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This book has been written as an attempt to explain the concept of
Environmentally Sound Management and Development of Lakes. Our lives
depend on both natural lakes and artificial reservoirs because they provide
drinking water for millions, water for agricultural and industrial
development and they provide unique recreational opportunities.

Many problems, however, arise from the process of development itself.
Agricultural growth together with the construction of irrigation and drainage
systems, the cleaning of forests, the building of factories and the use of
fertilizers and pesticides - all may cause environmental damage to the lakes
and lake basins; An advanced stage of lake eutrophication is virtually
irreversible;  Consequently environmental problems relevant to the lake
regime need to be solved at a very early stage.

Management of lakes should be considered as a component of sustainable
development of any country. Efforts to manage lakes and their watersheds in
an environmentally sound way form an important part of the activities of
United Nations Environment Programme. Nationally adapted and locally
appropriate policies and guidelines for the environmentally sound
management of the lakes are needed everywhere.

For their implementation this comprehensive book will hopefully form a
relevant working framework; nevertheless the dedication of a limnologist
who wrote it will amount to nothing unless the conclusions are ultimately
translated into hard concrete action at individual lakes.

The designations employed and the presentation of material throughout
this publication do not imply the expression of any opinion whatsoever on the
part of U.N.E.P. concerning the legal status of any country, territory, city or
area of its authorities, or concerning the delimitations of its frontiers or
boundaries.



FOREWORD

The traditional friendly relationship between lakes and humankind, is
now being jeopardized by unbalanced development of our civilization. Due to
the misuse of surrounding lands the increased sediment inflow has filled a
large number of natural and man-made lakes to the extent of completely
diminishing their utility value. Toxic chemicals produced or used in
watersheds have contaminated lake water, bottom sediments and fishery
products and endamaged the use of these resources. Nutrients contained in
industrial, agricultural and domestic wastewaters have caused the
eutrophication of lake water, completely changing of the aquatic ecosystems
by the explosive overgrowth of planktonic and other plants and degrading the
quality of the water we use. The acid rain, which is a result of accelerated
air poliution with oxides of sulphur and nitrogen, has also been an important
factor leading to the drastic decline of lake productivity in certain parts of
the world.

This degradation of lake environments and resources is now a
world-wide issue. Efforts urgently have to be made to restore the friendly
coexistence of lakes and humankind through appropriate management of
lake/watershed systems to assure the sustainable use of their resources.

In view of the scarcity of international bodies devoted to this specific
issue, the International Lake Environment Committee (ILEC) was founded as
a non-governmental organization of scientific and managerial experts aiming
at contributing to the promotion of environmentally sound management of
lakes and their resources through intellectual non-profit activities. ILEC
initiated its operation in 1986 in close cooperation with international
agencies such as the UN Environment Programme, the UN Centre for Regional
Development, the International Society of Pure and Applied Limnology, etc.,
as well as the government of Shiga Prefecture, Japan, and other
governmental and non-governmental bodies. At its foundation it was a
voluntary organization, but was later reorganized as a juridical corporation
providing the original committee the status as its Scientific Committee.
The ILEC's activities are currently concentrated on the four following
subjects: the preparation of guideline books on reasonable lake management
principles, the compilation of world lake environment data, the promotion of
relevant traning courses and workshops, the provision of support to the
Conference on the Conservation and Management of World Lake Environment
which has been and will be held biennially since 1984.



The members of ILEC Scientific Committee are very pleased to see the
publication of this book as the initial output of the Joint UNEP/ILEP Project,
"Promotion of Environmentally Sound Management of Lakes” , which includes
the first and third subjects of ILEC's activities. We should be very pleased
if this book proves useful for decision makers, development planners and
environment managers of the world, particularly in developing countries.

Representing ILEC in expressing its heartfelt thanks to Dr. Mostafa
Tolba, Executive Director, and other staff of UNEP for their continuous
encouragement and support to the present publication programme.

March 1988 Tatuo Kira
Otsu, Shiga Chairman
Scientific Committee of ILEC
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PART A

GENERAL PRINCIPLES



This part of the book will present the general principles and concepts of
lake management. A detailed approach to concrete lake management problems
- eutrophication, acidification, fishery yield etc. will be presented in later
volumes of this guideline book series. This book should therefore be
considered as a presentation of the basis for the other guideline books, as it
attempts to touch on all aspects of lake management: the ecological, limno-
logical, technological, economic and social ones.

The multidisciplinary and holistic views of lake management are
emphasized in the introduction. It may also be called the macroscopic view,
as not only a single lake components or even the lake, but the entire
watershed is considered.

Chapter 2 presents the basic ecological concepts of lake management. The
chapter is named ecosystem concepts with emphasis on system. The chapter
reviews how a lake is working as an ecosystem.

Chapter 3 summarizes the problems of lakes and reservoirs. Later
volumes in the guideline series will focus on particular problems such as
eutrophication, toxic substances and fishery. Therefore, this chapter will not
deal with the problems in detail but only present some general principles and
a summary on lake management problems.

After recognition of the problems must follow an assessment of the
problems. Consequently, chapter 4 surveys qualitative and quantitative
assessment methods as the next step.

In chapter 5 a quantitative assessment of the sources to the problem by
using mass balances is presented, followed in chapter 6 by a review of
modelling, which is a more and more widely used tool in lake management
since it enables the scientist and the manager to overview complex systems
and problems.

Chapter 7 reviews the remedial techniques, that we have at disposition of
an environmentally sound solution to the problems. The chapter deals not only
with environmental technology but also with the ecological engineering
methods, that may be applied to solve some of the problems for instance
those related to the non-point sources or to carry out lake restoration.

The last chapter of this part focuses on planning and management of
comprehensive environmental planning. This chapter touches on the
social-economic aspects of lake management and present also the application
>f environmental impact assessment (EIA) as a useful tool in environmental
mnanagement and planning. The holistic, macroscopic views and the importance
>f considering all aspects from ecological to social-economic simultaneously
are particularly emphasized in this chapter.

The measurements and samplings which need to obtain a first information
) lake structures and functions are summarized in a flowchart presented in
‘he appendix.
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CHAPTER 1

GENERAL INTROD

Lakes are open systems i.e. they exchange energy and mass with the
environment. The state of the lake is obviously strongly dependent on these
exchange processes, which are described by use of what is called external
variables or forcing functions (they describe the forces on the lake as
function of time). Forcing functions are either controllable or noncontroll-
able. The latter are for instance precipitation, wind, solar radiation, etc.,
while the controllable ones are, for instance, in- and outflow of water,
nutrients and toxic substances.

The state of the lake is described by use of state variables or internal
variables . Examples are phytoplankton-, nutrients- and fish concentrations.

The core of lake management is to find the relations between the forcing
function and state variable and to use the knowledge of these relations to
change the controllable forcing function to achieve a desired state of the
lake. The tools (quantification methods, models) implemented to obtain the
relationships are described in chapter 5 and 6, while the method (remedial
techniques) available to change the controllable forcing functions are
mentioned in chapter 7. The relations of these concepts are illustrated in
Fig. 1.1.

Decisions
Forcing functions Remedial techniques
Qé.‘.%,g S~ J
{controllable) Quantifications /

Models

State variables
(Lake)

Figure 1.1 Relations of the concepts given in the text.

However, lakes are integrated parts of the entire watershed. As they are
open systems the watershed will influence the lake, and the lake will
influence the watershed. It is therefore hardly possible to manage the lake

-13 -



as a system, separated from the watershed and its environment. This
emphazises the need for system approaches and modelling, as you need to
survey a complex ecosystem and even an entire watershed. Therefore, good
management strategies do not imply that a problem is analyzed as an
isolated matter, but it is always required to relate environmental problems
to the entire lake and its environment. Fig. 1.2. illustrates an example of
bad or lack of management, which unfortunately is often seen in practice. A
lake is used for the production of drinking water and the water authorities
may put a lot of effort into the production of high quality drinking water.
Separately from this issue, the waste water authorities may be concerned
with the influence of waste water on the water quality of the lake. No
coordination between the 2 authorities takes place. If good management is
used first of all, a coordination between the production of drinking water
and treatment of waste water must take place.

—| Water
work Q]

use of water
(domestic and

=
@ industrial )
[e wastewater
treatment
=
Figure 1.2 An example of bad lake management.
recycling
|Water | ( industrial !
work / use of water
B
.[ .
% coordination
- Z
Z
wetland wastewater |, y.
V treatment
Figure 1.3 llustration of a good management strategy.
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Furthermore, it should be considered to recycle the water partly. Some
industries may be able to recycle their water or use partly treated waste
water and thereby decrease the cost of drinking water and treatment of
waste water and even the impact om the ecosystem. This better
management strategy is illustrated in Fig. 1.3.

Another illustration of the difference between good and bad management
strategy is shown in the same figures. In Fig. 1.2. the emission of nutrients
from agriculture is not considered. Consequently, the lake water will by
very eutrophic and/or it is required to apply a very advanced and expensive
waste water treatment. In Fig. 1.3. wetlands are maintained along the
shores of the tributaries to work as traps for the nutrients coming from
nonpoint sources. This will reduce the need for advanced waste water
treatment and also for a more comprehensive treatment of the portable
water.

The conclusion of these considerations is clear: go a step backwards and
use a “macroscope” to consider the entire ecosystem and its environment as
one system and optimize on that level.

The importance of this approach to lake and reservoir management must
be assessed from two standpoints, with regard to theoretical and applied
objectives:

1) With respect to the importance of the catchment area as the site of
the principal sources supplying the lake, not only in hydrological and
energetic terms but also in chemical, that is to say, nutrient and toxic
substance terms.

2) With respect to the goals of management taking into account the
relationship existing between the properties of the catchment area and the
trophic-productive level of a lake system situated in a given catchment area.

The underlying concept which meets these premises is that of "loading"
and has given rise to that of "loading tolerance" of a lake system in terms of
its morphological, hydrological and overall limnological conditions.

The diagram presented in Fig. 1.4 illustrates the connection between the
external load and the major processes and compartmental routes inside the
lake.  While classical limnology dealt mainly with compartments and
processes inside a lake, this diagram attempts to emphasize that the
external nutrient load is the food of the cyclical processes within the
system, that is to say, the system is preserved or changed, precisely as a
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function of this food. Therefore, loading as a concept takes on a position of
fundamental importance both in theoretical research and in practice.

It follows furthermore from this approach to the problem that - to
understand the operation of the system, lake or impoundment, in its totality
- it is necessary to describe its dynamics not only in qualitative terms but
in terms of mass flow and balance, that is to say in exact terms of how
much material enters, leaves and remains in circulation.

From the foregoing, we may already attempt an initial conclusion of a
practical nature. A lake system with a short water renewal time will be
balanced - following a variation in the external nutrient load - at a trophic
level different from that of a lake system with slower renewal. This is due
to the fact that the retention time of the substances within the
production cycle will be longer, the longer the renewal time of the body
of water. Therefore, a lake system with slow water renewal will be more
susceptible to eutrophication, toxic substances and pH-changes, in relation
to a given load, than a system with rapid water renewal. The quantitative
aspect of this concept will be considered below.

CONCEPTUAL MODEL

slow tast
exchange exchange

) E (2) ! (3)
Erosional Dissolved Qrganogenic

Component Components Components Out

Slow Sedimenting
Sediment { phyto/ zoo/detritus
Return fine-grain sediments)

Fast Sedimenting
(coarse-grain
erosional sediments)

f///f//l///////

probably . (sediments)
zero-order zero~order tirst order
reaction reaction reaction
Reaction (1) &=(2) Influences Lake Content only transitorily

Reaction (2)45(3) Deciding for Lake Content yet cannot be defined
at a time resolution basis of 1 year

Figure 1.4 Conceptual model, illustrating the connection between the external load and the major
processes and compartmental routes inside the lake.
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Implicitly, Fig. 1.4 provides additional hints for practical eutrophication
management for such cases where external nutrient load control is
impossible or only partially possible.  Eutrophication can partially be
controlled by slowing down or altering lake internal mechanisms and
processes. Alternative interventions into lake dynamics can be quite
varied, can be applied singly, or in combination, including external load
manipulations.

-17 -



CHAPTER 2

ECOSYSTEM CONCEPTS

2.1 INTRODUCTION

A scientific approach to lake and environment management is concerned
with the study of structures and functions of aquatic ecosystems. The
study of physical, chemical and biological parameters reveals the
importance of the structures for understanding the functions of the
ecosystem. Structure means e.g. the distribution of nutrients in the water
column and the pattern of phytoplankton and zooplankton connected with the
chemical background. From the functional point of view the primary
production of the phytoplankton, metabolically coupled with the supply of
limiting nutrients is one of the key processes enabling aquatic life.
Metabolic activities of microorganisms are also of eminent importance for
building up definite structures and functions in nature.

The term ecosystem was first proposed in 1935 by the British
ecologist A.G. Tansley, but the concept is much older. Thus Karl Mébius,
Professor of the University of Kiel (Germany), in 1877 discussed about the
community of organisms of an oyster reef as a "biocoenosis”, and in 1887 the
American S.F. Forbes wrote his classic essay on the lake as a "microcosm".
The term "ecosystem"” has now asserted worldwide and has been assimilated
in all languages.

Ecosystems are forming a very complex coupling of components to form
functional units. Therefore, it appears useful, first of all to discuss the
different components in order to make the complexity transparent.

2.2 THE ENVIRONMENT

Freshwater ecosystems occupy a relatively small portion of the surface
of the earth in comparison to marine and terrestrial habitats (see Table 2.1).
The amount of freshwater including the glaciers of the Arctic and Antarctic
regions accounts for only 2.4% of the total global amount of water. 97.6%
belong to the vast amounts of water in the oceans, which cover 71% of the
surface of the earth. Lakes contain only the very small part of about 0.01%
of the global amount of water.



Table 2.1 Water of the world

World Water Reserve
Oceans
Underground Salt Water

Freshwater Reserve
- in Polar Ice & Glaciers
- Groundwater

In Rivers and Lakes

Reserve in Rivers and Lakes
- Atmosphere 9.3%
- Rivers 0.9%
- Lakes 89.8%
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Globally the water balance is dominated by the fact that more water
evaporates from the ocean than is returning via precipitation.
evaporation supplies 86-88% of the total global evaporation, whereas the
area of the oceans amounts only 71%.

regulator of the global water balance:

continents
precipitation 100
evaporation 63

Thus, the oceanic evaporation is a

oceans
411
448

(figures in 103 km3/year, after Flohn, 1973)

The water itself has got several unique thermal properties which are
decisive for the special features of freshwater ecosystems:

1. Water has its greatest density at 3.98°C, it expands and becomes
lighter both above and below this temperature.
connected with the dipol character of the water molecule is the reason
for freezing of lakes from the surface and prevents lakes from freezing

solid.

2. High specific heat, which means that a relative large amount of heat

-20
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is required for changing the temperature of water. Thus, temperature
changes are smaller and occur more slowly in water than in air. This
"temperature buffer" has great importance for all biological processes.
4.18 kJ is required to raise one kg of water one degree (between 15° and
16°). Only ammonia and a few other compounds have values higher than
4.,18!

3. During evaporation 40.66 kJ/mole (at 100°C) or 44.02 kJ/mol at 25°C
are absorbed. That is the highest known latent heat of evapora-
tion. Therefore, a major part of the incoming solar radiation is
dissipated in the evaporation of water.

Temperature changes produce characteristic patterns of stratification
and circulation which greatly influences the aquatic life (compare 2.8).

2.3 STRUCTURE

The major components comprising the structure of a freshwater
ecosystem are the following (after Odum, 1971):

Abioti mponen

1. [Inorganic substances involved in material cycles.

Total ionic salinity of surface waters.

The ionic composition of surface waters is dominated by four major cations,
Ca2+, Mg?+, Nat, K* and four major anions, HCO,", CO42-, SO,2 and CI". These

usually constitute the total ionic salinity of the fresh waters.

In open lakes of the temperature zone calcium and bicarbonate ions are
prevailing:

Cations: Ca> Mg> Na> K

Anions: HCOg > SO42 > CI°

There are, however, frequent deviations from these proportions in drainage
basins of igneous source materials and soft waters. The specific
conductivity is closely proportional to concentrations of the major ions and
changes of conductivity reflect proportional changes in ionic concentrations.

Three major mechanisms control globally the salinity of surface waters:
weathering of rocks, atmospheric precipitation and the relation between
precipitation-evaporation. Figure 2.1 gives a diagrammatic representation of



the general processes controlling the salinity of surface waters of the
world.
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Figure 2.1: Diagrammatic representation of the general processes controlling the salinity of surface
waters of the world. (After Wetzel, 1983)

Waters dominated by rock weathering are usually rich in calcium and
bicarbonate. Climate, basin-relief, and the composition of rock material
have a dominant influence on the composition of water. Tropical humid areas
of South America and Africa have rainwater with a high ionic composition.
This atmospheric precipitation is dominating the salinity as well as low
rainfall and high evaporation in hot and arid regions.

Nutrients and Trace Elements

The amounts of nitrogen and phosphorus are widely significant for the
productivity of lakes and streams. Phosphorus is commonly the limiting
factor for productivity due to its small natural supply. These major



nutrients and numerous trace elements (e.g. iron, manganese, molybdenum,
zinc) are of essential biological importance but do not contribute
substantially to the total salinity.

2. Organic Components

Dissolved carbohydrates, proteins, humic substances, pigments, vitamines
comprise the major organic components of water. They are mainly produced
by metabolic processes within cells and can play an important role in the
aquatic ecosystem as extracellular dissolved organic matter (DOM), released
by autolysis or excretion. Thus, the excretion of amino acids by zooplankton
may be temporarily a major source of dissolved organic matter (DOM). Free
enzymes (exoenzymes) are of importance, e.g. the phosphorus cycle can not
be understood without consideration of free phosphatases.

3. Climatic Regime

The temperature pattern determines the type of stratification, while light is
controlling the photosynthesis. Therefore, the climate is of importance for
lake ecosystems.

Bioti mponen

4. Producers, autotrophic phytoplankton and higher plants (macrophytes),
produce biomass from simple inorganic substances.

5. Macroconsumers, zooplankton and fishes, feed on other organisms or
particulate organic matter (detritus).

6. Microconsumers, heterotrophic organisms, chiefly bacteria and fungi,
are responsible for the degradation of the particulate or dissolved organic
substrate produced by autotrophic processes or coming from allochthonous
sources. Thus, from a trophic point of view the biomass can be separated in
two components, autetrophic and heterotrophic. They are metabolically
coupled through a food web.

2.4 FUNCTION

STRUCTURE is concerned with the standing crop and distribution
pattern of abiotic and biotic components.

FUNCTION is concerned with rates. We are e.g. not interested only in



the amount of inorganic phosphate which is present at the time, but also in
its turnover rates.

Often we can determine rates rather simply by the same methods we use
for the determination of concentrations and biomasses. Rates are
essential for understanding the dynamics of ecosystems.

An ecosystem may be analyzed from the functional point of view in
terms of the following:

1. Energy circuits (all life processes are accompanied by energy
transfers!)

2. Nutrient cycles (biogeochemical cycles of the major nutrients).

3. Distribution pattern and productivity of the organisms in space and
time.

4. Food chains (grazing food chain and detritus food chain).

5. Control (cybernetics, regulation of metabolism).

The ECOSYSTEM is the basic functional unit in ecology, and
includes both organisms and abiotic environment. Both influence the
properties of the other.

2.5 THE BASIC DIFFERENCE BETWEEN AQUATIC AND TERRESTRIAL
ECOSYSTEMS

Aquatic and terrestrial ecosystems have basically the same structure
and function, but there is a striking difference: The producers in the
hydrosphere mostly belong to phytoplankton and are almost exclusively
unicellular algae. Their lifecycle and turnover time (ratio of biomass to
production) are measured in hours or days. The producers of the litosphere
are mainly higher plants with a high biomass and long turnover time: in
forests the turnover time is measured in years. The difference between
structure and function of the hydrosphere and the litosphere is shown in the
following table:

Table 2.2
Estimated phyto-biomass in the litosphere and hydrosphere (terrestrial and aquatic
ecosystems) (from Walter, 1976)

area biomass annual production
106 km2 109t 109t
Litosphere 149 2.000 150
Hydrosphere 361 2.8 60




The ratio of biomass in the litosphere and hydrosphere is 700:1, while
the ratio of production is only 2.5:1. It means that the specific productivity
(productivity per unit biomass) in the aquatic ecosystems is much higher
than in the terrestrial ones.

2.6 LAKE REGIONS OF TEMPERATE LAKES

Open-water zones. The limnetic or pelagic zone of the lake is
devided in three regions. The so-called trophogenic zone is the well
illuminated, warm upper layer where photosynthesis by phytoplankion algae
prevails. The trophogenic zone is defined largely by the epilimnion, butis
not identical to it. A high absorption of light will result from high
phytoplankton concentration and the photysynthetically available radiation
(PAR) will not reach the lower boundary of epilimnion, while PAR, in clear
water lakes, may penetrate the epilimnion and parts of the hypolimnion.
Thus, the boundary of the trophogenic-tropholytic zones is a function of
light penetration. It is the compensation depth where photosynthesis is

matched by respiration (Fig. 2.2).
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At the bottom of the lake lies a body of colder body of heavier, stagnant
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water, which is only little affected by wind action - the hypolimnion.
Between epilimnion and hypolimnion, where temperature drops rapidly with
increasing depth, we find the thermocline (Birge, 1897). Corresponding to
Birge's definition the thermocline is limited to a zone where the
temperature drops at least 1°C by one metre. For further discussion compare
Bronstedt & Wesenberg Lund (1911) and Hutchinson (1957).

Metalimnion and hypolimnion constitute the tropholytic zone where
respiration and decomposition are predominating. Especially the meta-
limnion is a region of high heterotrophic bacterial activity. Organic
material produced autotrophically in the epilimnion is decomposed in the
metalimnion by bacterial populations of high biomass and special metabolic
features. In stratified lakes of the temperate zone about 80-90% of the
primary production are metabolized in the metalimnion. This high
concentration of heterotrophic microbial activity in the metalimnion is
caused by the enrichment of particulate organic material (POM) in the
density gradient between epilimnic warm water and hypolimnic cold water.

The grazing by zooplankton and predation by fish are parts of the food
chain, i.e. the transfer of food energy through the different trophic levels.
At each transfer from one level to the next about 80 to 90% of the potential
energy is lost. Food chains are in a very complex way interconnected with
one another forming so called food webs. There are two basic types of the
classical food chains:

The grazing food chain starts from phytoplankton, goes to grazing
zooplankton and then to fishes as top-carnivores. The detritus food chain
starts from particulate (or dissolved) dead organic matter which are
degraded in a very complex way by microorganisms. These are excellent food
for detritus-feeding organisms, which are eaten their predators. The whole
complexity of the food chains is still not known in details. Apparently, small
heterotrophic nanoflagellates and ciliates are playing an important role in
food webs. The grazing impact of this small zooplankton on bacteria is
unexpected high. The consumption of bacteria may be in the same order of
magnitude as the bacterial production, which on the other hand may be
occasionally as high as the autotrophic production.

Benthic zones and benthos. The community of bottom dwelling
organisms is termed benthos. The littoral region of the benthic zone
extends from shore line to a depth where rooted aquatic plants disappear.
The littoral benthos is composed of a high diversity of many taxonomic
groups and species with a considerable annual production in contrast to the
deeper sublittoral zone. Also the heterotrophic microbial activity in littoral



sediments is high, e.g. measurements of heterotrophic potentials indicate a
rapid turnover of particulate and dissolved organic matter. Thus, the littoral
region as the borderline between the terrestrial catchment area and the lake
ecosystem is of high importance for lake metabolism.

In the profundal zone of deep temperate lakes with summer
stratification we meet the following conditions are met: nearly uniform
temperature throughout the year, about 4°C. Oxygen is scarce or totally
depleted. Hydrogen-sulfide and methane may be present if the lakes are
productive (eutrophic). The profundal fauna is improverished under these
conditions. Nevertheless the profundal zone is a region of high microbial
activity, connected with the entire lake metabolism. In oligotrophic lakes
oxygen is present in the whole water body - also during the summer
stratification.

2.7 LAKE TYPOLOGY

Table 2.2
Features contrasting oligotrophic and eutrophic lakes - factors contributing to or
resulting from the two types (modified from Thienemann, 1925).

Oligotrophy Eutrophy

Deep and steep-banked Shallow, broad littoral zone

Epilimnion volume relatively small compared Hypolimnion volume relatively small compared
with hypolimnion with the epilimnion

High transparency Limited transparency

Water poor in plant nutrients Plant nutrients are abundant

Sediments low in organic matter Profundal sediments an organic copropel
Oxygen always abundant at all levels Oxygen depleted in hypolimnion during summer
Littoral plants limited Littoral plants abundant

Phytoplankton quantitatively poor Abundant phytoplankton

Water blooms of bluegreen algae lacking Water blooms common

Profundal bottom fauna diverse; intolerant Profundal benthos poor in species which can

of low oxygen tensions survive in low oxygen

Profundal benthos quantitatively poor Profundal benthic biomass great
Tanytarsus-typé midge larvae in produndal Chironomus, the profundal midge larva; Chaoborus
benthos; Chaoborus usually lacking often present
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Lakes in all regions may be classified based on productivity according to
the oligotrophic - eutrophic series. A summary of features contrasting
oligotrophic and eutrophic lakes is displayed in the Table 2.2 (after Cole,
1983):

A simple scheme (after Odum, 1971) may illustrate the essentials of
lake typology with special focus on lake morphometry and nutrient loading,
which presumes. a relationship between the quantity of nutrient entering a
water body and the response in the production to that nutrient input. Fertile
eutrophic lakes are typical for areas, where the soil is rich in nutrients. In
nutrient poor regions, we find lakes of low productivity.

Concentration of Concentration of

Nutrients Nutrients
Low High
Shallow Morphometric
Eutrophy Eutrophic
Morphometric
Deep Oligotrophic Oligotrophy

Typically, oligotrophic lakes are deep and the hypolimnion is larger
than the epilimnion. They have a low primary productivity. Deep lakes with
rather high concentrations of nutrients can be temporary oligotrophic, if
limiting nutrients, especially phosphate in the surface water are depleted
and an exchange with the hypolimnetic nutrient rich water is prevented by
the thermocline. Such lakes are temporarily "morphometric oligotrophic”.

Eutrophic lakes are often more shallow. The internal loading of
phosphorus from the sediment supplies the euphotic trophogenic zone
continously with the limiting factor phosphate. Therefore, they have a
greater primary productivity, plankton populations are denser and "blooms"
are common. The general trend of increasing productivity with decreasing
depth is apparent and can be demonstrated in temperate lakes by the relation
between mean depth of a lake and the chlorophyll concentration (e.g.
Thienemann, 1927; Vollenweider ed., 1982).

Concerning primary production the following characteristics of the
basic two types of lakes - oligotrophic and eutrophic - may be emphasized:

1. The total biomass of phytoplankton determines the depth of the
productive euphotic - layer of the lake. In eutrophic lakes we meet a
high biomass, low transparency, high rates of photosynthesis near the
surface of the lake, with light as a limiting factor. The biomass of
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phytoplankton and the primary production are low in typical
oligotrophic lakes of high transparency, but cover a greater depth than
in eutrophic lakes.

2. The rate of photosynthesis is correlated with the biomass of
phytoplankton. The development of the biomass is determined by the
supply of nutrients, mainly phosphorus or nitrogen.

A special type of lake is the dystrophic or brownwater lake with high
concentrations of dissolved humic acids, supplied to the lake from the
environment. The relative resistant humic substances of terrestrial plant
origin are the most important part of allochthonous organic matter.

Quite in contrast to temperate and dystrophic lakes behave warm lakes.
These are lakes with surface temperatures in summer of about 25°C and a
homogenous temperature after winter turnover of well above 12°C. Under
the given climatic conditions light is not a limiting factor, the
photosynthetically available radiation (PAR) going down to more than 20 m
depth. The decomposition of organic compounds is fast and the whole
metabolism in these lakes is very often accelerated: only very small
amounts of dissolved organic matter (DOM) are found and these are in
contrast to DOM of temperate lakes of low molecular weights. Similar
conditions, with respect to organic compounds, may also be valid -in
tropical lakes.

Saline lakes

The climate influences markedly the balance between precipitation and
evaporation and thereby the salinity. In arid areas where closed basins hold
concentrated waters, the salinity is governed by inputs of dissolved ions
from the catchment area and the degree of evaporation. Other factors of
importance for salinity are temperature and wind. Weathering of rocks which
may have an big influence on the composition of electrolytes in lake water,
is accelerated by a warm climate. Wind influences the chemical composition
of precipitation and sites of deposition. Saline lakes can be classified on the
basis of dominating anions into carbonate, chloride or sulfate waters. The
range of salinity is extremely high, up to 200,000 mg/l in the Great Salt
Lake of Utah.

There exist at least three different types of sodium lakes of importance
with preponderance of NaCl, Na,SO, and the soda lakes sensu stricto

characterized by NaHCO,; and Na,CO,, termed alkali waters because of their
high pH.



Water balance of lake basins
The rate of inflow from all sources and the rate of water losses

determine the water balance of a lake. Water income to a lake includes
several sources (after Wetzel, 1983):

a.

Precipitation directly on the surface of the lake. Precipitation is
especially important for the water balance of large lakes. The
equatiorial Lake Victoria receives more than 90% of its water from
precipitation on the surface.

Water from surface influents of the drainage basin. The amount of water
runoff to a lake is highly variable and depends on the morphometry,
nature of the soil and vegetation cover of the drainage basin. Most
important is also the precipitation patterns: a high surface runoff can be
caused by heavy rains in a relatively short time together with a heavy
loading of nutrients as a result of soil erosion.

Groundwater seepage below the surface of the lake. Seepage of
groundwater is a major source of water for kettle lakes formed by
glacial activity and for lakes in rock basins. Groundwater may also enter
the lake by distinct springs.

In seepage lakes water is lost by seepage into the groundwater through

the basin wall. This makes the determination of water balance in these lakes
very difficult. In open drainage lakes loss of water occurs by flow through an
outlet.

2.8

CIRCULATION PATTERNS

In terms of the water circulation patterns most of the lakes belong to

one of the following major categories, which, indeed, are only rough schemes
of the real diversity.

1.

Dimictic lakes. These lakes have two seasonal periods of circulation
or overturns: in spring after icebreak and in fall when the temperature of
the epilimnion drops and the homothermic water body of the entire lake
is mixed. This circulation pattern is characteristic for temperate lakes.

Warm monomictic lakes. The water circulates freely in winter when,
with sinking temperature, the surface water is sinking down. To this
type of mixing belong lakes of temperate latitudes, mediterranean and
subtropical climates. The temperature do not drop below 4°C.



3. Oligomictic lakes. Thermally stable tropical lakes with a very slow
or rare mixing.

4. Polymictic lakes are characterized by irregular more or less
continuous mixing periods depending on the lake morphometry and
climatic conditions. To this type belong equatorial and high altitude
lakes without severe temperature and density gradients. Tundisi (1984)
emphasizes that the patterns of mixing are complex, and that diurnal
patterns of water temperature and density may be more significant than
seasonal patterns. Very little is known about, to what extent these
diurnal fluctuations are essential for the functioning of this type of
lakes in comparison to seasonal patterns.

5. Meromictic lakes. In contrast to holomictic lakes with a circulation of
the entire water column, meromictic lakes do not undergo complete
circulation: the surface water does not mix with lower water layers. The
deeper part of the water, underlying the upper part is termed
monimolimnion , underlying the upper mixolimnion (Findenegg, 1935;
Wetzel, 1983). The reasons of meromixis are different. In ectogenic
meromixis water of different salinity is intruded by some some
external event into a lake. As result a superficial layer of less dense
water is overlying the monimolimnion of more dense water of high
salinity. Endogenic meromixis results from submerged saline springes
delivering dense water into the deep parts of the lake. Accumulation of
salts can also be due to biological activities when abnormal
meteorological or morphometric conditions prevent full circulation of a
dimictic lake. This type of meromixis is termed temporary
meromixis.

2.9 BIOGEOCHEMICAL CYCLES

The chemical elements essential to life are circulating in the biosphere
from environment to organisms and back to environment in a very complex
way. These pathways are known as the biogeochemical cycles. The
pathways of those elements and organic compounds, which are essential to
all forms of production of biomass, can be termed nutrient cycles. Each
cycle has two major pools: '

1. the reservoir pool, a large, slow-moving components, and
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2. the exchange or cycling pool, a small, metabolically active portion,
exchanging rapidly between organisms and their environment. For
example the cycling pool of phosphorus in lakes is much more important
for continuous primary production than the reservoir pool.

Biogeochemical cycles in lakes are controlled by morphometry ("mean
depth") of the lake, hydrography (residence time of water), loading from the
catchment area and sinks (retention) on the one side, by the total biomass,
their specific metabolic activity and the biochemical diversity of the
populations on the other side. The abiotic and biotic controlling
factors are strongly interrelated. The biogeochemical cycles within an
ecosystem reflect the total metabolism of the system, including autotrophic
and heterotrophic processes, anabolic (assimilation) and catabolic (dissimi-
lation) pathways.

2.10 THE WATERSHED VIEW

As already mentioned, the biogeochemical cycles are partly determined
by external loading of the lake ecosystem from the catchment area. Lakes
are open systems with inputs and outputs. The external loading of nutrients
is decisive for the productivity of a lake within the limits set by climatic
conditions, residence time etc. for different areas at different latitudes. An
increased production gives rise to oxygen depletion in the hypolimnion
resulting in release of nutrients from the sediment. This supply of nutrients
to the lake ecosystem constitutes the internal loading.

Vollenweider (1968) was the first to formulate quantitative loading
criteria for phosphorus and nitrogen and expected trophic conditions in
water bodies (nutrient loading concept). Because phosphorus is commonly
the initial limiting factor, quantitative loading approaches and models
relate mostly to phosphorus.

The quantitative determination of the external (Lg) and internal loading
(L) is one of the most difficult problems of current research on eutrophica-

tion problems. This is valid especially in case of a "non point source
loading" from diffuse sources, which is most important in intensively used
agricultural districts. For example for Lake Grebiner See (Schleswig-
Holstein, West-Germany), surrounded by strongly fertilized arable land and
meadows, more than 95% of the annual phosphorus loading comes from
non-point surface run-off from the watershed area (Ohle, 1982).
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2.11 NITROGEN AND PHOSPHORUS AS LIMITING NUTRIENTS

N and P are taken up by phytoplankton at a mass ratio of averagely 7.2:1.
If the available amounts differ widely from this ratio a limitation of the
production is resulting. The critical N:P ration is about 10:1. From the
comparative study of N:P ratios in algal cells in cultures and lake water,
Forsberg et al. (1978) determined the role of these elements as growth
limiting nutrients (Table 2.3).

Table 2.3.
Total-N:Total-P ratios and the role of these elements as %rowth-limiting
nutrients in waste-water affecting lakes in relation to chlorop yil A levels
Total N/Total P Growth-limiting Chloro hyll A level
nutrient mg/m
>12 P <20
7-12 N and/or P 20 - 70
<7 N > 70
At N:P >12 P is the limiting factor.
At NP <7 N is potential growth limiting.
At 7<N:P<12 Both nutrients are non-limiting factors.

The N:P ratio in municipal waste water is 3:1, while non-point sources
show a much higher ratio. Nitrogen may, therefore, often be the limiting
nutrient in waste water loaded lakes. This does not imply that the
eutrophication is better controlled by nitrogen removal. As phosphorus is
more easily removed from waste water than nitrogen by chemical
precipitation, and as a more significant part of the phosphorus is originated
from the waste water than nitrogen, the eutrophication may often be
controlled by phosphorus removal from the waste water.

212 HETEROTROPHIC BACTERIA AND THE CARBON CYCLE OF LAKES

Aberg and Rodhe defined in 1942 TROPHY in the following way:

"Trophy of a lake refers to the rate of organic matter supplied by
or to the lake per unit of time. Trophy is an expression of the
combined effects of organic matter, supplied to the lake from
autrophic production and from allochthonous sources."



This definition became the starting point, after introduction of the
14C-method (Steemann-Nielsen, 1952), for the modern concepts of
oligotrophy and eutrophy. "The grouping of lakes may be seen as spectrum of
states of lake metabolism between the extremes of oligotrophy and
eutrophy” (Wetzel, 1983).

But even if we could measure both sides of organic supply - autotrophic
production and allotrophic (or allochthonous) sources - we would not
comprehend the lake as an ecosystem. Production and decomposition belong
to the metabolism of an ecosystem. Autotrophic production and heterotro-
phic decomposition are equivalent compartments and are characterized by a
metabolic coupling. In the "heterotrophic succession” of the community
metabolism bacteria play a dominating role.

Our knowledge of the role of bacteria is almist always qualitative, not
quantitative. The mineralization in eutrophic lakes with predominant
participation of bacteria are considerable: more than 80% of the
primary production is decomposed in the upper 5 metres of the
lake. Only about 20%, in many cases much less, is sinking down to
the sediment surface.

2.13 METABOLIC COUPLING PHYTOPLANKTON - BACTERIA

A metabolic coupling of autotrophic and heterotrophic processes could
be concluded also from the distribution pattern of phytoplankton and
bacteria. In the vertical profile of stratified eutrophic lakes a clear
correspondence of phytoplankton and bacteria is obvious: the maxima are in
the same depth (Overbeck & Babenzien, 1964).

It is essential for the understanding the food web, that the
correspondence between algae and bacteria is not only quantitative, but
also qualitative: Together with successions of phytoplankton correspond-
ing successions of the bacterial populations are observed. In Lake PluBsee
distinct spring-, summer- and autumn-populations of aquatic bacteriaare
the result of a metabolic coupling between phytoplankton and accompanying
bacteria (Moaledj, 1980; Witzel, Overbeck & Moaledj, 1982).

About 40% of the primary production are channelled immediately through
the bacterial metabolism in an annual range. This demonstrates the
important role of bacteria in the carbon cycle: extracellular dissolved
organic matter (DOM), produced by the autotrophic algae, is converted by
bacteria into particulate organic matter (POM), which thus again is available
for the food chain.

-34 -



Fig. 2.3 gives a general scheme of the dominance of
heterotrophic bacteria in the transformation of dissolved organic compounds
(DOC). Without knowing the dimensions of this "bacterial bypass" (Overbeck,
1972) or "microbial loop" (Fenchel, 1987) the aquatic ecosystem cannot be

understood fully.
Phosphorus Compounds

Piants Excretion—/
Excretion——|
Excretion—

Organic Bacterial hydrolysis —
Detritus Autolysis _/

Detritus Excretion——
Feeders

Bacteria

Bactera Excretion —J
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Figure 2.3 Exchange and regeneration of phosphorus and nitrogen in aquatic ecosystems (from Johannes,
1968).
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CHAPTER 3

PROBLEMS OF LAKES AND RESERVOIRS

3.1 OVERVIEW

Problems of lakes and reservoirs are caused by the anthropogenic use of
these ecosystems. Most lakes have multiple uses and the problems are
related to the conflict between these uses, for instance a lake is used for
discharge of waste water and as well as recreational area. The solutions to
the problems obviously must take into consideration al/ the uses and
attempt to solve the conflicts between them. It is hardly possible to find
the optimum solution to each of the lake uses, but it is necessary in
practical lake management to find a compromise between two or more uses,
which of course render the management problem more complex. Many lakes
are, for instance, used for production of drinking water as well as for
discharge of waste water. The conflict between these two uses is obvious.

Modelling is a particularly useful tool in lake management, see also
chapter 6, because a model is able to synthesize the knowledge of the
system and’ the problems.

Lakes and Reservoirs are utilized by man for:

1) Production of drinking water

2) Production of electricity

3) Recreation

4) Fishery

5) Agquaculture

5) Discharge of waste water

Information on the cause of a lake problem is needed to be able to find a
solution to the problem. Here the application of mass balances, see chapter
5, is very important to reveal the source.

The sources or causes of lake problems may be summarized as follows:

1. Discharge of organic biodegradable wastes.

2. Discharge of nutrients from waste water.

3. Non-point pollution of nutrients, mainly coming from agri-
culture.

4. Acid rain (caused by air pollutants : SO, and NO,)

. Discharge of toxic substances from industries or agriculture.

. Thermal discharges.
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3.2 RELATION BETWEEN PROBLEM AND CAUSE

The basis of a sound lake management strategy is a clear definition of
the problem(s) and its (their) cause(s). Table 3.1 attemps to set up a
problem/cause matrix to survey the relationship between the environmental
problems and their sources. The selection of remedial techniques is, see also
chapter 7, closely related to the sources. It is therefore a substantial part
of the management strategy to reveal in details all the sources. The problem
often may be caused by more than one source, as illustrated by the poliution
tetrahedron in Figure 3.1.

IE_POLLUTION TETRAHEDRON

DOMESTIC - AGRICULTURAL NUTRIENT OVERLOAD
EUTROPHICATION

MILTIPLE SOURCE INDUSTRIAL -
AGRICULTURAL POLLUTION

~- MIXED INORGANIC
- MIXED ORGANIC

SINGLE SOURCE INDUSTRIAL -
AGRICULTURAL POLLUTION

- INORGANIC
- ORGANIC

INDUSTRIAL - DOMESTIC AIR POLLUTION
ACIDIFICATION

Figure 3.1 Pollution tetrahedron.

Lakes have buffer capacities, it means that they are able to resist a
certain level of pollutants. However, the buffer capacities are limited and
the outbreak of a problem may therefore occur during a relatively short
period of time, while the input of pollutants to the lake has lasted for a
considerable longer period, see Figure 3.2. The ability of sediment to
accumulate pollutants may often explain this buffer capacity. At a certain
level of accumulation the capacity of the sediment has been exhausted and
further input of pollutants will increase the concentration in the water
phase significantly. If the condition of a lake is not followed carefully, it
may therefore look like the problems emerge suddenly, but the cause of the
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entire complex of problems may have started several years ago.
Consequently, it is of significant importance to perceive a lake problem at
the earliest possible stage. It is much easier to solve the problem, when it
is possible in the mangement strategy to take advantage of a certain buffer
capacity than when the buffer capacity has been exhausted.
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Figure 3.2 Phosphorus concentration in Lake Fure versus time. The phosphorus loading has increased
linearly during the period.

Considerations on lake mangement strategies include therefore
application of lake restoration methods - also called ecotechnolgy - to
attempt to bring the lake faster back to an "equilibrium of reduced
problems”. As discussed in chapter 7, more remedial methods must work
hand in hand to solve most practical lake management problems. In other
words lakes have multiple problems caused by multiple sources and their
solutions require use of multiple remedial techniques, see also chapter 7.

The problems listed in Table 3.1. are interactive in the sense that one
problem may often give rise to other problems, because a lake is a system,
where all the components are linked.



Table 3.1
Problems associated with lakes and reservoirs

Caused by, or indirectly depending on

Excessive nutrient

discharges leading to Inorganic Acid
Problem areas and organic rain
Algal blooms Excessive waste dis-
& shifts in macrophyte charges
species com- & littoral
position algal growth

1. Water Quality Impairment
- taste & odours, colour,
filtration, flocculation,
sedimentation and other XXX X X -
treatment difficulties
- hypolimnetic oxygen deple-

tion, PH changes, Fe, Mn, XXX XX XX X
COs5, CHy, HoS
- toxicity X X X -
- occulusion and corrosion
problems in pipes and other X X X X X

man-made structures

2. Recreational Impairment

- unsightlyness X X X X X -
- hazard to bathers - X X - -
- increased health hazards X X X -

3. Fisheries Impairment
- fish mortality X X X X X X X
- undersirable fish stocks X X X - X

4. Aging and reduced holding
capacity and flow X XX - -

Frequency and/or importance: xxx very high, xx high, x occasional, - not applicable

A development of a complex of problems may occur and can be
demonstrated by the following example:

1. Excessive nutrient discharges originated from waste water and
agricultural run off lead to algal bloom. The transparancy is reduced
causing recreational impairment.

2. Oxygen depletion in hypolimnion due to oxygen consumption by
mineralization of detritus originated from the algal biomass. Water
quality impairment is recorded.

3. Continous oxygen depletion implies formation of hydrogen sulfide. The
results are further recreational and water quality impairment.

4. The formation of hydrogen sulfide causes high fish mortality.
Impairment of fishery.



Table 3.1 (continued)
Problems assocliated with

lakes and reservoirs

Caused by, or indirectly depending on

Problem areas

1. Water Quality Impairment
- taste & odours, colour,
filtration, flocculation,
sedimentation and other
treatment difficulties
- hypolimnetic oxygen deple-
tion, PH changes, Fe, Mn,
COy, CHy, HoS
- toxicity
- occulusion and corrosion
problems in pipes and other
man-made structures

2. Recreational Impairment
- unsightlyness

- hazard to bathers

- increased health hazards

3. Fisheries Impairment
- fish mortality
- undersirable fish stocks

4. Aging and reduced holding
capacity and flow

Others
Turbidity Low dissolved Thermal
and solids and discharges
silting humic substances

X b -

- X X

X X -

X - -

- - X

X - X

- - X

XX - -

Frequency and/or importance: xxx very high, xx high, x occasional, - not applicable

The four stages described above illustrate a stepwise deterioration of a
lake ecosystem. It may even be possible to observe a "run away" effect. If
the sediment gets anaerobic the release of phosphorus from the sediment is
accelerated, which causes an increased algal bloom, which causes a further
oxygen depletion in the hypolimnion and so on.

The conclusion is very clear: recognition of a environmental lake problem
at the earliest possible stage followed by application of a sound and
consequent environmental mangement strategy not only prevents deteri-
oration of the lake, but renders the environmental management so much

easier, cheaper and controllable.
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CHAPTER 4

QUALITATIVE AND
ASSESSMENT OF THE PROI

QUANTITATIVE
BLEM

4.1 INTRODUCTION

The aim of this chapter is to review the major classification of lakes
and how chemical, hydrological and biological studies of lakes can be applied
and modfied for assessment of lake typology and classification. While a
biological classification is aproved and accepted for running waters
(Kolkwitz & Marsson, 1909; Liebmann, 1951, 1960), we are confronted with
a high diversity of methods for running waters:

1. Classification based on the abiotic and biotic conditions in the
lakes,

2. Models of eutrophication (or poliution) based on the loading from
the catchment area.

The knowledge of structure and function of the limnetic ecosystem (see
Chapter 2) is one of the suppositions for the study of lake classsification.
Because of the importance of the biogeochemical cycles, especially nutrient
cycling, we will again briefly refer to it. Then the basic techniques ("How to
do it") in field studies on lake classification will be described.

4.2 NUTRIENT CYCLES: THE PHOSPHORUS CYCLE

For a detailed discussion of the phosphorus cycle, can be refered to
textbooks in limnology (e.g. Wetzel, 1983). Only some features which are
fypical and important for lake classification and typology can be described
here.

1. In the epilimnetic open water zone we find the following fractions (Fig
4.1): particulate phosphorus contains the bulk of phosphorus. The
fraction of soluble orthophosphate is very small with an extremely
short turnover time (often minutes). From the low molecular weight
organic phosphorus fraction orthophosphate continously is released,
predominantly by the activity of free phosphatases, and then become
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available to phytoplankton. The primary production of epilimnetic
phytoplankion is based on this fast running cycling pool. Due to their
metabolic activity (high degradation rate of particulate phosphorus,
exoenzyme activity) bacteria are of major importance for the dynamics
of phosphorus cycling in waters.
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Figure 4.1 Phosphorus movement within the epilimnetic open water zone of lakes, showing the relation
between particulate and dissolved phosphorus fractions (from Wetzel, 1983).

2. Fig. 4.2 shows the generalized vertical distribution of soluble (Ps) and
total (P;) phosphorus in stratified lakes of very low (oligotrophic) and

high (eutrophic) productivity. During periods of stratification in the
eutrophic lake with oxygen depletion in the hypolimnion, a strong
increase of dissolved, mostly inorganic phosphorus is found in deeper
anoxic parts. Because of the low exchange rate between epilimnetic and
hypolimnetic waters this accumulation of phosphorus is not immediately
available for the epilimnetic primary production.

High exchange rates across the sediment interface are under anoxic
conditions responsible for internal loading of the hypolimnion. The
phosphorus cycle is thus strongly connected with the redox conditions of
the lake: in the epilimnion and after intrusion of oxygen during the autumnal
circulation into the deeper anoxic parts of the lake ferrous iron will be
oxidized and produces a drastic reduction of dissolved inorganic phosphate
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partly by adsorption on ferric hydroxide and CaCO,, partly by precipitation of
ferric phosphate. An oxidized microzone on the sediment surface acts as
phosphorus trap preventing a significant release of dissolved phosphate from
the interstitial waters of the sediments to the overlaying bottom waters of
the lakes. Besides this the phosphorus content of metalimnion and
hypolimnion depends on rates of sedimentation of plankton, rates of
decomposition and development of microbial populations in the depth of the
lakes.
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Figure 4.2 Generalized vertical distribution of soluble (Pg) and total (P1) phosphorus in lakes of very
low and high productivity (after Wetzel, 1983).

43 THE NITROGEN CYCLE

Dissolved nitrogen compounds include ammonia nitrogen, nitrite, nitrate,
dissolved molecular nitrogen and a high diversity of organic compounds (e.g.
amino acids, proteins, nucleotides, refractory humic compounds with low

nitrogen content). In contrast to the phosphorus cycle, with a very
important physico-chemical component, the nitrogen cycle is controlled by
microbiolo- gical processes: nitrification, denitrification, fixation of

molecular nitrogen, nitrate ammonification. Oxygen has a decisive influence
on the whole cycle, determining rates of nitrification or denitrification
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(occurs only under anoxic or low oxygen condition), etc. Fig. 4.3 summarizes
the numerous oxidation and reduction stages of nitrogen compounds.
Ammonia is nitrified largely by Nitrosomonas to nitrite. Oxidation of nitrite
proceeds further to nitrate by Nitrobacter. Both bacteria are
chemolitotrophic bacteria. Much of the energy released by the oxidation is
used for CO,-fixation via the Ribulosediphosphate-Carboxylase (Rubisco):

Nitrosomonas: NH,+* + 1.50, - NO, + 2H* + H,O0 (AG,' - 276 kJ)

Nitrobacter:  NO,~ + 050, -- NOg (AGy' - 75 kJ)

Oxidation State

-3 -2 -1 0 +1 +2 +3 4 +5
v v v v v v v v v
-(NH3y)
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w

Nitrate Assimilation

Ammonification
4 Amino Acid

Nitrification R
v
. . ) - -
NH, ===NH,OH HaNoO4 NO, NO;
% 7 Denitrification
1
o TN, N,LO

Fig. 4.3: Biochemical reactions influencing the distribution of nitrogen compounds in water (from
Woetzel, 1983).

Nitrification means the biological conversion of organic and inorganic
nitrogenous compounds from a reduced state to a more oxidized state. In the
pelagic zone of the lake the number and activity of nitrifying bacteria is
unexpected low. Nitrifying bacteria are ariginally soil bacteria, their
specific field of activity is therefore the sediment.

In contrast again to the phosphorus cycle the loading of a lake with
nitrogen compounds from direct terrestrial run-off can be very high:
nitrogen compounds have a high mobility and are not absorbed to soil, clay,
ferric hydroxide etc., as it is the case with phosphorus. Depending on local
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meteorological conditions loading of a lake by precipitations can also be
very important.

Fig 4.4 summarizes the general vertical distribution of nitrate and
ammonia in stratified lakes of high and low productivity. In anoxic hypo-
limnetic waters ammonia is accumulated due to denitrification of nitrate,
release of reduced nitrogen compounds from the sediment, and
decomposition (desamination of organic nitrogen compounds). in
well-oxygenated waters the concentrations of ammonia are generally low,
but depend on the actual state of metabolism. Thus, after a breakdown of
phytoplankton populations also in the aerated epilimnion higher amounts of
ammonia may be present before nitrification of the reduced nitrogen
compounds. Very common is the development of a *nitric plate” in the
metalimnion due to nitrification or denitrification of the metabolically
extreme activ bacterial populations in this part of the lake.
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Figure 4.4: Generalized vertical distribution of ammonia and nitrate, nitrogen in stratified lakes of very
low and high productivity (from Wetzel, 1983).

4.4 METHODS FOR TROPHIC STATE QUALIFICATION

The evaluation of the trophic status of a lake, is based upon many data,
such as lake basin morphology, physioco-chemical parameters, biological
parameters and various rates of lake metabolism. In addition, hydrological
parameters are also indispensable.



In the following we will give a comprehensive list of methods and how
they can be used to assess the problem. The methods are not given in the
text but references on where to find details. It seems reasonable to
consider also older methods which are still useful and applicable; although
they often are of regional value only.

1. m ition of th h lankion mmunit N ard

Nygaard (1949) determined a quotient of the relation of numbers of
species of Cyanophyta, Chlorococcales, Centric Diatoms and Euglenophyta
on the one side and Desmidiales on the other side. The quotints can be
related to different lake-types in the following way:

oligotrophic fresh waters: <1
eutrophic fresh waters: 1 -5
polytrophic fresh waters: > 20

2. Protein nien i water hie

Ohle (1955) applied protein as measure of biomass and combined it with
Nygaard's phytoplankton quotient:

Trophic state Time ug protein / 1
oligotrophic year < 300
low eutrophic < 1 month > 300
medium eutrophic several months > 500
strongly eutrophic year > 500

Regarding the fact that eutorphication of lakes is connected with an
increased biomass Dillon and Rigler (1974a and b) evaluated a correlation
between total phosphorus and chlorophyll A. Precondition for a good
correlation and probability of prediction is a N:P ratio > 12, i.e. phosphorus
must be the potential limiting factor. The regression with a correlation-
quotient of r = 0.95 is as follows:

1g (chl A) = 1.499 Ig P - 1.136
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Sakamoto (1966) published a similar relation for japanese lakes.

The chlorophyll A content, i.e. the development of phytoplankton during
summer months can thus be predicted from the phosphorus content in the
lake during spring overturn, that is in temperate lakes immediately after
icebreak before development of the spring bloom.

From the predicted biomass (chlorophyll A) the tolerable phosphorus
content of the lake can be estimated.

The correlation can be combined with the nutrient loading model
(Vollenweider, 1979) predicting the phosphorus content during spring
overturn from the phosphorus loading (see also Chapter 6).

For similar approaches see also Shapiro (1979), Forsberg and Ryding
(1980).

4. Multivariate Trophic State Index (Carlson)

Carlson's (1977) Trophic State Index is based on the following studies:

Prediction of phosphorus concentration in lakes from loading data
(Vollenweider 1969, 1976, 1979; Kirchner and Dillon 1975),

Correlation of total phosphorus/chlorophyll A (Sakamoto 1966, Dillon &
Rigler 1974),

Prediction of the hypolimnetic oxygen deficit from Secchi disk
measurements (Lasenby 1975).

From correlations between Secchi disk readings, chlorophyll A and total
phosphorus, equations are derived for the determination of Trophic State
Index (TSI). Secchi disk readings are the key parameters of TSI.

The application of such index is rather problematic. For example the
biomass of phytoplankton (chlorophyll A) can be controlled by the grazing
pressure of the zooplankton, resulting in a smaller biomass than predicted
from the equations. On the other hand an increase of the phytoplankton
biomass beyond the predicted values may be due to a short circuit phosphor
metabolism.

Modifications of the TSI of Carlson from Porcella, Peterson and Larsen
(1979) (LEl - Lake Evaluation Index) and Osgood (1982).

ntitative assessmen hroder and Schrdder

The Schrdder's (1978) model is based on two different groups of para-
meters, which are indicative for production and decomposition:
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Production (P)

Annual average concentration of total phosphorus in the euphotic zone
(0-10 m)

Annual average temperature of this zone quotient from radiation of one
year divided by a longterm medium value of radiation.

Mean depth (2).

Decomposition (R)

Annual average concentration of ammonia as % of total inorganic
nitrogen in the whole water column.

Annual average temperature above sediment in °C.

Area of the lake in km?,

The P:R ratio included in the Schréder-mode! is an excellent functional
index of the relative maturity of a system. If the P:R ratio approaches 1,
production and decomposition are balanced as it is the case in the mature or
"climax" ecosystem (Odum, 1971). If the P:R ratio is less than 1,
decomposition exceeds production. In the opposite case (P:R > 1) production
exceeds decomposition. In both cases appropriate remedial techniques are
needed to balance the system.

. Lake metabolism index_of irophi ate of lak

By measurement of the primary production with '4C-bicarbonate
(Steemann-Nielsen, 1952) and the heterotrophic microbial activity by
means of the heterotrophic potential using '#C labelled organic substrates
(Wright and Hobbie, 1966) production and decomposition can directly be
measured. There is a good correlation between pelagic autotrophic
production and decomposition rate of bacterial populations. The bacteria are
extremely adapted to the trophic state of the lake. Therefore, a Trophic
State Index can be measured rather simple and fast (20 min) from uptake
rates of bacteria (Overbeck, 1973). As an average in eutrophic lakes with a
production of 500-1000 mg C m™2 d-!, the heterotrophic potential amounts 1
ug C I'1 h''; in oligotrophic lakes 0.1 ug C.

The '4C-labeled organic substrates which are commonly used for
measuremen of a heterotrophic potential are glucose, acetate or aminoacids.
By application of different concentrations the determination of uptake
kinetics in situ is possible: from the max. uptake rate and the K ,-value we

get informations on the physiological state of bacteria and phytoplankton.
Application of one dissolved organic substrate for measurement of
heterotrophic activity does not comprise the total microbial production.
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Fuhrmann and Azam (1982) introduced the incorporation of thymidine as a
measure of total heterotrophic bacterioplankton production. This method is
now widely used and gives adequate correct values for comparing the
bacterial production with the autrotrophic site of the ecosystem.

A comprehensive introduction into field and laboratory methods offer
Limnological Analysis by Wetzel and Likens (1979). The book is highly
recommended.

J. Schwoerbel (1980) "Methoden der Hydrobiologie - SiiBwasserbiologie".

L. Hakanson (1981) "Lake Morphometry".

Proceedings of the Second Workshop on Measurement of Microbial
Activity in the Carbon Cycle, ed. by J. Overbeck et al., Ergebn. Limnol. 19:
1-316 (1984). The book includes all major contemporary methods for
studying aquatic bacteria.

The measurement of photosynthetic pigments in freshwaters and
standardization of methods. Proceedings of the Second Workshop, ed. by H.
Rai and A.F.H. Marker, Ergenb. Limnol. 16: 1-130 (1982). One of the best
publications in this field.
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CHAPTER 5

ASSESSMENT OF MASS BALANCE

5.1 INTRODUCTION

The basis of any theoretical and practical consideration pertinent to
lake management is the establishment of a sound mass balance. This applies
to both water as a solvent, and the solutes themselves. This implies
knowledge of what arrives to a lake from its catchment basin, and the sizes,
distribution and release pattern of and from these sources (see also
chapters 1-2). In regard to the processes in the lake, this reduces to an
input-output (black box) model. Inputs to the lake are all quantities which
arrive to the lake from outside, either by direct or by indirect discharges.
The outputs are the sinks which can be the losses through the outlets, the
losses to the sediments, or the losses to the atmosphere. In this context, a
source which requires special consideration is the sediment itself, which is
not only a sink for material but, under certain conditions, can also act as an
internal source.

According to this preamble, the practical approaches to the mass
balance question entails two main subjects:

(a) the evaluation of the water balance, and
(b) the evaluation of the balance of any substance in question (e.g.
phosphorus, nitrogen, etc.)

As far as possible, these evaluations should be based on measurements
in both areas, the catchment system, and the lake. If direct measurements
are not available, or impracticable for some reason, indirect estimates may
be made; however, indirect estimates must be used and interpreted with
caution.

5.2 THE WATER BALANCE

The establishment of a sound water balance may be more intricate than
it appears. There are several basic measurements which are absolutely
necessary:



The morphometry and volume of the lake

The morphometry of a lake is done measuring the depth contours of an
appropriate number of lateral and longitudinal transects from which a
bathymetric map is drawn. By planimetry of consecutive isolines,
hypsographic curves of the area and volume against depth can be constructed.
Such hypsographic curves serve a number of purposes as will be shown later
on

Care must be taken for lakes of complex morphometry. Basins of
multi-basin systems should be treated separately.

River discharge

The hydrological load or water discharge of the main tributaries should
be measured on gauged river stations of known transect. [t is important that
such measurements are carried out continuously to catch high water load
situations. As will be discussed later, hydraulic load peaks often coincide
with high nutrient loads which, using only intermittent measurements, are
easily missed.

The hydraulic load of less important tributaries could often be
approximated by extrapolation from the knowledge of the discharge pattern
of the main tributaries, and the established rain pattern. To this end,
appropriate deflux values are used. The deflux value(s) is defined as:

Q, /R, (5.1)

where
Q, = hydraulic load of a river or rivers measured at gauging station(s) over

a certain period, which should be at least one year, and
= total rainfall in the corresponding river basin(s) over the same period

of time.

R

r

From this, then, the contribution of smaller tributary basins can be
estimated as the product of rainfall adn r.

The appropriate values of R, are normally obtained from the

meteorological service. However, approximate long-term estimates from
climatological maps and plainmetry of the tributary basins could also be
used.

Though hydrological measurements are available from the hydrological
service in most countries, the resolution necessary for single lake cases is
not always sufficient even in countries of advanced hydrological monitoring.
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It is therefore important to assess the available information in the light of
the particular need for specific mass balance studies. Also, distinction has
to be made between the hydrological regime of a particular year (e.g. the
year, or years of intensive studies) and the long-term average hydrological
regime. The latter serves as reference to assess the particular situation of
selected individual years.

Data processing and presentation may be made in various ways. It is
customary to plot the instantaneous discharge (discharge in m3/day)
against time, and to calculate the average discharge rate per year. Another
useful representation is plotting discharge height duration progressively
from day 0 to day 365. Discharge-duration diagrammes are particularly
useful for comparative studies either in time (sequence of year against
long-term means) or for comparisons of the prevailing hydrological regime
of different lakes. Also, discharge height duration diagrammes give
immediate indication of the probability of occurrence and frequency of high
water loads, and hence, of the meaning.and appropriateness of calculated
yearly mean values.

Complete water balance
The above factors form the basic information needed to establish a

water mass balance, but still they are insufficient. A complete water
balance requires that

AV
Q+R-0-E = — (m3t) (5.2)

At

where

Q = total hydrologic load from tributaries over time At

R = direct rainfall on lake over the same time period

0] = loss through outlet(s) during At

E = evaporation from lake surface during At

AV/At = volume change (positive or negative) of lake

Q, R, O and AV/At can, with the appropriate precaution, normally be
estimated reasonably well. Evaporation is more difficult to measure. |If
important, E can be estimated from the other terms. Evaporation becomes
important in arid and semi-arid climates, while in temperate regions E and R
are often of comparable magnitude. The term AV/At is of particular
importance in highly fluctuating reservoirs.

The variability in (R-E) and AV/At creates a number of problems for

-55 -



generalization. However, under conditions of relatively steady state, some
usefull, though theoretical, terms can be calculated, such as

Q m3/y m
g = —, the hydraulic load per unit lake surface area (A) ( = _);
A m?2 y
\' m3
T(w) = —_—, the theoretical filling time of the lake (————— =y}
Q . m3/y

or its reverse

Q
riw) = v the average flushing rate (l/y).

If the terms (R-E) and AV/At cannot be neglected, the above values are
still valid but, for comparative studies, the corresponding terms, replacing Q
by O, may be more useful. Nevertheless, it is not always a satisfactory
solution. Therefore, appropriate judgement by the investigator is necessary.

5.3 SUBSTANCE BALANCE

The establishment of the balance of any substances (e.g. phosphorus,
nitrogen, mineral turbidity, etc.) is closely connected to the water balance
though not identical to it. Solutes are normally measured as concentrations
(e.g. g/m3); however, certain substances like nitrogen, carbon a.0. may also
have a gaseous phase; accordingly, their pathways have to be determined
differently. In the context of the following, this problem shall not be
pursued to any degree necessary. Readers will have to consult special
treatises.

The most important step in drawing up a substance balance sheet entails
a precise estimation of the total load to a given body of water. In this case,
a direct measurement is preferable to an indirect estimate. However, as
direct measurements are not always entirely possible, techniques for
indirect estimates will also be discussed.

The load of any one substance to a lake is a function of the various
sources located in the basin, of their size, loss coefficient and specific
pathway. Basically, sources can be classified as either point sources or
non-point sources (diffused sources) (see also chapter 1-2). Conceptually,



this distinction is useful though, operationally, certain problems may arise
at times for an unequivocal definition. As regards the main pathways, point
sources may be either direct sources (e.g. direct discharges into a lake
through discharge pipes) or indirect, i.e. upstream discharges into a main or
lateral tributary. To some extent this distinction can also be applied to
diffused sources.

Inventory of point and non-point sources

As regards lake management, which frequently is a matter of managing
the sources, the most important basic work entails a complete assessment
of all the sources of the substance in question, i.e. a source inventory. Such
an inventory should list type, strength and location of all the direct and
indirect point sources separately, and all the diffused sources and their
areal distribution. This information could be presented in tables and
appropriate source maps.

Direct point sources are normally discharge pipes fram urban and
industrial complexes and, at times. from agricultural operations (e.g. stable
and feed-lot discharges). In general, the inventory of such sources does not
create unmanageable problems. For urban sources, population figures should
be given, and be listed according to how they are served by sewer systems.
Special attention should be given to areas and situations of massive tourist
influxes.

Diffused sources, on the other hand, are more difficult to come by. Such
sources are: agricultural areas (arable land and its utilization (crops,
orchards, pastures), forest areas, unproductive areas, urban and
transportation areas (streets and highways), etc. Beside the generic, i.e.
percent areal breakdown, of the basin according to such land use categories,
this information should be supplemented with e.g. amount and kind of
fertilizers and/or pesticides used, number and kind of animals (cattle, hogs,
poultry, etc.) per area, as well as any information which is pertinent to the
question (e.g. number of cars, dumping sites, etc.). It should be noted that,
in regions where sewer systems do not exist, the waste-water discharge
from individual households has to be treated as a non-point source.
Important for non-western countries!

This information is important for the design and the optimization of a
direct measurement programme, and serves also for indirect load estimates.

Load estimates by direct measurements



A direct measurement programme requires the selection of an
appropriate sampling station network whereby the stations are to be located
in strategically critical points. Primary points of this sort are locations of
pipe discharges, and river stations where water flow is measured (cf. A).
Other strategically critical points are locations which serve to evaluate
base-line conributions from natural and diffuse sources. If continuous
water flow stations are lacking, then at least reasonable spot estimates of
water discharge should be made. In no case should concentrations be
reported without direct or indirect estimates of water discharge.
Correct measurement of concentration, of course, is a matter of appropriate
sample treatment (e.g. fixation, freezing and other preservation technigues
prior to laboratory analysis) and appropriate chemcal-analytical techniques.

Load calculations

In most events, continuous analytical measurement is not practicable.
Exceptions may be temperature, conductivity, pH, a.o. if appropriate
instrumentation is available. Instrumentation also exists which permits
flow-proportional sample integration over limit time periods. Often,
however, such equipment is not available. Therefore, load estimates have to
be calculated from the relationship between intermittent concentration and
concomitant water flow measurements, and continuous water discharge
measurements. Calculations have to be made separately for each subbasin of
the catchment system.

There are several procedures and considerations pertinent to a correct
calculation of the total load.

1. In normal practice total load calculation over time is based on using
mean values of concentration and flow, i.e.

Load (kg/time) = ¢ * Qg * At (5.3)
where
c (¢/m8) = meanconcentration of a substance in river water, based on

periodical (e.g. daily) observations over a certain period of time
(e.g. 365 days

Qy = rate of river water discharge observed simultaneously with the
concentration

At = interval (days) between the observations.

While this procedure may provide a first approximation, and is reason-
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ably correct for sites of relatively constant flow and concentration, in
most cases the estimates based on this procedure may be rather
questionable.

A more correct way to estimate loads requires first to establish the
relationship between concentration and the water discharge at the time
of measurements by plotting concentration against discharge, and
calculating least-square regression equations. This relationship is
often not linear. The following cases have to be evaluated as a minimum.
If none are satisfactory, others may also have to be explored.
(a) Concentration is independent of flow, and rather constant, i.e.

¢ = K (8D
Accordingly, the load for any one day |y will be proportional to the water
discharge, i.e.

Iy = cQy (kg/day) (5.4)

{b) Concentration is inversely proportional to the water discharge, i.e.
Ko

C = ——

Qq
Accordingly, the load for any one day is:
ly = ¢Qy = K, (kg/day) (5.5)

{c) Concentration is proportional to the water discharge, i.e.

c = K;Qq
from which follows

lg = K; Q42 (kg/day) (5.8)
A more general expression may result in an exponent different from 2.

(d) In a real situation, however, the more likely relationship will be a
combination of all three cases, i.e.
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Ki

c = K, + + Ky Q4P
d
and therefore,
i = K,Q + K; + K;Qge+!  (kg/day) (5.7)

At this ground, then, the yearly total load from any subbasin can be
calculated from continuous flow measurements, i.e.

365 365 365
Load/year =1 = X K,Q; + X K; + X KyQ b+
365
K,Q, + 365K, + K, = Qg+ (gly) (5.8)

where Qy is the annual water discharge.

For many practical applications, K,Q, can be neglected. If b =1, the

third term collapses with the first term, and it may be necessary to
retain it. Conversely if b is large, the third term may become the
overriding one. This has to be judged from the data themselves.

Needless to add that the total load to the lake will be the sum of all the
loads from the various tributary subbasins plus what is directly
discharged to the lake. In certain cases, the direct atmospheric load
must be included also.

Export coefficient and indirect estimates

The export coefficient from any subbasin having an area of D is defined
as the load per unit of drainage basin, i.e.

_ by (eyn g (5.9)
D (m?2) T me yr '

@ may refer to the base load from natural sources (forest, barren land, etc.)
or include also anthropogenic sources, too. For comparative studies, such
export coefficients are useful, but indirect estimates must be used with the
utmost caution. This becomes evident, redefining the equations given above
in terms of export coefficient. Accordingly, the export coefficient for a
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given basin would be

KoQy 365K, K, 365
/D = + + 3, Qb+ (5.10)
D D D

In this equation, the only term independent of the water load is the
second one, and which also dimensionally fulfills the criterian of a true
export coefficient. While the first term can be neglected in many cases, it
is evident that the third term may have strong bearings on the total if the
water load regimes in, otherwise similar basins differ markedly. Moreover,
this term is the one likely to be responsible for the year to year variations
of @ observed in the one and same basin, though the overall conditions within
the basin may remain invariant.

Despite such uncertainties, it is possible to make indirect load
estimates from, say, land use characteristics, population density, known
animal husbandry, industrial sources, etc, see also chapter 6, section 7.
Experience has also shown that it is advisable to backcheck load estimates
from direct measurements, particularly in cases when no continuous flow
measurements are available. If the two load estimates differ by, say, more
than 50%, caution has to be applied in using such values.

Estimate of content in the lake

The mass balance equation requires a knowledge of the content of a
substance in the lake, and its temporal variation. The basic approaches for
this are measurements of concentration at various depths and at different
times of the year. A recipe which applies to all situations cannot be given,
but general limnology has developed a number of basic rules. The most
important conditions to be known are the temporal and spacial variations of
temperature at the basis of which the mixing characteristics are defined.
These depend primarily on climatological conditions while the more specific
characteristics are influenced by lake morpometry, flow regime, weather
conditions, ice coverage and, in certain cases, also by salinity and turbidity.

Temperate lakes show typically periods of deep mixing (fall-winter-
early spring) and summer periods of thermal stratification. In northern
lakes, winter stratification (ice coverage) occurs, while subtropical and
tropical warm water lakes may have more mixing-stagnation periods during
the year. However, also in these situations, climatic conditions define the
more specific mixing characteristics.

A particular class of lakes are oligomictic (no full mixing each year) or
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meromictic (only partial mixing all the time). See also chapter 2.

The sampling programme has to be tuned to the specific mixing regime
(see chapter 2 and appendix 1). As a general rule, during stratification one
to two samples should be taken at depth above the thermocline, one or two in
the thermocline, and one or more at various depths below the thermocline,
depending on the maximum depth. The absolute minimum number of surveys
per year should be four, and be adequately spaced in time. Larger lakes
require also assessment of horizontal differentiations. Subbasins and lakes
of complex morphology need specific investigation. In all cases, one station
should be located near, or immediately below the outlet.

Calculation of the content must be volume-based. For this, the
depth-water volume curves are necessary. The interpolated mean
concentrations (C,) representing a certain depth stratum is then multiplied

by the respective stratum volume, v,, and the products are summed, i.e.

Lake content = 3 ¢, * v, (5.11)

The summation is made from lake surface to the maximum depth (z,,,).

The volume v, | is estimated from the depth- volume curve

bydifference of the volumes read at the depths corresponding to the upper
and lower ends of the stratum.

For cases where no hypsographic curves are available but total volume
and mean and maximum depth are known from literature gives approximate
volumes between the two depths Z, and Z, can be estimated from

Ve = VO [(1-2Zp /1 Zpnay)E - (1-2Z4 1 Zpax)E ] (5.12)

V = total lake volume
E = Z,xx/Z whereZ=(Z,+2,)/Z

However, this formula should not be applied to lakes of unusual
morphometry.

Outflow values are estimated from mean outflow concentration, (c,) and
water outflow rate (Q,).



Outflow losses = ¢, * Q, (5.13)

In general, average outflow and concentration values give reliable esti-
mates, particularly during periods of deep mixing. It is advisbale to treat
summer stagnation situations separately.

54 COMPLETE MASS BALANCE

Once the basic information is available, a mass balance for the whole
lake can be set up, i.e.

L-0+ASt = (9S (5.14)

Total load - outflow =+ storage change
= (positive or negative) sedimentation

The essential difference between this and the water mass balance
equation is, briefly, that sedimentation losses, or (if negative) internal load
is estimated.

Yet, this applies only to substances which have no gas phase, e.g. phos-
phorus. As regards of nitrogen, the interpretation of the residual difference
term is more complex. Positive losses may be due to sedimentation as well
as to the balance of nitrification-denitrification. Negative values can be the
result of internal loading and the nitrification- denitrification balance.

The magnitude of the nitrification-denitrification balance can be
estimated approximately from comparison between e.g. the phosphorus
sedimentation and the N/P ratio of the load, the in-lake ratio and the
sediment N/P ratio. These estimates are not perfect but give at least a clue
of the magnitude of the processes. The procedure will be illustrated in more
detail later on.

5.5 LOAD ESTIMATE EXAMPLE
Water load and phosphorus load from a river basin

This example refers to a study in the river basin Savio (Northern italy)
conducted by the Emilia-Romagna study group on eutrophication. Figure 5.1
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summarizes the discharge duration in m3/sec (1), the cumulative water
discharge in 108m3 (2), and the cumulative phosphorus load in t (3).

rom
m¥sec (t—1,)
201 [ 250
_ Tlod 7|
Wi\ T 200
6 3
1m . Z Water 75_
30017 301 S 150
2001 20 501100
1007 101 2545
0 100 200 300 | 3l65 Days

Figure 5.1 River Savio: Phosphorus load and water discharge.

From this the following conclusions can be made: :
A
\
(@) the yearly mean water discharge, Q = 9.6 m%/sec is exceeded over a
period of 115 days with peak values exceeding 55 m3/day over 10 days;
(o) during the 115 days, the cumulative water discharge is 240 * 108
m3, Corresponding to 79% of the total yearly water discharge;
(c) during the same period of time, the cumulative phosphorus load from

this basin is 185 t, corresponding to 88% of the total yearly phosphorus load.
Further, the following considerations are of interest:

(a) If concentration measurements had been made only during low
discharge periods (250 days), their mean values would have been in the
order of 0.410 gP/m3. |f this mean value furthermore had been multiplied by
the mean water discharge for the whole year, the total yearly phosphorus
load would have been estimated to 124 t/year, i.e. substantially lower than
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the actual load.

(b) Only the other hand, if measurements were taken only during high
discharge periods, their mean value would have been in the order of 0.770
gP/m3. Multiplied by the mean discharge over the whole year, the total
phosphorus load estimate would have been 227 t. Contrary to the above
estimate, this estimate remains within the uncertainty of the real
phosphorus load estimate.

This example should demonstrate the importance of designing the
sampling programme correctly, including high discharge periods. In the
above example, the measurements covered several high and low discharge
periods of the year during which sampling was made every second hour
during one week.

Mass balance examples

The following examples are based on studies of Thomas (1955) of the
eutrophic Lake Pfaffikon (Pfaffikersee) in Switzerland. As a of demonstra-
tion, Thomas' original data have been slightly reelaborated. Also, the
shortcoming that the original values for nitrogen are only for mineral
nitrogen (NO; + NO, + NH, ) does not essentially disturb the procedure.

= AA/ AV (m2/m3)

1 T Ll 1 1] T

0 A 2 3 L .5

Figure 5.2 Hypsographic curves of Pfiffikersee (Switzerland) 1. Epilimnion: 14.45"106 m3 2,
Mesolimnion: 12.1*108 m3 3. Hypolimnion: 29.9*108 m3. A, = 3.25*108 m2 and V, = 56.45"106 m3.
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The main features of the lake

The essential limnological features of the lake are synthesized in Fig.
5.2 in form of hypsographic curves. In addition to these, the sediment
contact ratio

AA, / AV (m2/m3) (5.23)
S

has been plotted. Many of the dynamic characteristics (e.g. oxygen
consumption, denitrification activity, nutrient release, etc.) are related to
this ratio.

The volume is divided into three compartments (epi, meso, hypolimnion)
reflecting the features of thermal stratification during summer. The 0 to 5
m strata are normally well mixed, while the 5 to 15 m strata shows a sharp
thermal gradient from 5 to 10 m, and a weaker one from 10 to 15 m. From
inspection, the hypolimnion begins at depth of about 12.5 m. For some of the
more specific mass balance calculations, such information has to be taken
into account. Not all aspects will be explored in the following.

Mass balance for phosphorus and nitrogen from the period of
spring- mixing to end of summer stagnation

(a) Whole lake mass balance. The essential data are listed in Table
51.

Table 5.1

Pfaffikersee: Total phosphorus and mineral nitrogen content from 16/2 to 5/10/50 (231 days). Load
during the same period: phosphorus: 2720 kg; nitrogen: 30760 kg. Outflow loss: phosphorus: 660 kg;
nitrogen: 2470 kg.

Total phosphorus Mineral nitrogen
Stratum Volume 16.2 5.10 16.2 5.10
m 108 m3 mg/m3 kg mg/m3 kg mg/m® kg mg/m3 kg
0-5 14.34 65.2 935 9.8 140 625 8962 25 358
5-10 12.22 68.5 837 11.5 140 625 7639 238 2909
10-15 10.26 71.7 736 35.9 368 638 6548 513 5265
15-20 8.42 71.8 604 81.5 686 662 5580 495 3998
20-25 6.32 71.7 453 130.4 824 688 4350 513 3243
25-30 3.71 74.9 278 208.8 775 713 2647 788 2925
30-35 1.18 228.8 270 286.9 338 724 854 1211 1429
0-35 56.45 (72.9) 4115 (58.0) 3271 (648.0) 36850 (356.5) 20127
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From this the following mass balance sheets can be set up immediately:

Table 5.2 Mass Balance

Phosphorus (ka) _ Nitrogen (kq)
Lake content 16.2 4113 36580
Load 16.2 to 5.10 +2720 +30760
Outflow loss 16.2 to 5.10 -660 -2470
Net load (+2060‘? (+28290_}
Lake content 5.10 -327 -2012

= Internal losses
a) phosphorus = sedimentation 2902
b) nitrogen = sedimentaion + denitrification 44743

In order to estimate the nitrogen loss through processes of
denitrification, one can proceed from the assumption that sedimentation of
both, phosphorus and nitrogen, is due to sedimentation of biomass. The N/P
ratio in healthy biomass ranges between 5 to 10 (5 rather nitrogen, 10
rather phosphorus limited). Accordingly, the nitrogen corresponding to 2900
kg P should be in the order of 14500 to 29000 kg. Hence, denitrification
would be in the order of between 30250 (44750 - 14000) to 15750 (44750
- 29000) kg.

However, because of the complex dynamics (e.g. recycling of phosphorus
and nitrogen) such estimates are rather vague. A better reference is
offered by the sediment N/P ratio. Thomas reports N/P in sediments to 4.9.
Accordingly, 2900 kg P equal 14210 kg N. With a total nitrogen loss of
44750 kg, therefore, denitrification is in the range of 30500 kg. Of these, at
least some 9000 t occur in the water column (from inspection of the
difference between spring and fall content of the 5 to 25 m strata); the rest
occurs probably in the sediment.

(b) Mass balance considering epi-hypolimnion fluxes. During the
period of summer stagnation, the hypolimnion is more or less isolated from
the epilimnion, except for vertical fluxes in both directions. Upward fluxes
are possible under conditions of strong concentration gradients (diffusive
fluxes and weak advective fluxes), while the main fluxes are downward due
to particle sedimentation. While an exact differentiation with simple mass
balance calculation cannot be made, one may at least estimate the magnitude
of the net fluxes through an arbitrarily defined horizon. For both simplicity
and also limnological reasons, let us consider the fluxes through the 5 m
horizon. This leads to the following balance sheets:



(1) Phosphorus

Note

(a)

(b)

(i)

Epilimnion:
- content 16.2 (0-5 m)
- load 16.2 - 5.10

- outflow loss 16.2 - 5.10
- content 5.10 (0-5 m)

Downward flux
Hypolimnion:

- content 16.2 (5-35 m)

- net flux from epilimnion
- content 5.10 (5-35 m)

Difference (sedimentation)

935 kg
+2720 kg
-660 kg

=140 kg
2855 kg

3178 kg
+2855 kg

=3131 kg

2902 kg

that this difference is equal (has to be) to the whole lake
sedimentation estimate, and (i) that this is likely an overestimate of the
real flux, insofar as probably a slightly higher fraction of phosphorus is
sedimented in the 0-5 m littoral zone.

(2) _Nitrogen

(a)

(b)

Epilimnion:

content 16.2 (0-5 m)
load 16.2 - 5.10

outflow loss 16.2 - 5.10
content 5.10 (0-5 m)

Downward flux

Hypolimnion:

- content 16.2 (5-35 m)

- net flux from epilimnion
- content 5.10 (5-35 m)

Difference (sedimentation
+ denitrification)

Everything equal, this fraction is
likely in the order of 10% to 20% of the total.

8962 kg
+30760 kg
-2470 kg

-358 kg

36894 kg

27618 kg
+36894 kg

-19769 kg

44743 kg

Note that the reasoning made above about phosphorus also applies to

nitrogen.
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Using the same syllogism, more detailed calculation over shorter time
spaces covering the whole year, or several years in a row, can be made. It
should be noted that, contrary to the examples considered above,
"sedimentation” (particularly for phosphorus) may also be negative. This
means that one has to do with periods of internal loading. In eutrophic
lakes, this is often the case in situations of prolonged hypolimnetic anoxia.
Yet, as the above example shows, this is not a sufficient condition. The
oxygen concentration of Pfaffikersee at the height of summer stagnation
remains below 0.25 mg/l from 30 m and downwards.



CHAPTER 6

USE OF MIODELS

6.1 MODELS AS A MANAGEMENT TOOL

The idea behind the use of ecological management models is demon-
strated in Fig. 6.1. Urbanization and technological development has had an
increasing impact on the environment. Energy and pollutants are released into
ecosystems, where they may cause more rapid growth of algae or bacteria,
damage species, or alter the entire ecological structure. Now, an ecosystem
is extremely complex, and so it is an overwhelming task to predict the
environmental effects that such an emission will have. It is here that the
model comes into the picture. With sound ecological knowledge it is possible
to extract the features of the ecosystem that are involved in the pollution
problem under consideration and to form the basis of the ecological model
(see also the discussion in chapter 2). As indicated in Fig. 6.1, the model
resulting from this can be used to select the environmental technology best
suited for the solution of specific environmental problems, or legislation
reducing or eliminating the emission set up.

EcoloP ical
environmental models
management
technology
MAN Environment
{environmental scnenlce) {ecosystems)
im “\O“

n
€t of ngture 2

Figure 6.1 Relations between environmental science, ecology, ecological modelling and environmental
management and technology.

6.2 ELEMENTS OF MODELLING

An ecological model consists, in its mathematical formulation, of five
components:

(1) Forcing functions or external variables, which are functions or
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variables of an external nature that influence the state of the ecosystem. In
a management context the problem to solve can often be reformulated as
follows: if certain forcing functions are varied what will be the influence on
the state of the ecosystem? The model is, in other words, used to predict
what will change in the ecosystem, when forcing functions are varied with
the time. Examples of forcing functions are the input of pollutants to the
ecosystem, the consumption of fossil fuel, or a fishery policy, but
temperature, solar radiation, and precipitation are also forcing functions
(which, however, we cannot at present manipulate). Forcing functions, which
are controllable by man, are often named control functions.

(2) State variables describe, as the name indicates, the state of the
ecosystem. The selection of the variables is crucial for the model structure,
but in most cases the choice is obvious. If, for instance, we want to model
the eutrophication of a lake it is natural to include the phytoplankton
concentration and the concentration of nutrients. When the model is used in a
management context the values of the state variables predicted by changing
the forcing functions can be considered as the result of the model, because
the model will contain relations between the forcing functions and the state
variables. Most models will contain more state variables than are directly
required for purpose of management, because the relations are so complex
that they require the introduction of additional state variables. For instance,
it would be sufficient in many eutrophication models to relate the input of
one nutrient with the phytoplanton concentration, but as this variable is
influenced by more than one nutrient (it is influenced by other nutrient
concentrations, temperature, hydrology of the water body, zooplankton
concentration, solar radiation, transparency of the water etc.) a eutrophica-
tion model will most often contain a number of state variables.

(3) The biological, chemical and physical processes in the ecosystem are
represented in the model by means of mathematical equations. They are
the relations between forcing functions and state variables. The same type of
processes can be found in many ecosystems, which implies that the same
equations can be used in different models. It is, however, not possible today
to have one equation that represents a given process in all ecological
contexts. Most of the processes have several mathematical representations,
which are equally valid either because the process is too complex to be
understood in sufficient detail at present, or because some specified
circumstances allow us to use simplifications.

It is therefore not surprising that ecological models have been used
increasingly in ecology as an instrument to understand the properties of the
ecosystem. This application has clearly revealed the advantages of models as
a useful tool in lake management; this might be summarized in the following



points:

1. Models are useful instruments in survey of complex sysiems.
. Models can be used to reveal sysiem properties.
3. Models reveal the weakness in our knowledge and can therefore be
used to set up research priorities.
4. Models are useful in tests of scientific hypoiheses, as the model can
simulate ecosystem reactions, which can be compared with
observations.

(4) The mathematical representation of processes in the ecosystem
contains coefficients or parameters. They can be considered constant for
specific ecosystem or part of ecosystem.

In the casual models the parameters will have a scientific definition, e.g.
the maximum growth rate of phytoplankton. Many parameter values are known
within limits. In Jorgensen et al. (1979) can be found a comprehensive
collection of ecological parameters. However, only a few parameters are
known exactly and so it is necessary to calibrate the others.

By the calibration it is attempted to find the best accordance between
computed and observed state variables by variation of a number of
parameters. The calibration might be carried out by trial and error procedure
or by use of software developed to find the parameters that give the best fit.

In many static models, where process rates are given as average values in
a given time interval and in many simple models, which contain only a few
and well defined or directly measured parameters, calibration is not required.
In models aimed at simulating the dynamics of the ecological processes, the
calibration is crucial for the quality of the model due to the reasons
summarized below:

a. As indicated above the parameters are in most cases known only within
limits.

b. Different species of animals and plants have different parameters,
which can be found in the literature (see Jargensen et al. 1979).
However, most ecological models do not distinguish between different
species of phytoplankton, but consider them as one state variable. In
this case it is possible to find limits for the phytoplankton parameters,
but as the composition of the phytoplankton varies throughout the year
an exact average value cannot be found.

¢. The influence of the ecological processes which are of minor importance
to the state variables under consideration, and therefore not included in
the model, can to a certain extent be considered by the calibration,
where the results of the model are compared with the observation, from
the ecosystem. This might also explain why the parameters have



different values in the same model when used for different ecosystems.
The calibration can, in other words, take the site differences and the
ecological processes of minor importance into account, but obviously it
is essential to reduce the use of calibration for this purpose. The
calibration must never be used to force the model to fit observations if
this implies, that unrealistic parameters are obtained. If a reasonable
fit cannot be achieved with realistic parameters the entire model should
be questioned. It is therefore extremely important to have realistic
ranges for all parameters or at least for the most sensitive. This
implies that a sensitivity analysis must be carried out, whereby the
influence of changes in submodels, parameters or forcing function on the
most crucial state variables is found.

(5) Most models will also contain universal constants such as the gas
constant, molecular weights etc. Such constants are of course not subject to
a calibration.

Models can be defined as formal expressions of the essential elements of
a problem in either physical or mathematical terms. The first recognition of
the problem is often, and most likely, to be, expressed verbally . This can be
recognized as an essential preliminary step in the modelling procedure, but
the term formal expressions implies that a translation into physical or
mathematical terms must take place before we have a model in the sense we
are applying throughout this book.

The verbal model is difficult to visualize and it is therefore conveniently
translated into a conceptual diagram, which contains the state variables,
the forcing functions and how these components are interrelated by
processes. The conceptual diagram can be considered as amodel, and is named
a conceptual model. A number of models in the ecological literature stop at
this stage due to lack of knowledge about the mathematical formulation of
processes. They can, however, be used to illustrate the relationships
qualitatively.

Fig. 6.2 illustrates a conceptual model of the nitrogen cycle in a lake. The
state variables are nitrate, ammonium, nitrogen in phytoplankton, nitrogen in
zooplankton, nitrogen in fish, nitrogen in sediment and nitrogen in detritus.
In the diagram are shown the following forcing functions: inflow, outflow
and the concentrations of nitrate and ammonium in the in- and outflow. Other
forcing functions not shown are: solar radiation and temperature. The arrows
in the diagram illustrate the processes numbered 1 to 18. [f we want to
proceed to a quantitative model, it is necessary to formulate these processes
by use of mathematical expressions (equations).
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Figure 6.2 The nitrogen cycle in an aquatic ecosystem. The processes are: (1) Uptake of NOg™ and NHg+
by algae, (2) Photosynthesis, (3) Nitrogen fixation, (4) Grazing with loss of undigested matter, (5), (6)
and (7) are predation and loss of undigested matter by predation, (8) Mortality, (9) Minerali- zation, (10)
Settling, (11) Settling of detritus, (12) Settling, (13) Release from sediment, (14) Nitrification, (15),
(16) and (18) Input/output, (17) Denitrification.

It is of great importance to verify and validate models. Verification is
a test of the internal logic of the model. Typically questions in the
verification phase are: Does the model react as expected? Will for instance
increased discharge of phosphorus give a higher concentration of
phytoplankton in a model concerned with the eutrophication of a lake? Is the
model long-term stable? Does the model follow the law of mass
conservation? etc.

Verification is therefore largely a subjective assessment of the
behaviour of the model. To a large extent verification will inevitably go on
during the use of the model before the calibration phase, which has been
mentioned above.

Validation must be distinguished from verification, but previous use of
the words has not been consistent. Validation consists of an objective test
on how well the model outputs fit the data.

6.3 MODELLING IN PRACTICE

Three important issues related to the application of models will be
touched in this section:

1. Which procedure should a modeller follow to avoid mistakes and get the
best possible results?



2.  Which complexity of the model should be selected to obtain the
maximum knowledge from the available data?

3. How to get a good accordance between data and objectives of the model.

The use of models in the ecological context is relatively new and few
guides are therefore available for the construction of ecological management
models. A tentative guideline is presented in Fig. 6.3.

In addition to defining the problem and its parameters in space and time,
it is important to emphasize that this procedure is unlikely to be correct at
the first attempt, and so there is no need to aim at perfection in one step.
The main requirement is to get started (Jeffers, 1978). All ecosystems have
a distinctive character and a comprehensive knowledge of the system that is
going to be modelled is often needed to get a good start.

It is difficult to determine the optimum number of subsystems to be
included in the model for an acceptable level of accuracy, and often it is
necessary to accept a lower level than intended at the start due to a lack of
data.
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Figure 6.3 A tentative modelling procedure.

It has been argued that a more complex model should be able to account
more accurately for the complexity of the real system but this is not true.
Som additional factors have to be included in this considerations. As
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increasing number of paramberts are added to the model there will be an
increase in uncertainty. The parameters have to be estimated either by
observations in the field, by laboratory experiments or by calibrations, which
again are based on field measurements. Parameter estimations are therefore
never errer free. As these errors are carried through into the model they will
contribute to the uncertainty of the prediction derived from the model, and
there seems therefore to be some great advantage in reducing the complexity
of models.

Some ecologists argue that ignorance of species diversity increases the
risk of neglecting important elements of their dynamics. However, compa-
rison of models with different complexities (Jorgensen et al.,, 1978 and
1981) demonstrates that the deviations of simpler models from alternative
models, which take biological diversity into account, might be negligible for
the purpose of the model. This trade off between complexity and simplicity
in the choice of model is one of the most difficult modelling problems. Some
attempts have been made to provide some genral rules. The method published
by Jaorgensen et al. (1977) measures the response of the model to more state
variables and concludes that only the major influences of importance for the
problem in focus should be included in the model. The method might also be
interpreted as a sensitive test on the addition of state variables. The
selection of the mode! complexity will be discussed further below.

Once the model complexity, at least at the first attempt, has been
selected, it is possible to conceptualize the model (e.g. in the form of a
diagram such as those shown for the nitrogen cycle in fig. 6.2). This will give
information on, which state variables and processes are required in the
model. For most processes a mathematical description is available, and most
of the parameters have, at least within limits, known values from the
literature. Tables of parameters used in ecological models can be found in
Jorgensen et al. (1979).

It is possible at this stage to set up alternative equations for the same
process and apply the model to test the equations against each other.
However, the many ecological processes not included in the model, have some
influence on the processes in the model. Furthermore, the parameter values
used from the literature are often not fixed numbers, but are rather indicated
as intervals. Biological parameters can most often not be determined with
the same accuracy as chemical or physical parameters due to changing and
uncontrolled experimental conditions. Consequently, calibration by the
application of a set of measured data is almost always required. However,
the calibration of several parameters is not realistic. Mathematical
calibration procedures for ten or more parameters are not available for most
problems. Therefore, it is recommended that sound values from the literature
are used for all parameters, and that a sensitivity analysis of the parameters



(see Fig. 6.3) is made before the calibration. The most sensitive parameters
should be selected, as an acceptable calibration of 4-8 parameters is possible
with the present techniques.

If it is necessary to calibrate 10 parameters or more it is advantageous
to use two different series of measurements for the calibration of five
parameters each, preferably by selecting measuring periods where the state
variables are most sensitive to the parameters calibrated (Mejer et al.,
Jorgensen et al.,, 1981). It is of great importance to make the calibration on
the basis of reliable data; unfortunately, many ecological models have been
calibrated against inaccurate information.

It is characteristic of most ecological models that analysis and
calibration of submodels are required. If ecological models are build without
the knowledge of the ecosystem and its subsystems, they are often not
realistic. These considerations are included in the procedure indicated above
for the calibration and also in the modelling procedure presented in Fig. 6.3.

After the calibration it is important to validate the model, preferably
against a series of measurements from a period with changed conditions, e.g.
with changed external loading or climatic conditions.

The right complexity cannot, as already discussed, be selected generally.
It seems that there has been a tendency rather to choose too complex rather
than too simple a model, probably because it is too easy to add to the
complexity: It is far more troublesome to obtain the data that are necessary
to calibrate and validate a more complex model. As we have repeated here
several times, it is necessary to select complexity on the basis of the
problem, the system and the data available.

The tentative modelling procedure presented in Fig. 6.3 is only one among
many workable procedures. However, the components of other possible
procedures are approximately the same. The goal and the objectives of the
model determine its nature. The steps: setting up a conceptual diagram,
verification and validation are repeated in all procedures. As mentioned
calibration and thereby sensitivity analysis might sometimes be redundant,
when the parameters aiready are known with sufficient accuracy.

Modelling should, however, be considered an iterative process. When the
model in the first instance has been verified, calibrated or validated, new
ideas will emerge on how to improve the model. The modeller will again and
again wish to build new data, knowledge and experience either from his own
experiments or from the scientific literature into the model; this implies
that he at least to a certain extent must go through the entire procedure again
to come up with a better model. The modeller knows that he can always build
a better model, which has higher accuracy, is a better prognosis tool or
contains more relevant details than the previous model. He will approach the



ideal model asymtotically, but will never reach it. However, [/imited
resources will sooner of later stop the iteration and the modeller will
declare his model to be good enough within the given limitations.

An example might be used to describe a model development:

1. A conceptual model was set up based upon a conprehensive study of Lake
Glumsg in 1973 (Jargensen et al., 1973).

2. This first model could not be used to set up a prognosis, as it was only a
conceptualization of the ecological knowledge on the lake as an
ecosystem.  The objectives for the next step was to establish a
relationship between eutrophication (measured by the concentrations of
phytoplankton and by the transparency) and the nutrient input to the lake.
Consequently a mathematical model, which focused on eutrophicaion,
was made on basis of additional data. The model was calibrated and
validated satisfactorily (Jargensen, 1976).

3. During the following two years several possible improvements of the
model were tested, which resulted in a slughtly changed model and
improved calibration and validation. That model was used to set up
prognosis for various management strategies, which could be compared
more objectively (Jorgensen et al., 1978).

4. The experience with model calibration and validation made it clear, that
the available data did not reflect adequately the dynamics of the most
important state variable in the model: phytoplankton. The sampling
frequency during the period 1973-76 was monthly, and it was therefore
attempted to increase the sampling frequency to 3-4 times a week during
the spting and summer bloom period to obtain better data for a more
accurate calibration (Jargensen et al., 1981).

5. A diversion of the waste water took place in 1981, which made it
possible to validate the prognosis set up in 1978. Previously the model
was validated under unchanged nutrient loadings, but it was an open
question, whether a significant reduction in the nutrient loadings would
cause such changes in the ecosystem, that the previously developed model
would be invalid. Simultaneously with the prognosis validation, further
possible improvements were tested and a few changes adopted. The
validation of the prognosis gave under all circumstances the clear result,
that the model was a good prognosis tool, but further improvements could
be induced byu use of a current change of the most crucial parameters to
account for the changes in species composition observed by the
nutrient reduction (Jorgensen et al., 1986 and Jorgensen, 1986).



6. Further improvements seem therefore to take the direction of
incorporation of dynamic structure into the model to improve the model
ability to make predictions under radically changed circumstances.

KnowledgeA

(2)

(1)

Model Complexity

Figure 6.4 Knowledge plotted versus model complexity measured f.inst. by the number of state
variables. The knowledge increases up to a certain level. Increased complexity beyond this level will not
add to ones knowledge about the modelled system. At a certain level ones knowledge might be decreased.
(2) corresponds to an available data set, which is more comprehensive or has a better quality than (1).

It is a general assumption that a model may be made more realistic by
adding more and more connections, up to a point. Addition of new parameters
after that point does not contribute further to improved simulations, but on
the contrary more parameters imply more uncertainty, because of the
possible lack of information about the flows, which the parameters quantify.
Given a certain amount of data, the addition of new state variables or
parameters beyond a certain model complexity does not add to our ability to
model the ecosystem, but only adds unaccounted uncertainty. These ideas are
visualized in Fig. 6.4. The relationship between knowledge gained through a
model and its complexity (f.inst. measured as the number of state variables or
the number of connectivities) is shown for two levels of data quality and
quantity. The question under discussion can be formulated with relation to
this figure: How can we select the complexity and the structure of the model
to assure that we are on the optimum for "knowledge gained”, or the best
answer to the question posed to the model.



Costanza and Sklar (1985) have examined 85 different models and found
that the relationship shown in Fig. 6.4 was valid.

The results from this mode review have some interesting scientific
perspectives. In the past, scientists have tended to narrow their questions in
order to achieve higher accuracy. This leads to models with low complexity
but high descriptive accuracy. The results say much about little.

Nature is however complex and it becomes impossible to
describe reactions of all species to the combinations of all
possible impacts (forcing functions) by use of accurate answers to
narrow questions. In physics it is impossible to know simultaneously the
accurate location and velocity of a particle. This is in accordance with the
uncertainty relations by Heisenberg, and can be explained by Bohr's
complementarity principle: the observer effects the object. In ecology we
have a similar uncertainty relation: all components and processes cannot be
described accurately at the same time. The product of the number of
elements in the model and the descriptive accuracy of the model
has an upper limit and the trade off for the modeller is between
knowing much about little and little about much. The complexity of
nature can only be described by statistical high number of elements and
therefore scientists have recently been looking at nature more
comprehensively from a viewpoint of models and systems. This has enabled
us to know a little more about much. In accordance with Costanza and Sklar,
we therefore have to construct models with high effectiveness, this
is a function of both how much it attempts to explain (articulation)
and how well it explains that, which was attempted (descriptive
accuracy).

6.4 ENVIRONMENTAL MANAGEMENT MODELS

There is no principal difference between scientific and environmental
management models. Environmental management models have, on the other
side, some characteristic features, which will be presented in this chapter.

The management problem to be solved can often be formulated as follows:
if certain forcing functions (management actions) are varied, what will be
the influence on the ecysystems state? The model is used to answer this
question or in other words to predict, what will change in the system, when
forcing functions are varied with space and time.

The term control functions is used to indicate forcing functions, that
can be controlled by man such as consumption of fossil fuel, regulation of
water level in a river by a dam, discharge of pollutants or fishery policy.



A certain class of environmental management models is named control
models. They differ from other such models by the content of the following
two elements:

1. a quantitative description of control processes

2. a formalization of objectives and evaluation of achievements.

The difference between control models and other environmental
management models can best be illustrated by an example. The eutrophication
model presented in next section can be used as a management model. If we
find the model response to various input of nutrients, we get the
corresponding scenarios as model output. Among these scenarios the manager
can select the one, that he prefers from an ecological-economic viewpoint.
The model is used as an environmental management tool, but it is not a
control model, which needs to formulate a goal f.inst. that we want to
achieve, within a certain period of time, a certain transparency of lake water.
Furthermore, we must introduce into the model a veriable input of nutrients
and find by use of the model the relation between the transparency and the
nutrients input. The manager find directly from this relation which nutrients
inputs, he must select to achieve his goal. It requires with other words some
additional equations and concepts to be introduced into the model to
construct a control model. In many cases this is quite feasible, but it adds to
the complexity of the model. In cases where the control function can be
varied continuously the advantages of control models are often sufficient to
justify the additional complexity of the model, but if only a few possibilities
are available, it hardly. pays to construct a control model.

In the case of eutrophication there are only a few methods able to reduce
the nutrient inputs, which can be varied easily in accordance with the known
efficiency of these methods or combinations of methods. The management
problem in this case is: which method to select among a few possibilities?
A question, which can be answered simply by comparison of the corresponding
scenarios.

In the case, where objectives are multiple, not all the formulated goals
might be achieved simultaneously. Some of the goals might even be
contradictory. Several methods are available in operation research to solve
such multi goal problems: linear transformation, use of control indices, use
of metrics in goal function space, Pareto methods etc. (see Haimes, Hall and
Freedman, 1975). Nevertheless, the final selection of a control function may
ultimately be determined by subjective criteria, such as aesthetics which
cannot be formulated. The final decision is in other words political.
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A further step in complexity is the construction of ecological-economic
models. As we gain experience in the construction of ecological and economic
models, more and more ecological-economic models will be developed. It is
often feasible to find a relation between a control function and the economy,
but it is in most cases quite difficult to assess a relationship between the
economy and the ecosystem state. What is f.inst. the economic advantages of
an increased transparency? Ecological-economic models are useful in some
cases, but should at the least be used with much precaution and the relation
between economy and environmental conditions should be critically evaluated,
before the results are applied.

This presentation of control and ecological-economic models could give
the impression, that environmental models always are more complex than
scientific models. This is not the case. Environmental management models
have often more clear formulation of the objectives of the model than
scientific models, which might render it more easy to selevt the complexity
of the model in the first hand. Knowledge as to the needed predictive value of
an environmental management model might also enable the modeller to reduce
its complexity, while the scientific use of the model implies that the
modeller rigorously questions the possibilities of complexity reductions.

Data collection is the most costly part of model construction. For many
water quality models it has been found that the data collection has amounted
to 80-90% of the total modelling costs. As complex models require far more
data than simple ones, the selection of the complexity of environmental
management models should be closely related to the environmental problem to
be solved.

It is, therefore, not surprising that the most complex environmental
management models have been developed for large ecosystems, where the
economics involvment is great.

The predictive capability of environmental models can always be
improved in a specific case by expansion of the data collection program and
by increased complexity of the model, provided, of course, that the modellers
are sufficiently skilled to know in which direction further expansion of the
entire program has to develop. However, the relation between the economy of
the project and the accuracy of the model is somewhat as shown in Fig. 6.5.
The reduction in discrepancy between model and reality is lower for the next
dollar invested in the project. But it is also clear from the shape of the curve
in Fig. 6.5 that the error will never be complete eliminated: all model
predictions have a standard deviation. This is not surprising to scientists,
but it is often not realized by the decision makers, to whom the modeller has
th present his results.



A validation, if carried out properly, can be used to determine the
standard deviation. Model results used in environmental decisions should
always be accompanied by an indication of the standard deviation on the
prognosis and it is important to clarify the meaning of this standard
deviation of this standard deviation to the decision maker. The modeller
should even give recommendations as to how to use results and standard
deviations in their proper context. Decision makers have often used standard
deviations wrongly, when they were presented to them: as numbers, which
indicate how much the costs could be reduced without any effect on
environmental quality.

Engineers use safety factors to assure that a building or a bridge can last
for a certain period of time with very low probability of breakdown to occur,
even under extreme conditions. Decision makers would in such a case never
interfere with the use of safety factors to account for the standard
diviations of the engineer's model computations.
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Figure 6.5 The more a skilled modeller invests in a model and in data collection the closer he will come to
realistic predictions, but he will always gain less for the next dollar invested and he will never be able to
give completely accurate predictions.

Nobody would propose to use a smaller or no safety factor at all to save
some concrete and reduce the cost. The reason is obvious: nobody want to
take the responsibility for even the smallest probability of a building or
bridge collapsing.
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When decision makers are going to take decisions on environmental
issues, the situation is strangely enough different. Here he wants to use the
standard deviation to save money not to assure under all circumstances high
environmental quality. It is therefore the modellers duty to explain to the
decision makers the consequences of the various decision possibilities. A
standard deviation of a prognosis for an environmental management model
can, however, not always be translated into a probability, because we do not
know the probability distribution. It might hardly be one of the common
distribution functions, but it is possible to use the standard deviation
qualitatively or semiquantitatively and translate by use of words the
meaning of the results. The civil engineers are actually more or less in the
same situation and they have succeeded in convincing their decision makers.

Why should the environmental modeller not be able to do the same?

Definition of problems
and system. Formulation
of model goals

Conceptual
model

Mass
balance

Simple model

4

Data collection program

3. model

4 model

Figure 6.6 Scheme for development of a complex management model.

It is often advantageous to attack an environmental problem in the first
hand by use of simple models. They require very few data and can give the
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modeller and the decision maker some priliminary results. If the modelling
project is stopped at this stage for one or another reason, a simple model is
still better than no model, because it will at least give a survey of the
problem.

The simple model is, furthermore, a good starting point for the
construc- tion of more complex models. In many cases the construction of a
model is carried out as an iterative process, as mentioned in section 6.3. In
Fig. 6.6 is shown how a stepwise development of a complex model might take
place. The first model step is here as in Fig. 6.3 a conceptual model. It is
used to get a survey of the processes and state variables in the system. The
next step is a simple model, which is even calibrated and validated. It is
used to set up a data collection program for a more comprehensive program,
which is used for a model, which is close to the final selected version.
Often, however, as is also shown in Fig. 6.6 the third model will in use
reveal some weaknesses, which are attempted eliminated in the fourth
version. It seems at the first glance to be a very cumbersome procedure, but
as data collection is the most expensive part of the modelling, as mentioned
above, it will require less resources to construct a preliminary model to use
for optimization of the data collection program. It might be added that Fig.
6.6 can be considered a formalization of the iterative procedure that many
modellers are forced to use anyhow and that a planning of these steps at an
initial phase of the project alwas is advantageous.

A simple mass balance scheme is also recommendable to use for
biogeochemical models (see chapter 5). The mass balance will indicate what
posibilities we have for reduction or increase of a concentration, which, of
course, is crucial for environmental management.

Table 6.1

Examples of sources

Source Examples

Point sources Waste water (N, P, BOD), SO, from fossil fuel
discharge of toxic substances from industries

Non point man Agricultural use of fertilizers, deposition of

made sources lead from vehicles, contaminants in rain water

Non point natural Run-off from natural forests, deposition on
sources land of salt originated from the sea

Point sources are usually more easy to control than man made non-point
sources, which again usually can be controlled better than natural sources.
Examples of these three types of sources are given in Table 6.1. We can also
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distinguish between local, regional and global sources. As the mass balance
indicates the quantities it is possible to conclude as to which sources to
concentrate on first. If f.inst. a non-point regional source of poliutants is
dominating it might be useless to eliminate small local point sources first,
unless, of course, this might have some political influence on the regional
decisions.
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Figure 6.7 The dispersion of lead losses to the environment. (Denmark 1969).

Fig. 6.7 shows a mass balance model. From the model can be seen that
diffuse contamination of lead is caused by lead in gasoline, which is also
reflected in the lead concentration of lake sediment. Because of the diffuse
character the lead will contaminate uncontrollably, whereas most of the
lead in waste water can be removed by a proper treatment method or even
recovered. As lead is toxic it is harmful in food items and water. |t is
therefore understandable that lead has been banned in gasoline in many
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countries or at least the allowed concentration reduced considerably.

It has been touched upon already that the modeller and the decision
maker should understand each other. It is here recommendable to let the
decision maker follow the model construction from the very first phase to
get acquainted with its strength and the shortcomings of the model. 1t is
also important that the modeller and the decision maker together formulate
the objectives of the model and interprete the model results.

Communication between the decision maker and the modeller can be
facilitated in many ways, and often it is in the hand of the modeller to do so.
If the model is built as a menu system as presented by Mejer (1983) it
might be possible in few hours to teach the decision maker, how to use the
model and that will, of course, increase his understanding of the model and
its results. If an interactive approach as presented by Fedra (1983) is
applied it is furthermore possible for the decision maker to visualize a wide
range of methods to give the best possible decision as to what happens in
the system by use of various management strategies. It is under all circum-
stances recommendable to invest time in a good graphic presentation of the
results to the decision maker. Even he has been currently informed about the
model project in all its phases, he will hardly understand the background and
assumptions of all model components. Therefore it is important that the
results including the main assumptions, shortcomings and standard
deviations are carefully presented by an illustrative method.

6.5 ENVIRONMENTAL PROBLEMS AND MODELS

We are not yet that far advanced in environmental modelling, that model
results can be used solely. The model should never be used as decision
maker, but should rather be considered as a very useful tool in the decision
process. This implies that the modelling results should be clearly and
illustratively presented and be considered an important component in the
discussion of which decision to select. Side effects, the interpretation of
the prognosis, implications of the prognosis accuracy etc. are elements
which might be considered in such a discussion.

If a good environmental model is available, it is a very powerful tool in
the decision-making process. A wide range of environmental problems has
been modelled during the last 10-15 years. They have all been of important
assistance to the decision makers and with the rapid growth in the use of
environmental models, the situation will only improve in the nearest future.
Obviously, we do not have achieved the same level of experience for all
environmental problems.

Note that we need far more experience in environmental modelling of
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large scale problems, such as the regional distribution of airborne pollutants
and the water quality of the sea or an entire catchment area. Our knowledge
and experience about the distribution and effect of toxic substances and the
stability of ecosystems including the significance of species are, generally,
limited. Some case studies of toxic substances distribution and effect are
well examined, but our experience is still much too limited when the great
number of toxic substances is taken into account.

The use of models in environmental management is growing.
Particularly models have been well developed in lake management.

Models are widely used in several European Countries, in North America
and in Japan, but more and more countries take up the application of models
by environmental agencies. Through the journal "Ecological Modelling" and
ISEM, International Society for Ecological Modelling, it is possible to follow
the pregresses in the field. This "infrastructure" of the field facilitates the
communication and accelerate the exchange of experience and thereby the
growth of the entire field of ecological modelling. Soon there will be a need
for a model bank, where the user can obtain information about existing
models, their use and characteristics. It is not possible to transfer a model
from one case study to another as stated throughout the book and it is
difficult to transfer a model from one computer to another, unless it is
exactly the same type of computer, but it is often a great help to get the
experience gained by somebody else in modelling a similar situation at some
other place in the world.

This touch on the problem of generality of models. Few models have
been used on several case studies to give a wide experience on this
important matter. The eutrophication model presented in next section has
been used on a wide range of case studies included lakes in the temperate
and the tropical zone, shallow and deep lakes and even fjords. The
experience gained by these case studies is illustrative, but does not
necessarily represent general properties of models.

6.6 OVERVIEW OF LAKE MODELS

Several eutrophication models with a wide spectrum of complexity have
been developed. As for other models the right complexity of the model is
dependent on the available data and the ecosystem. Table 6.2 reviews
various eutrophication models.
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Table 6.2

Various Eutrophication Models

Number of Dimen- Constant Stoicho-  Cali- Number
state variables Nutrient Seg-  sion (D) metrics (CS) or brated of case
Model per layer or con- ments  or independent Nutri- and/or studies in
segment sidered Layers (L) ent Cycle (NC) Validated literature
Vollenweider 1 P (N) 1 1L cs C+V many
Imboden 2 P 1 2L, 1D cs c+C 3
O'Melia 2 P 1 1D cs o] 1
Larsen 3 P 1 1L cs C 1
Lorenzen 2 P 1 L Ccs C+C 1
Thomann 1 8 P, N C 1 3L cs C+V 1
Thomann 2 10 P,N,C 1 7L cs C 1
Thomann 3 15 P,N,C 67 7L (03] - 1
Chen & Orlob 15 P,N,C sev. 7L cS C min. 2
Patten 33 P,N,C 1 1L cs o] 1
Di Toro 7 P, N 7 1L cs C+V 1
Biermann 14 P, N, Si 1 1L NC C 1
Canale 25 P, N, Si 1 2L cs C 1
Jergensen 17 P,N,C 1 1-2L NC C+V 17
Cleaner 40 P, N, C, Si sev. sev. L Ccs C many
Nyholm 7 P, N 1-3 1-2L NC C+C 13
The table indicates the characteristic features of the models, the
number of case studies it has been applied (of course with some

modification from case study to case study, as a general model is
nonexisting and as site specific properties should be reflected in the
selected modification) and whether the model has been calibrated (C) and
validated (V).

Some of the most simple models, that can be used in a data-poor
situation are presented below. These models give the reader a good
impression of problems involved in modelling the eutrophication process.

Simple eutrophication models are based upon three steps:
1. Determination or calculation of nutrient loading
Prediction of the nutrient concentration (usually only one nutrient is

considered
3. Prediction of eutrophication.

6.7 SIMPLE VERSUS COMPLEX MODELS

In section 6.3 it was emphasized that the model should consider the
problem, the ecosystems and the data, and that it is of importance to select

-90 -



a model complexity, which the data can bear. Consequently, it is not always
possible to develop a model, which gives the predictive capacity that is
needed for a given problem. The modeller must here be aware of the
limitations of his model and either present these limitations together with
his model or attempt to get better data.

Determination of nutrient balances is the basic of all eutrophication
models. It is possible by measurement of the concentrations and flow rates
of in- and outputs. Alternatively it is possible to calculate the nutrient
loading as demonstrated below, although it is only recommendable to use the
calculation method, when data are not available.

[ lculation of the nutrient loading of lak

The first step is to set up a nutrient balance for the lake system, see
chapter 5. If observations are not available, it is possible to use estimation
methods, as shown below.

a) Natural P and N loads from land
Table 6.3 shows a phosphorus-, Ep, and nitrogen-, Ey, export scheme

based on a geological classification.

The figures are based on an interpretation of the following references:
Dillon and Kirchner (1975); Loenholdt (1973) and (1976); Vollenweider
(1968) and Loehr (1974).

To calculate the natural nutrient loading to a lake, one must know 1) the
area A1 of the watershed of each tributary to the lake, and 2) classify each
as to geology and land use.

Table 6.3
Export Scheme of Phosphorus, Ep, and Nitrogen, Ey. (mg m-2 y-1)

: Geological classification Geological classification
Land use Igneous Sedimentary Igneous Sedimentary
Forest runoff
Range 0.7-9 7-18 130-300 150-500
Mean 4.7 11.7 200 340
Forest + pasture
Range 6-12 11-37 200-600 300-800
Mean 10.2 23.3 400 600
Agricultural Areas
Citrus 18 2240
Pasture 15-75 100-850
Cropland 22-100 500-1200
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The total amount of phosphorus, I, , and nitrogen, I, , supplied to the
lake from the land is therefore calculated by the use of the following
equations:

Ipy (mgy™) T A (m?)* Ep (mg m2yT) (6.1)

i=1

Iy (mgy") 2 A (m?)* Ey (mg m2y) (6.2)

i=1

b) Natural P and N loads from precipitation

Table 6.4 is a compilation of the following references. Armstrong and
Schindler (1971), Dillon and Rigler (1974) and Jorgensen et al. (1973).
Based upon the annual precipitaion of P (mm y') it is possible to find the
supply of phosphorus Ipp and nitrogen Iy from precipitation:

P Cpp Ag (6.3)

lpp (Mg y?)

P Cyp Ag (6.4)

Iwp (Mg y'h)

where Ag is the surface area of the lake, and Cppand Cyp are the phosphorus
and nitrogen concentrations in rain water (see Table 6.4).

Table 6.4

Nutrient Concentration in Rain Water (mg I-1)
Cpp Cnp

Range 0.025-0.1 0.3-1.6

Mean 0.07 1.0

¢) Artificial P and N loads

The calculation of the artificial nutrient supply to a lake must
necessarily be based on per capita and yearly figures, and great care must be
taken in selecting the appropriate value. The following points must be taken
into consideration:
1. The discharge per capita and per year is approx. 800-1800 g P and
3000-3800 g N.
Mechanical treatment removes 10-15% of the nutrients.
Biological treatment removes 10-15% of the nutrients.
Chemical precipitation removes 80-90% of the phosphorus.
The retention coefficient, R, of total phosphorus for septic filter beds of

gL
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different characteristics are shown in Table 6.5 (after Brandes et al.,
1974). The retention coefficient of total nitrogen for septic tile filter
beds are of the order 0.01-0.1.

Table 6.5

Retention Coefficients. (Brandes et al., 1974) D = grain size
Filter bed Rs
4% sed. mud 96% sand (70 cm) 0.76
75 cm sand D = 0.3 mm 0.34
75 cm sand D = 0.6 mm 0.22
75 cm sand D = 0.24 mm 0.48
75 cm sand D = 1.0 mm 0.01
10% sed. mud 90% sand (37 cm) 0.88
50% limestone 50% sand (37 cm) 0.73
Silty sand ﬁ?O cm) 0.63
50% clay silt 50% sand (37 cm) 0.74

Based upon the considerations indicated above, the P load (lp,) and N load
(Inw) can be found.

Il___Prediction of the nuirien ncentration _in lak

Vollenweider (1969) assumed that the change in concentration of
phosphorus in a lake with time is equal to the supply added per unit volume
minus loss through sedimentation and the loss by outflow.

[P] lpt + lpp + lpyw

- - s[P] - r[P 6.5
pm v s[P] - r[P] (6.5)

where [P] represents the total phosphorus concentration (mg I'1), V is the
lake volume (l), s is the sedimentation rate (y'') and r the flushing rate
(y'1); ris equal to Q/V where Q is the total volume of water flowing out per

year (I y'1).
This equation can be solved analytically:
| V(r + s) [Pg]
Pl = ——— - (- O ) etreot (6.6)
V(s+r) Ip
lp = lpt + lpp + lpw (6.7)

The equations for [N], the nitrogen concentration, are parallel to those
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for [P]. The steady state solution is:

[Pl = lp/r+s (6.8)
IN] = ly/r+s (6.9)
where

In = I + Inp + Inw (6.10)

As seen it is necessary to calculate or measure Q. In some cases the
long-term average inflow, Q;,, can be calculated as:

Q, = A * P(1-k) (6.11)

in
where k' is the ration of evapotranspiration to precipitation. k' is often
known for a given geographical area, and Q can be found on the basis of a
water balance:

Q = Q,+A *"P-A *E
where E,, represents the evaporation in mm y 1 m=2.

The only alternative to these calculations is to measure Q or Q. ltis
rather difficult to determine s, the sedimentation rate. However, an
alternative retention coefficient, R (equal to the fraction of the loading that
is not lost via the outflow) may be used, Kirchner and Dillon (1975)
determined by multiple regression analysis that R was highly correlated
with Q/A;, the areal water loading (m3/m2y).

The equation for the prediction of R is:

Q Q
R = 0.426 exp ( -0.271 - ) + 0.574 exp (-0.00949 A_) (6.12)

S S

If the lake in question has one or more lakes upstream that are
sufficiently large to retain a significant amount of the total nutrient
exported from their respective portion of the water shed, this can be taken
into account by calculating the supply to the upstream lake, the lakes
retention coefficient, R,, and multiplying the supply by (1 - R,) to give the
fraction transfer to the downstream lake.
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The above mentioned retention coefficient was generated for phosphorus.
Calculations carried out in 18 lake studies in Scandinavia have shown that R
is relatively 10-20% lower (average 16%) for nitrogen than for phosphorus.

The use of R instead of s leads to the following basic equation:

Pl = —— A IR ) e(1-R) t (6.13)

and for the steady state situation:
b (1-R)
Pl = " (6.14)

r

The equations for nitrogen are parallel; only a 16% lower R value is
used.

Dillon and Rigler (1974) and Sakamoto (1966) have developed a
relationship for estimating the average summer chlorophyli in a.
concentration (chl.A) with the N:P ratio of the water > 12:

logyo (chl.A) = 1.451l0g,,(P) * 1000 - 1.14 (6.15)

In case the N:P ratio is < 4 the following equation, based upon eight case
studies was evoled:

log,, (chl.A) = 1.4 1log,,(N) * 1000 - 1.9 (6.16)

(N) and (P) are expressed as mg I'' while (chl.A) is found in pg I''. if the N:P
ratio is between 4 and 12, the use of the smalles value of (chl.A) found on
the basis of the two equations is recommended. Dillon et al. (1975) have
set up a relationship between the Secchi disc transparency, SE and (chl.A),
which is shown in Fig. 6.8.

The simple model presented above will never be as good a predictive tool
as a model based on more accurate data and taking more processes into
consideration.

However, the semiquantitative estimations, which can be obtained by
use of the simple mode! presented, are better than none at all.

Methods to estimate the input of P and N to a lake, from natural and
artifical sources, are considered. From the above shown it is possible to
estimate the P concentrations in the lake water as a function of time.

The N concentration can be estimated by a parallel set of equations.

These considerations can be translated into chlorophyll, a concentration
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can be determined and in Fig. 6.8 the transparency can be found when (chi.A)

is known.
It is possible in this way to test different waste water treatment

programmes.

5 25

15
[Chial pgi-t

Figure 6.8:  Transparency versus (m) (chlLA).

Fig. 6.9 gives the conceptual diagrams of a complex model. The process
equations are given and similar diagrams are valid for nitrogen (see Fig. 6.2)
and carbon. Sometimes also silica are considered, if diatoms contribute
significantly to the biomass. For details on construction of complex lake
management models see Jgrgensen (1986).

Construction of reservoirs requires an environmental impact assessment
before the dam is built. Data from the not yet existing reservoir are
obviously not available, but it is still possible to obtain information, which
are useful for development of the model. A tentative list of questions could
be:

1. Which concentrations of water constituents does the river water have?

2. Which input from point- and non-point sources should be expected?

3. What capacity will the sediment in the reservoir have for accumulation
of P-, N- and toxic substances?

4. Which data are available from a reservoir with the same
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bio-geochemical conditions?

5. Which model experience is available from a reservoir with as many
similarities as possible? What is the difference between the two
reservoirs and how should this influence the model?

P in
MZ-CZ-PC
Waste a CA tish
Water ¥
Control growth ng PC
Precipitation  F2pP2 /FLPL ot Phyto-Plankton A
F3P = P ] ,4
PS
F1pP (%_1)
Streams K4DP ;A
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Ditt b
Exp oP SA PC
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N A l
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Figure 6.9: The P-cycle. The equations for the processes are included in the diagram.
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CHAPTER 7

REMEDIAL TECHNIQUES

7.1 INTRODUCTION

A wide spectrum of remedial techniques are available to day, which
implies that the selection of the right combination of methods requires
considerable considerations. The basis for development of a good mana-
gement plan is a comprehensive knowledge to the sources of pollution and
the ecosystem properties. To obtain this knowledge is already a complex
problem, as illustrated in Table 7.1, where the potential sources and sinks of
nitrogen and phosphorus are listed.

Table 7.1
Potential sources of Nitrogen and Phosphorus and routes of sinks.
Natural Anthropogenic

i Sources:
Leaching from: Leaching from:
- swamps - farm areas, arable land
- uncultivated land pastures, includin? fer-
- forests tilizers and anima
Soil erosion excrement;
Rain water - urban leaching
Deposited leaves, etc. - refuse and domestic and
Aquatic birds and animals industrial liquid waste

in general - garbage dumps, efc.
Ground water
Nitrogen fixing
Recycling of sediments

Sinks:
Effluents - Removal of water
Denitrification - Fishing
Sinks toward ground water - Removal of aquatic
Sinks toward sediments plants, etc.

. Due to the complexity of the problem it is strongly recommended to
apply mass balances and models, as presented in the two proceeding
chapters, to overview the management possibilites (see also chapters 2 and
5).

The sources of pollution may either be point or non- point sources, which
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requires entirely different approaches to the problem. In principle are two
types of remedial techniques available: environmental technology and
ecotechnology. The first mentioned type attempt by use of water treatment
technology to eliminate or reduce the undesired components in the inflowing
waste water, while the latter type attempt to modify the ecosystem or its
surroundings to accelerate the restoration process or reduce the concentra-
tions of undesired components in the lake or in the natural inflowing water
to the lake. Environmental technology is mainly used to solve the problems
of the point sources, while ecotechnology is used to solve the problem of the
non-point sources, to improve the resistence of the ecosystem to pollution
or to accelerate the tranfer to a more favourable state. Environmental
technology is an external control measure, while ecotechnology may be
considered either an external or an internal control measure.

Optimum lake management strategy will in general require the
application of a wide spectrum of methods, based on a combination of envi-
ronmental technology and ecotechnology. It should not be exptected that a
complex problem has a simple solution.

7.2 APPLICATION OF ENVIRONMENTAL TECHNOLOGY.

Waste water technology has progressed rapidly during the last two
decades, and today a wide spectrum of waste water treatment methods are
available, which meet almost all water criteria.

A survey of the most generally applied waste water treatment methods
are, for both industrial and municipal waste water, is given in Table 7.2. The
specific waste water problem, the method to solve it and the generally
experienced removal efficiency is indicated in the table. These indications
must, however, be used cautiously, as the efficiency depends on the
compostion of the waste water, the temperature and pH. Table 7.3
summarizes in matrix form the relation between methods and waste water
pollution parameters. here the efficiencies indicated are the best attainable,
for instance the removal of heavy metals by precipitation will require
calcium hydroxide to abtain the efficiency shown in the matrix.

The soiution of a waste water problem often requires a combination of
two or even more methods. in this case the overall efficiency, e, of a n-step
treatment can approximately be computed from the following expression:

1-e=(1-e)(1-e) s (1-e,) (7.1)

where ey, e,,.....etc. are the efficiencies of the individual steps.
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Table 7.2

Survey of generally applied waste water treatment methods

Method Polilution problem Efficiency
Mechanical treatment Suspended matter removal 0.75-0.90
BODg reduction 0.20-0.35
Biological treatment BODs reduction 0.70-0.95
Chemical precipitation Phosphorus removal 0.65-0.95
Alx(SOy4)3 or FeClg Reduction of heavy metals concentrations 0.40-0.80
BOD5 reduction 0.50-0.65
Chemical precipitation Phosphorus removal 0.85-0.95
Ca(OH)o Reduction of heavy metals concentrations 0.80-0.85
BODs5 reduction 0.50-0.70
Ammonia stripping Ammonia removal 0.70-0.95
Nitrification Ammonium is oxidized to nitrate 0.80-0.95
Active carbon adsorption COD removal (toxic substances) 0.40-0.95
BODs reduction 0.40-0.70
Denitrification after nitrification Nitrogen removal 0.70-0.90
lon exchange BODg reduction (proteins, e.g.) 0.20-0.40
Phosphorus removal 0.80-0.95
Nitrogen removal 0.80-0.95
Reduction of heavy metals concentrations 0.80-0.95
Chemical oxidation Oxidation of toxic compounds {e.g. CN™ - No) 0.90-0.98
(e.g. with Clo)
Extraction Heavy metals and other toxic compounds 0.50-0.95

Reverse osmosis

Disinfection methods

Removes pollutants with high efficiency,
but is expensive

Reduction of microorganisms

High, but can hardly
be indicated

As already mentioned, the application of the two Tables 7.2 and 7.3 only

give approximate results, which must be used with caution.

In practice more

details will always be required, but first estimations, such as those shown
in the two tables, are useful for first considerations of possible solutions to
waste water pollution problems.
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Table 7.3

Efficiency matrix relating pollution parameters and waste water treatment methods

Susp. matter BODs coD P-total NHg*
Mechanical treatment 0.75- 0.20- 0.20- 0.05- ~0
0.90 0.35 0.35 0.10 ~0
Biological treatment* 0.75- 0.65- 0.10- 0.05-
- 0.95 0.90 0.20 0.10
Chemical precipitation 0.80- 0.50- 0.50- 0.80- ~0
0.95 0.75 0.75 0.95 ~0
Ammonia stripping .0 ~0 .0 ~0 0.70-
0.96
Nitrification .0 ~0 ~0 -0 0.80-
0.95
Active carbon adsorption* - 0.40- 0.40- ~0.1 high**
0.70 0.95
Denitrification after .0 - - .0 R
nitrification
lon exchange - 0.20- 0.20- 0.80- 0.80-
0.40 0.50 0.95 0.85
Chemical oxidation - corresponding .0 ~0 ~0
to oxidation
Extraction - corresponding .0 .0 .0

Reverse osmosis*

Disinfection methods

extraction of

toxic compounds

see Table 7.2

much corresp. to
appl. of chlorine,

ozone, etc.
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Table 7.3 (continued)

N-total Heavy metals E. coli Colour Turbidity
Mechanical treatment 0.10- 0.20- - 0.80-
0.25 0.40 - ~0 0.98
Biological treatment* 0.10- 0.30- fair ~0 -
0.25 0.65
Chemical precipitation 0.10- 0.80- gocd 0.30- 0.80-
0.60 0.98 0.70 0.98
Ammonia stripping 0.60- 0 ~0 .0 ~0
0.90
Nitrification 0.80- ~0 fair .0 ~0
0.95
Active carbon adsorption* high** 0.10- good 0.70- 0.60-
0.70 0.90 0.90
Denitrification after 0.70- ~0 good ~0 -
nitrification 0.90
lon exchange 0.80- 0.80- very 0.60- 0.70-
0.95 0.95 good 0.90 0.90
Chemical oxidation ~0 .0 ~0 0.60- 0.50-
0.90 0.80
Extraction ~0 0.50- ~0 ~0 ~0
0.95
Reverse osmosis*
Disinfection methods very 0.50- 0.30-
high 0.90 0.60

7.3 THE APPLICATION OF ECOTECHNOLOGY

Ecotechnology - also named ecological engineering has emerged as an
alternative technological approach during the last decade due to insufficient
results obtained by sole application of environmental technology, see
Jorgensen and Mitsch (1988). It offers a wide spectrum of possibilities, but
they must work hand in hand with the environmental technology to achieve
the best possible management plan.

These methods deal either with the non-point sources of pollution or
attempt to assist the lake to return faster to its natural balance. The
control measures may either be external or internal, as shown in Table 7.4,
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which gives an overview of the ecotechnological remedial measures.

Table 7.4
Remedial measures

| "External" Control Measures
1) Protection of Catchment Area
- Forestation
- Land use change
- Sewage treatment
2) Pre-impoundments
3) Nutrient Control in Inflowing River Waters

I'l "Internal" Control Measures
1) Physical Manipulations

a) mixing and thermal destratification
b) aeration, hypolimnetic oxygen inflation
c) selective water withdrawals

2) Chemical Manipulations
a; internal nutrient precipitation
b) sediment sealing and removal

3) Biota Manupulations

a) mechanical harvesting

b) chemical control measures (algicides,
herbicides, insecticides)

c) biological control measures

The application of ecotehnology for restoration of lakes is very
illustrative, because these methods have been widely applied on lakes ,and it
can be clearly demonstrated that to achieve good results in lake management
you need to play on several methods - as well environmental technological
as ecotechnological methods - simultaneously. Pollution of lakes is a very
complex problem and it can as pointed out in the introduction rarely be
solved by the use of one (simple) method. It is not surprising that a good
solution to a complex problem, requires a complex solution and that models
have been widely used in the selection of lake management strategies to get
the optimum overview of the complex problem involved.

Table 7.5 gives an overview of the ecotechnological methods, that are
used in lake restoration. The names of the methods are indicated in the
table, which problem they are used to solve and whether the methods are
changing the forcing functions of the lake or are attempting to reach the
natural balance faster than it otherwise would have been the case - or with
other words whether the methods directly will change the mass balances of
the lake or the methods will change the structure (the state variables) of
the system. Indirectly all methods will change the mass balance and the
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structure more or less. The methods, that change the state variables of the
systems, but do it by use of a new forcing function (for instance aeration)
are indicated in Table 7.5 with F (+S ).

Table 7.5
Ecotechnological methods applied in lake restoration

Method Problem to solve Direct Change of  Principle
forcing function (see section 1.3)
(F) or state
variables (S)
Aeration Oxygen depletion in hypolimnion. Release F (+8) C
of P and Fe~ from sediment (sutrophication)
Siphon of hypo- Removal of P and oxygenpoor water F C
l[imnion water (eutrophication)
Nitrate to Reduce release of P from sediment F (+8) o]
sediment (eutrophication)
Aeration with Eutrophication: depression of algal S C
circulation growth
Removal of upper Reduce release of P from sediment or S C
sediment layer remove toxic substances (eutrophica-
tion and toxic substance pollution
Removal of P or Eutrophication (reduce P/algae in water) S Cc
algae from water
Wetland Removal of N and P from non-point F A(B)
sources (eutrophication)
Decreased reten- Reduce P and toxic substances concen- F C
tion time tration (eutrophication and toxic sub-
stances pollution)
Precipitation Eutrophication (reduced P in water) S c
of P in lake
Precipitation of P Eutrophication (reduced P input) F c
in inflowing water
Addition of Ca(OH)o  Change of pH F (+S) C
Coverage of sediment Eutrophication F (+S) c
Preimpoundment Eutrophication (reduce P-input) F B
Plastic beads or sheet Reduce of high penetration F (+8) Cc
dyes or soot (eutrophication)
pH-modification shock Eutrophication (reduce inorganic carbon in water) S C
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Another overview of the ecotechnological methods applied in lake
restoration can be obtained by use of models. From eutrophication models we
know that algae growth, A, is a function of light, L, soluble inorganic
nitrogen, NS, soluble inorganic phosphorus, PS, soluble inorganic carbon, CS,
the settling rate, S, the retention time , R, and the grazing rate G:

A = f (LNS,PS,CS,S,R,G) (7.2)

The methods can be classified (see Table 7.6) after which factor it
changes either in the lake or by decrease of input or increase of output, i.e.
by change of forcing functions. The principle of this classification may also
be applied for toxic substance and acidification problems.

Artificial reaeration of lake water is included in this survey as it is
widely used in lake restoration to obtain better oxygen conditions. It is
therefore a method, which improve the redox potential for the lake water.

Anaerobic sediment will generally release more phosphorus than aerobic
sediment as the latter contain iron in the oxidation state three , while the
former contains iron in the oxidation state two. lron (lll) has a higher
adsorption capacity to phosphorus than iron(ll) and iron(lll) phosphate is
much more insoluble than iron(ll)phosphate. These processes may cause a
"run away" effect as increased eutrophication will mean a higher production
of phytoplankton, which will settle and thereby give a high input of organic
matter to the sediment. It becomes therefore anaerobic, which will mean
enlarged release of phosphorus, which will cause more eutrophication etc. If
the sediment gets sufficient anaerobic (low redox potential) sulphide
formation may occur and as iron(ll) sulphide is highly insoluble, this will
further promote the release of phosphorus.lt may be concluded that there is
a closed relation between the redox conditions and the nutrients cycling in
lakes.

Aeration may also be able to depress the eutrophication. It is achieved if the
aerotor circulates the water as shown in Fig. 7.1. The water of the bottom
layer is lifted by aeration and is replaced by the upper layer of water, which
may be supersaturated with oxygen produced by the photosynthesis . The
algae will be brought down to the dark hypolimnion, where the light
conditions are unfavourable for algae growth. Fig.7.2 shows the profile of
phytoplankton and oxygen concentration before and after aeration with
water circulation (Kojima 1987) Table 7.7 shows the effects on the
eutrophication measured in reservoirs with different depths. If the depth is
more than 5-10 meters, the effect is as will be noted very pronounced.

Some of the methods serve two purposes - to improve the oxygen
condition and to change the concentration of nutrients in the lake water.
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This is the case when hypolimnion water is siphoned downstreams since
hypolim- nion water generally has lower oxygen and higher nutrient
concentrations.

Aerator

Figure 7.1 The circulation of water by use of an aerotor.

Often the upper layer of the sediment has higher nutrient concentra-
tions than the deeper layers. Figure 7.3 illustrates this as it shows the
phosphorus profile in a typical lake sediment. The phosphorus of the upper
layer is either non-exchangeable as it is bound in insoluble chemical com-
pounds or it is exchangeable f.inst. because it is organic bound and after
decomposition of the organic matter it is released. Consequently, it will be
an advantage to remove the upper layer of the sediment and thereby reduce
the release of phosphorus from the sediment. This has been used only in one
case - Lake Trummen in Sweden - and it was only partly a success as it will
be discussed below. If the upper layer of the sediment contains toxic sub-
stances the method must be considered rather attractive, but since the
method is expensive, it only seems applicable for small and very valuable
lakes.

As seen from Table 7.5, a reduction of the retention time also has a
positive effect on the eutrophication, but will also imply a smaller
concentration of toxic substances, if that is considered a pollution problem
to the lake. The method is realized by discharge of unpolluted water to the
lake. For reservoirs it is possible to control the retention time by the dam.
The use of dams will not only enable changes in the retention time, but also
in the water depth and water volume. A longer retention time will in general
mean an increased eutrophication and a larger volume will mean a decreased
eutrophication. It is therefore necessary to use models to make prediction of
the overall effect by these changes in the hydrological balance of the lake or
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the resevoir. A further complication is related to the soil exposed to the
lake water at increased depth. It will be in an oxidized state and therefore in
general have a great capacity for non-exchangeable phosphorus. If this new
sediment surface is significant in area, an increased water depth may cause
an essential change in the phosphorus balance of the entire lake.

Concentration

Figure 7.2  Oxygenconcentration before (A) and after (B) circulation. Phytoplankton concentration
before (C) and after (D) circulation.

It is also possible to remove phosphorus from the lake water directly.
The water is either pumped through an activated aluminiumoxide column
which removes the phosphorus very effectively, or the water is filtrated for
removal of the phytoplankton. The treated lake water is returned to the lake
with a reduced concentration of respectively soluble phosphorus or of
phytoplankton and thereby of the total concentration of nitrogen and
phosphorus as result.

Precipitation directly in the water by use of aluminium sulphate or
iron(il)chloride is also applicable. The method has, however, given less
promising results in shallow lakes, as the wind may stir up the flocs formed
by the precipitation. Precipitation of phosphorus in inflowing water has also
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been used (Bernhardt 1979 and 1981 a + b).
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Figure 7.3 Phosph_driu_s~ pfoﬁe in typical lake sediment

If the sources of lake pollution are diffuse, the problem is in general
more difficult to solve. The use of wetlands is often a workable method,
which can be applied for the removal of non-point pollutants. Wetlands have
often anaerobic sediment and therefore a high denitrification rate. In
addition the wetland soil has a high capacity for uptake of phosphorus,
pesticides and other poliutants. Finally, the plants of the wetlands take up
phosphorus and nitrogen and even other pollutants and by harvest of the
plants the pollutants will be removed.

A similar idea is behind the use of pre-impoundments. Lakes and
reservoirs have a phosphorus retention capacity, which implies that the
phosphorus concentration of the water leaving the lake is lower than in the
water entering the water body (Rechow 1979, Rechow and Chapra 1983).
Phosphorus retention increases with decreasing hydraulic retention time and
mean depth and the phosphorus retention is also less for lakes or reservoirs
with anoxic hypolimnion. Consequently, construction of a man made lake in
front of another lake (this is named pre-impoundment) may have a highly
positive effect on the eutrophication. Models have been developed to evaluate
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