and hence internal enhance- 
ment of the eutrophication process is postponed until after the 
autumn turnover, when environmental conditions for algal blooms 
are less favorable. In shallow lakes, where the hypolimnion buffer is 
absent, the eutrophication process can be more rapid and drastic. 
The shallowness makes the lake more vulnerable to variations in 
weather and nutrient inputs from runoff. Usually stronger irregu- 
larities, both within a year and on a year-by-year basis, are 
observed in shallow lakes as compared to deep lakes. In addition, 
the direct contact between the sediment and the productive water 
layer adds an extra dimension to the complexity of the nutrient 
cycle dynamics. All this may have contributed to the fact that the 
eutrophication control of shallow lakes has progressed less far and 
has bee11 less successful than for deep lakes. Moreover, a 



comprehensive study of science-based eutrophication management 
of shallow lakes has been lacking thus far. 

Rather than studying shallow lake eutrophication in general, 
it is more practical and fruitful to undertake a case study. Lake 
Balaton, Hungary, is the largest lake in Central Europe and is an 
almost ideal prototype for such a study. The lake exhibits unfavor- 
able signs of artificial eutrophication, there is a vast amount of data, 
and considerable experimental research supports the development 
of systems models. Many phenomena that occur in Lake Balaton 
are also observed in other shallow lakes and, although no two lakes 
are ever really the same, the results can be considered representa- 
tive of an approach that tackles the problem on the basis of practical 
experience gained with an actual case, so that it is truly likely to 
find application in other, similar eutrophication control studies. 



3 - 
THE DISCIPLINES INTERACTION GAP 

There are numerous publications on eutrophication in the scientific 
literature. However, most of these tackle the problem from one 
particular specialist viewpoint and, in general, a considerable lack 
of interaction and communication between the various disciplines is 
observed. For example, basic information about processes in lakes 
is provided by aquatic biologists and limnologists, but it has proved 
extremely difficult to convey these results to ecological modelers, 
partly because the information is frequently descriptive rather than 
quantitative and partly because there is no tool to decide what is 
important and what is not. The tendency in ecological modeling to 
respond to this by incorporating more and more species and com- 
ponents in the models is criticized by systems theoreticians, because 
such models are not identifiable from the existing data. On  the 
other hand, systems engineers who try to induce models from field 
data have their particular bias in that they tend to ignore the 
existence of the vast amount of a priori knowledge available from 
biological studies. A similar communications gap can be observed 
between ecological modelers and hydrodynamicists, in which the 
first group almost completely ignores hydrodynamics, while the 



second tends to overemphasize the role of hydrodynamics in view 
of the time and space scales involved in ecological phenomena. 

Even more striking is the confinement to discipline 
boundaries in the interaction between those working on in-lake 
problems and those concerned with the watershed. Generally, for 
in-lake studies nutrient inputs are simply taken as given inputs and 
hardly any analysis is given to the origin and nature of these inputs. 
Conversely, watershed transport and transformation processes are 
studied without much concern for the effects on the lake. In  the 
study of water resources management the problem is usually very 
aggregated with virtually no interaction with process studies of the 
watershed or of the lake. 



THE DECOMPOSITION AND 
AGGREGATION APPROACH 

The method developed and described in this book attempts to over- 
come these difficulties. The principle employed is a logical 
sequence of decomposition and aggregation. The essence is that the 
system is first broken down into smaller units accessible to detailed, 
discipline-based analysis. The results of these analyses are then 
aggregated and only the essential features preserved for the subse- 
quent part of the study - that is, the transition from the 'micro' to 
the 'macro' level. Thus, a pyramid of models is formed with the 
ultimate water-quality management model at the top. At this level 
the aggregated nutrient load model (the watershed) and the lake 
eutrophication model (the lake) are coupled, but a characteristic of 
the method is that this does not require the direct coupling of all the 
detailed models into one large model. In this way a framework is 
created that permits the simultaneous consideration of scientific and 
resource management issues, the handling of complexity, and the 
accommodation of various kinds of uncertainties. 

First, in this approach an analysis is made of the detailed sub- 
processes that might be important to solving the problem. Examples 
are algal primary production, the sediment water interaction, lake 



circulation, watershed phosphorus load, etc. This stage of the pro- 
cess is research oriented and the principle objective is to gain 
insight and provide a thorough scientific basis for development of 
the model in the next stages. 

The second step is concerned with modeling. In this stage 
there is a dichotomy as well: one part is concerned with the 
development of submodels, with which we try to simulate behavior 
under various conditions, and the other part is concerned with 
combining the submodels to work usefully together. Examples are 
lake eutrophication models and nutrient load models. Since, at this 
level, not every detail is needed, this process is concerned with 
simplification, but also a thorough analysis is made to analyze the 
effects of uncertainties. Uncertainties arise from model reduction, 
from data uncertainty, and from uncertainties in uncontrollable as 
well as controllable inputs. The result is that model predictions are 
not deterministic, but stochastic in nature. 

In practice, the research and modeling steps are strongly 
interrelated, because modeling leads to notions of the relative 
importance of various subprocesses and also serves to elucidate 
black spots in the available knowledge. In  the book we give several 
examples of this cross-fertilization between modeling and research. 

In the third stage of the analysis the results of the research 
and modeling steps for the different sections of the problem are 
used to evaluate management alternatives. Again, rat her than 
using the full simulation models, a strong aggregation is applied, 
again extracting the major features. This aggregation allows the use 
of optimization procedures and also allows a much more under- 
standable transfer of information to policy makers, e.g., in the form 
of clear cost-benefit outcomes. 

It should be stressed that the approach developed is science- 
based and ensures using as much information as possible, but in a 
form that is tractable to the level of management. A basic feature of 
the approach is that it looks for the relative importance of various 
processes, decisions, and policies in the entire problem without 
making a priori assumptions about them, while still remaining at a 
relatively low level of complexity. Model development is strongly 
goal-oriented and the limitations entailed by pragmatism are largely 
compensated by a science-based analysis of their impacts on policy 
options. 



SCIENTIFIC FINDINGS 

The detailed research on phytoplankton dynamics and nutrient 
uptake shows that this process is still far from being understood. 
The classical Monod description for phosphorus limitation appears 
to be just a very rough approximation of the true behavior. Experi- 
ments with a model in which the phosphorus-phytoplankton inter- 
nal ratio is allowed to vary suggest that such models might give a 
better representation of dynamical behavior than the usual fixed 
stoichiometry models. In addition, occasional nitrogen limitation 
might complicate the dynamic behavior even further. All in all, at 
the scientific level much is still to be learned. However, the research 
also shows that these details have surprisingly little effect on the 
maximum algae concentrations predicted, the response being 
approximately linear with respect to the total load. The reason is 
that in phosphate-limited lakes, such as Lake Balaton, all the phos- 
phate that enters the lake water is immediately taken up by the 
algae and the maximum standing crop is simply determined by the 
total phosphate available, irrespective of the pathway to this point. 

In the light of this result the amount of phosphate generated 
internally in the lake from the lake's sediment becomes extremely 



important. Sediment research shows that both adsorption mechan- 
isms and mineralization are important processes for the total 
release. Short-term dynamics are also influenced by resuspension 
and settling of particles due to wind action. This phenomenon, 
which is also important for the light intensity in the lake, has been 
modeled successfully. Both direct sediment research and modeling 
of the phytoplankton dynamics indicate that in the summer the 
internal load can be about the same as the external load. This 
implies that, in the short term, a complete cut in external load will 
leave algal peaks that are about one half the original level. Of 
course, from the point of view of management, this is not an attrac- 
tive perspective. However, in the long term the response is 
governed by the recovery of the sediment, which depends upon the 
amount of phosphorus already stored in the sediment buffer. The 
results of the research suggest that readjustment of the sediment 
release to reduced nutrient loads can be fairly fast - about a couple 
of years - since most load reduction schemes result in a lower ratio 
of phosphorus load to adsorbent load, and so more phosphorus is 
immobilized in the sediment top layer. Consequently, the prospects 
for further algal level depression in response to load reductions are 
not as unfavorable as one would tend to believe from the short-term 
response calculations. 

Study of the sources of external loads shows that sewage con- 
tributes roughly 50% of the available load. It also reveals that a 
major fraction of the particulate phosphorus load is transferred to 
the lake during storm-water events. A considerable portion of this 
phosphorus is not available for algal growth, but the part that is 
available probably originates from runoff of fertilizer phosphorus. 
The total phosphorus balance for the region shows that only a few 
percent of the phosphorus applied in the area reaches the lake. A 
considerable percentage is stored in the soil of the watershed, thus 
constituting a long-term potential danger to the lake. 

The distribution of the load along the longitudinal axis of the 
lake is responsible for the longitudinal gradient of phosphorus, 
algae, and other constituents along the lake. The degree of mixing 
due to wind action is insufficient to level out these gradients. 
Hydrodynamical analysis shows that, in the case of Lake Balaton, a 
separation of the lake into four segments of different volume pro- 
duces a correct longitudinal mixing behavior. The four-boxes 
model allows for a much simpler computation, at the cost of loss of 
some spatial detail. The separation proves particularly useful in 
evaluating the regions that should receive priority in abatement 
programs. 



- 
HANDLING UNCERTAINTIES 

An important finding is that the behavior of the lake's algae is 
strongly influenced by climatic factors. Unfavorable conditions of 
temperature, solar radiation, and the like can compensate a large 
reduction in the nutrient load and the effectiveness of a load reduc- 
tion program can be masked by such events. In fact, predictions 
using a stochastic input generator for both loads and climatic fac- 
tors, based on historical data, show that annual chlorophyll-a peak 
concentrations in Lake Balaton can range between 30 and 150 
pg/l It is important to make a distinction between the runoff and 
the sewage components of the load, because the former influences 
mostly the variance of the annual algal peak sequence, whereas the 
latter predominantly influences the average level. These findings 
demonstrate the crucial role of uncertainty. In most studies pub- 
lished up to now no formal methodology has been offered to incor- 
porate these uncertainties into the final management model. 

The method developed incorporates a step to condense the 
information obtained from the dynamic lake model into non- 
dynamic information suitable for decision making. The idea is that 
decisions are made on the basis of the behavior of some aggregated 



variables. In this case, the yearly peak chlorophyll-a concentration 
was selected as the target to be reduced. The transformation from a 
dynamic into a nondynamic, aggregated form was made possible 
by the observation that peak chlorophyll-a depended in a simple 
way on the nutrient load. The uncertainties due to uncontrollable 
weather conditions appeared in this function as a band around the 
nominal value. The average level of loads and load variability, 
resulting from the stochastic load model, are treated as controllable 
inputs to the stochastic management model. Thus, a framework has 
been created that maintains uncertainty information at a highly 
aggregated, nondynamic level and that then leads to a stochastic 
management model which can next be used in optimizing water 
management. 



WATER QUALITY MANAGEMENT 

Using realistic data, both linear programming and stochastic pro- 
gramming with recourse were applied to calculate which control 
strategies would maximize the improvement in water quality for a 
given, fixed annual budget. The  objective function combines both 
improvements in expectation as well as variance of the chlorophyll- 
a levels in the four basins. If relatively low budgets are available 
only, tertiary sewage treatment, starting from the basin with the 
highest volumetric loading, is the most cost-effective. The  expected 
peak for chlorophyll-a drops from 75 to 55 mg/m3, but the 
extremes are still high; they fall from 140 to 120 mg/m3 only. Any 
further increase in budget, by five- or  ten-fold, does not give sub- 
stantial improvements in water quality. Beyond this point 
prereservoirs, such as sedimentation basins and reed belts, enter the 
solution and then the expectation of the annual algal peak drops 
further, from 55 to 40 mg/m3, whereas extremes fall drastically 
from 120 to 60 mg/m3. This result clearly demonstrates the impor- 
tance of taking stochastic effects into account and also points out 
that high costs must be rnade if occasional, extreme peak 
chlorophyll-a concerltrations are to be avoided. 



Another significant outcome is that if it is impossible to 
obtain a sufficiently accurate water-quality model in a particular 
study it would be wise to allocate control measures among the 
different sections of a spatially nonuniform lake according to the 
volumetric load distribution rather than the distribution of absolute 
loads. A sensitivity analysis of the management optimization model 
shows that, apart from the in-lake processes, other factors are 
equally important in the optimal solution. Among these are river 
retention coefficients, effluent standards, cost functions and their 
uncertainties, and capital recovery factors. Most notable is the 
finding that for lakes with spatially nonuniform water quality the 
prescription of fixed overall effluent standards is far from optimal. 
If the money saved by relaxing the standards in regions with a low 
volumetric load is spent in regions with a high volumetric load, a 
mu,h better water quality can be achieved. 

The question might arise whether these finding had any 
significant impact on the actual solution of the environmental prob- 
lem of Lake Balaton. In many similar studies reported in the litera- 
ture the answer is "no", but not so in this case. In fact, the science- 
based approach helped to properly understand the nature of the 
extremely heavy algal blooms that "unexpectedly" occurred during 
recent years, which resulted in a modification of the existing 
management plan according to the outcomes of the research. 



- 
CONCL USION 

The gradually increasing pollution of lakes causes more and more 
water quality problems that need to be solved within a relatively 
short period of time. Insufficient ability to predict ecosystems 
behavior calls for further research, while at the same time direct 
measures are urgently required to prevent further dramatic changes 
in the ecosystem. So, both scientific and practical issues are impor- 
tant and a suitable procedure should give due account to both 
aspects. Modeling and managing lake eutrophication are not and 
should not be sequential processes, but rather they should be syn- 
chronized. This is the only way to achieve the integration of 
scientific results as soon as they become available, which leads to 
appropriate updates of management applications. In  this book we 
show that an approach that harmonizes scientific research and 
management application can, indeed, be developed. For this reason 
it is worth examination by anyone who is concerned with the prob- 
lem of lake eutrophication. 



- 
PURCHASING THE BOOK 

The book is divided into three parts. In Part One we describe the 
methodology. After an outline of the background to the Lake Bala- 
ton eutrophication problem chapters follow on the approach, on 
lake eutrophication models, and on eutrophication management 
models. Quite unusual for this sort of book, but highly interesting, 
is the chapter in which we demonstrate the impact of the study on 
policymaking at the governmental level in Hungary. Part One can 
be considered as containing the core of the results of the study. And 
although Lake Balaton is the object in this case, the method and 
approach are definitely of much wider interest. 

In  Part Two we deal with the description of processes and 
subsystems. Selected authors were invited to write these chapters, 
but a major effort was made by the editors to unify the various con- 
tributions. Topics discussed include the characteristics of nutrient 
loads, sediment and its interaction with water, phytoplankton 
changes during eutrophication and phosphorus and nitrogen meta- 
bolism, wind-induced water motion, and a coupled 
hydrophysical-ecological model. The contributions to this part of 
the book can be considered as reports on each of the specific issues 



on each of the specific issues that are needed for a complete under- 
standing of the problem as a whole, but at the disciplinary level. A 
number of new ideas, hypotheses, and experimental findings are 
presented here. 

I n  Part Three we cover a number of selected topics, chosen 
because of their originality or because of their implicit contribution 
to the success of the case study. Subjects to be found here are 
hypothesis testing and parameter uncertainty analysis in simple 
phytoplankton-phosphorus models, a complex model for simulat- 
ing the Lake Balaton ecosystem, a comparison of water quality 
models and load reduction predictions, the role of the major tribu- 
tary in the eutrophication of Lake Balaton, and the influence of 
watershed development on long-term eutrophication. Again, a 
number of methods, analyses, and ideas in these chapters are of 
broad interest and are applicable to other shallow lakes as well. 
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