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PREFACE

This book was designed for use by anyone who is interested in reservoir water quality. The
book secifically stresses reservoirs as opposed to lakes, however, reservoirs and lakes have
much in common and reservoirs are considered transitional between rivers and lakes. Thus
rivers and their respective watersheds play an important role in the reservoir water quality.
The authors attempted, as much as possible, to balance attention to different aspects. An
important element of this book that differentiates it from similar efforts is the presentation of
knowledge about both temperate and tropical regions.

Reservoir water quality management is controlled by a team of participants that represent
many different disciplines and decision levels. These include engineers, limnologists
(biologists, chemists, bacteriologists), and local and regional managers. Because not everyone
is interested in each of the individual topics treated in this book with the same intensity, Fig.
1.4 provides a guide to help the reader make best use of the information contained within.

Chapter 1 is an introduction into the book, defining reservoirs, outlining the importance of
reservoirs, problems of their management and reservoir distribution over the world.

Chapter 2 is an overview of the aspects of and approaches to water quality management. It
itemizes topics that are important for managers and separates water quality management
strategies into three major categories according to goals and time horizons under
consideration: these are corrective, preventive, and sustainable management. Preventive
measures should be fostered. The responsibility of water managers must extend beyond the
reservoir itself, and more attention by professionals should be devoted to relating water
quality issues to broader branches of the economy. The short-sightedness of first losing
valuable resources that enter watercourses as effluents and later trying to extract these and
decrease harm at very high costs must be more widely understood. Sustainable management of
water resources, which requires the longest time horizons, is elucidated and within the book.

In Chapter 3 we stress interrelations between site selection and technical construction of the
dam and specific water quality features of the reservoir. The depth of the outlets and retention
time are particularly important characteristics. Different potential reservoir uses are related the
design of these technical constructs, affect water quality, and may impose specific
requirements. Special problems are encountered in some types of reservoir systems.

Chapter 4 presents the reservoir ecosystem as composed of the foliowing four major
subsystems: the watershed, the reservoir proper, the outflow and the socio-economic and
management subsystems. These subsystems are mutually coupled. The dominant role of the
watershed in reservoir water quality is demonstrated. It is elucidated that changes of water
quality within the reservoir are determined, not only by reservoir physics (hydrology,
hydrodynamics) and chemistry, but are also highly dependent on interrelations between these
and biota. The tight couplings of physics, chemistry and biology are important because they
represent both a key for understanding water quality and an essential tool in many



management techniques. Because there is feedback between these components, the classical
ecological representation of the relationship of physics - chemistry - plants — animals (so
called bottom-up effects) must be replaced by the concept of top-down controls that are effective
in an opposite sequence: humans — fish - zooplankton — phytoplankton ~ chemistry >
physics. Phosphorus is discussed as a dominant force in reservoirs, which can limit biological
production or, when in excess, can lead to eutrophication and subsequent water quality
deterioration. Theoretical retention time is an easily estimated measure that many reservoir
features are linked to and it is demonstrated that a solid understanding of the character provides
the manager with many important predictive possibilities.

Fish, fisheries and their relations with water quality are the focus of Chapter 5. The strong
influence of fish populations on water quality is emphasized. The failure of many fish
introductions signals that the success of the fish iransfers is dependent on knowledge of their
effect on local populations. The cultivation of selected local species is usually preferable.

Chapter 6 is a review of the many means and symptoms of reservoir water quality deterioration.

Chapter 7 is an attempt to present principles of ecotechnology as a sound, theoretically-based
management strategy that results in the least overall harm to an environment that includes
reservoir ecosystems. Issues of sustainability and methods of evaluation must be placed in
context. The chapter provides a guide to enable the use ecotechnology and limnological
knowledge in the practice of daily water quality control.

The next two chapters, Chapters 8 and 9 provide an outline of individual water quality
characteristics and methods of measurement. The chapter on water quality sampling (Chapter 9)
provides a means of switching from the "data rich but information poor syndrome" to full use of
sampling and monitoring efforts and results. The methods of data evaluation are provided for
selected variables, as based on intercomparisons between reservoirs and simple models.

In contrast to the preceding chapters, which presented only principles, the chapter about
watershed- (Chapter 10) and in-lake- ecotechnological water quality management techniques
(Chapter 11) provide specific details that are part of selected key procedures. Advantages and
disadvantages of each approach are discussed, particularly in regards to long-term effecis.

Specific topics related to management of reservoir outflow water quality and reservoir systems
are the subjects of Chapters 12 and 13, respectively. Mathematical modeling is introduced as
a tool to help managers with difficult tasks (Chapter 14). Modeling techniques are presented, the
emphasis is placed on bringing those models to the attention of managers.

A few case studies that demonstrate how the knowledge of limnologists, engineers and managers
can be collectively used to forge new solutions are outlined in Chapter 15. We hope that the
glossary of terms at the end of the book (Chapter 18) will facilitate better reader orientation.
Milan Stradkraba and José Galicia Tundisi
Ceské Budgjovice and Sdo Carlos, February 1997



CHAPTER 1

INTRODUCTION

Reservoirs - man made lakes - deserve the latter name because they are artificial lakes that
were created by man for particular purposes. This creation makes reservoirs different in many
respects than lakes; thus, several aspects of their management are different. They are lakes in
the respect that they can be described as a volume of water of particular composition that
contains various life form. However, natural lakes fill depressions, whereas reservoirs usually
fill a river valley that has been dammed by a wall. As is true of lakes, reservoirs are rather
variable; there is no uniformity of location, size, or shape. Nature was as creative during the
formation of lakes as man has been in constructing reservoirs.

1.1 IMPORTANCE OF RESERVOIRS AND PROBLEMS OF THEIR MANAGEMENT

One reason for the variability is the many purposes for which reservoirs have been built; as
expected and as we will later demonstrate, there is some correspondence between reservoir
features and their wses. There are "lakes" as small as a few meters in size, and there are also
"reservoirs" on the roofs of houses of the same size. However, this discussion will not include
such small water bodies; our treatment of reservoirs includes those with a dam height of at
least 15 m (and any volume) or a minimum dam height of 10 m and a volume of at least
1.10° m®. Many features of reservoirs differ from lakes only quantitatively, while others
qualitatively. Quantitative differences cover features which both lakes and reservoirs possess,
but these are "on the average" different for these two water body types. When we say "on the
average", we mean that some of these quantitative features overlap to some extent, as the
variability of both natural and artificial lakes is very great. For example, we can name the
theoretical retention time for either water body, i.e., the length of time necessary to fill a lake
or reservoir with water entering via its inflows. This is much shorter for reservoirs than for
lakes. Nevertheless, there are lakes that are fed by large rivers and are rather throughflowing;
i.e, they have relatively short retention times. Also, there are relatively large reservoirs
situated on small rivers and these take years to be filled. Qualitative differences beiween
reservoirs and lakes can be distinguished by other features. By qualitative differences we refer
to those features of reservoirs which lakes do not have, and vice versa. An example of a
qualitative difference is the location of maximum depths; the maximum depth of lakes is
generally centrally located while in reservoirs it is usually along one end. The most important
qualitative and quantitative differences between both water types are summarized in Tab. 1.1.
Some natural lakes have been changed into reservoirs by increasing their volume after
damming; we call these dam lakes and have not included them in this work. Dam lakes have
features that are intermediate between lakes and reservoirs, depending on the proportion
between the depth of the original natural lake and the increased depth after damming. In cases
in which the depth is predominantly due to the additional elevation of the surface, reservoir
characteristics will predominate.



Tab. 1.1 Comparison of dam reservoirs and lakes. From Straskraba et al. (1993).

CHARACTERISTIC LAKES DAM RESERVOIRS
QUALITATIVE (ABSOLUTE) DIFFERENCES

NATURE natural man-made
GEOLOGICAL AGE old (=Pleistocene) young (<50 years)
AGING slow rapid
FORMED BY FILLING depressions river valleys
LOCATION IN WATERSHED central marginal
SHAPE regular dendritic
SHORE DEVELOPMENT RATIO Tow high
MAXIMUM DEPTH near-central extreme (at the dam)
BOTTOM SEDIMENTS autochthonous allochthonous
LONGITUDINAL GRADIENTS wind-driven flow-driven

less developed more pronounced
OUTLET DEPTH surface deep

QUANTITATIVE (RELATIVE) DIFFERENCES

WATERSHED: LAKE AREA lower higher
RETENTION TIME, R longer shorter

COUPLING WITH WATERSHED lesser greater
MORPHOMETRY U-shaped V-shaped

LEVEL FLUCTUATIONS smaller larger
HYDRODYNAMICS more regular highly variable
CAUSES OF PULSES natural man-made operation
WATER RESOURCE SYSTEMS rare common

For example, the comparison of the geometric means of 309 natural lakes and 107 reservoirs in
U.S.A. resulted in the values given in Tab. 1.2.

Tab. 1.2 Geometric means for some parameters of natural lakes and of reservoirs in U.S.A. (Based on Ryding &
Rast 1989).

LAKES RESERVOIRS
DRAINAGE AREA [km?] 222 3228
SURFACE AREA [km?] 5.6 34.5
DRAINAGE: SURFACE AREA RATIO 33 93
SHORELINE DEVELOPMENT RATIO 3 9
RETENTION TIME [years) 0.74 0.37
MAXIMUM DEPTH 11 20

From a water quality point of view, many of these features are very important and water quality
management must include these considerations. Many of the management techniques developed
for lakes can also be used for reservoirs, but many are reservoir specific. The whole group of
methods designed for watersheds is appropriate for use in management of both lakes and
reservoirs. For reservoirs, the importance of watershed management techniques is stressed in



comparison to lakes because larger watershed area/lake area ratios indicate that the watershed is
more influential over a reservoir than a lake.

Reservoirs are rather considered as a transition between rivers and lakes. The ecosystem
characteristics for which reservoirs occupy an intermediate position relative to rivers and natural
lakes can be deduced from the following differences between rivers and lakes: rivers are
considered elongate while lakes circular/ovoid, flow in rivers is rapid and directional while in
lakes slow and non-directional, flushing rate in rivers is rapid while in lakes slow, watershed
influence is very great in rivers while low in lakes and spatial structure of rivers is characterized
by longitudinal gradients while in lakes vertical gradients prevail (following Thornton et al.
1990).

Based on the location of a reservoir, within or beside a river, we have defined and named two
basic reservoir types in order to clearly distinguish between the two: (i) those constructed by
damming a river, which we call dam reservoirs (also called valley reservoirs or mainstream
reservoirs), and (ii) those located beside the river, which we call impoundments. While dam
reservoirs are very common, impoundments are mainly of ancient origin (e.g., Sri Lanka),
although some have been built recently (London drinking water supply system). These two
reservoir types have different features that also affect their water quality management (Tab. 1.3).

Tab. 1.3 Differences between dam reservoirs and impoundments. From Straskraba et al. (1993).

CHARACTERISTICS DAM RESERVOIR IMPOUNDMENT
LOCATION on the river beside the river
DAM CONSTRUCTION damming a valley surrounding walls
DEPTH deep to shallow shallow

FORM dendritic more regular
INFLOW river(s) channel
OUTFLOW river channel

In this book, dam reservoirs are emphasized because they are much more common.

The period of intensive reservoir construction is over, although some construction continues,
specially in third world countries. Many huge reservoir projects have been supported there by the
World Bank and other international organizations. In addition to positive results achieved by
reservoir construction and by fulfilling planned endeavors, a number of negative consequences
have been observed. The time is now ripe to evaluate the pros and cons of reservoir construction
and develop standard ways to evaluate them (Chapter 2.3).

Problems of water quantity are not treated in this manual unless they are linked to water quality.
First, it is clear that the primary goal of a water manager is water availability. If a drought occurs
and water becomes scarce, any other goals become subordinate. Water quality management
options are restricted during such conditions. Low water stages and droughts are not uncommon
situations for engineers, as the planning of reservoir construction includes consideration of the
variability of natural distribution patterns of flow. Water flows that correspond to some n-day or



n-year conditions are taken into account. This implies that "unusual” situations with low flow that
result in half-empty reservoirs as well as flood conditions that require spillover are considered.
However, water quality considerations are not included in the planning process and this results
in conflicts between managing water quantity and water quality. Additional constraints related
to water quality management are associated with the needs of downstream water users. Some pre-
set minimum flow standards are common, but restrictions on the water quality of outflow also
have to be considered and can restrict some management options.

Water quality can be defined as an ensemble of physical, chemical and biological (including
bacteriological) characteristics of the given water. Which characteristics are considered important
depends on the intended use of the corresponding water: safe drinking water has to fulfill many
restrictions; different characteristics might be decisive for fish life and so on. This will be
discussed in detail within Chapter 6.

The science that examines physical, chemical and biological variables and their interrelations
inside a water body and the interrelations of a water body with its surroundings is limnology. A
strong coupling exists between limnology and water quality management. Limnology provides
the water quality engineer not only with the values of relevant water quality variables but also
with a deeper insight into the interrelations and importance of variables. It also enables a broader
perspective for use in the development of new and adequate management methods. Such are the
ecotechnological methods - cheap approaches that emphasize use of nature’s capabilities and are
less dependent on expensive high technology, as will be discussed in Chapter 7. Nevertheless, the
goals of the two disciplines, water quality management and limnology, are not identical. Water
quality management is focused on evaluation and application of variables that affect the use of
water while limnology is a broad study of all aspects of natural surface waters of various types.
The fuzzy borders and interactions between the two disciplines allow a new perspective for both
disciplines. For a water quality engineer, the knowledge of limnology aids an understanding of
the causes and relations of water quality problems, and enables selection of adequate management
methods. It also enables more knowledgeable use of newly developed management options and
development of new ones. For the limnologists consideration of water quality problems can foster
a broader consideration of the human environment and satisfy the desire to apply practical
solutions. Chapter 4 is devoted to limnological features of reservoirs, which are particularly
important in the study of water quality.

Water quality problems are treated in detail in Chapter 6 and their management is discussed in
Chapters 10 and 11.

During the recent history of humanity, new problems have arisen and are of an increasing scale
and complexity. Recovery of water after these problems have been solved takes longer and
longer. The tragedy is that, although some of the problems have been diminished at the local
level, none have been solved on a world wide scale. The question remains: what kind of water
quality problems will arise next? Present theory enables solutions for some of the difficulties.
Practical solutions, however, are often hindered by high costs. Other problems have not yet been
solved, even from a theoretical point of view, and all problems need further study to increase the
efficiency of solutions. Danger stems from the fact that new problems are emerging with an ever



increasing frequency. There are two kinds of deep difficulties in this regard: the disproportion
between the speed of problem creation and solution, and the situation of pollution costs that are
rising more rapidly than availability of manpower, financial and material means available for use
in solutions. A new global problem has begun to emerge: unsustainability of the present trends
of development. We cannot continue with the present attitudes towards the environment, unless
we are prepared to accept substandard living conditions for future generations. This knowledge
suggests a need to change attitudes and create new approaches towards the management of natural
resources, including aquatic habitats. Chapter 2.3 will address these issues in greater detail.

1.2 RESERVOIRS OF THE WORLD AND THEIR DISTRIBUTION

Fresh water may seem to be abundant on the earth, but the increasing demand by growing
populations and the irregular distribution of both human habitation and aquatic resources create
pressure to increase available water storage in many parts of the world.

Reservoirs have been built on all of the world’s continents except the Antarctic. They are
constructed intensively in regions where natural water reserves are inadequate, but are also
constructed in regions with an extreme abundance of water. About 10% of the territory of Finland
is covered by water, yet many reservoirs, some of them of considerable size (e.g. Porttipahta with
1,353 10° m® of water), have been built. Canada is well known for its abundance of lakes, yet
the Southern Indian Reservoir Complex covering 2,391 km?, with a volume of more than 23 km?®
was constructed in the 1960s in the Subarctic Region (approx. 55-58 degrees North); a number
of other Canadian reservoirs have been constructed as well.

The distribution and volume of reservoirs that were created prior to 1986 are illustrated in Fig.
1.1. As compared with the volume of lakes, disregarding the Great Lakes and Baikal, this
reservoir volume represents 53%.

The irregularity of water resource distributions is related to global conditions on the earth surface.
Figure 1.2 depicts the hydrological budget of the planet, with evident minima (negative budgets,
i.e. evaporation exceeding precipitation) in the vicinity of latitudes 15-25 on both sides of the
Equator. The semiarid areas of the globe are particularly lacking in water, and reservoir
construction is much more intensive under such circumstances. As an example, Spain has
approximately 1,000 reservoirs with a volume of more than 40 km® within a territory of 500,000
km?, All rivers are dammed, many of them with cascades of reservoirs in succession for great
distances. In Australia, drinking water is transported for distances that exceed thousands of
kilometers; further more, complicated water systems in the highest mountains in the Northeastern
portion of the continent supply a large territory in Southern Australia.
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Tab. 1.4 lists the 20 largest reservoirs of the world. These were constructed prior to 1982 or were
in construction at that time. Their location as well as the location of reservoirs mentioned in the
text are shown in Fig. 1.3.

Tab. 1.4 Twenty reservoirs of the world with the largest volume (from ICOLD 1984).

RESERVOIR COUNTRY VOLUME (10° m%)
1 BRATSK*) RUSSIA 169 270
2 HIGH ASWAN EGYPT 168 900
3 KARIBA ZIMBABWE/ZAMBIA 160 368
4 AKOSOMBO GHANA 147 960
5 DANIEL JOHNSON CANADA . 141 831
6 GURI VENEZUELA 135 000
7 KRASNOYARSK RUSSIA 73 300
8 W.A.C. BENNETT CANADA 70 309
9 ZEYA RUSSIA 68 400
10 CABORA BASSA MOZAMBIQUE 63 000
11 LA GRANDE 2 CANADA 61 715
12 LA GRANDE 3 CANADA 60 020
13 UST-ILIM RUSSIA 59 300
14 KUIBYSHEV RUSSIA 58 000
15 CANTAPISCAU BAR. KA3 CANADA - 53 790
16 UPPER WAINGANGA INDIA 50 700
17 BUKHTARMA KAZAKHSTAN 49 800
18 ATATURK TURKEY 48 000
19 IRKUTSK RUSSIA 46 000
20 TUCURUI BRAZIL 43 000

¥Y The world’s largest "reservoir” is Owen Falls in Uganda with 204,800 10° m’ of water, however, a major part of
the water capacity is from a natural lake; therefore this reservoir is best placed in the group we define as "dam
lakes".

1.3 GOAL OF THE BOOK AND TO WHOM IT IS DIRECTED

The goal of this book is to present a summary of reservoir water quality management problems,
decisivé processes that determine these problems, and potential solutions for these problems with
special emphasis regarding dam reservoirs. This book is designed for use by three types of
professionals: managers responsible for water supply, water quality engineers who deal with
applied problems, and reservoir limnologists who study both theoretical and applied topics. We
have attempted to cover problems in both temperate and tropical climates and those observed in
both, developed and developing countries. Tropical conditions are markedly different, in many
respects, from temperate regions, which have been much more thoroughly studied. Methods
employed by developed countries are often very expensive in terms of both finances and
environmental consequences. Materials and technology, the fabrication and use of which may
itself create environmental deterioration, are integral in these methods. In this book emphasis will
be placed on cheap, lowtech, nature-friendly approaches that we call ecotechnological. We have
not included a description of determination methods of water quality. These methods are similar
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Fig. 1.3 Location of the 20 largest reservoirs and reservoirs mentioned in text. The numbers 1 - 20 correspond to
reservoirs listed in Tab. 1.4. Number 21 - Balbina, 22 - Barra Bonita, 23 - Billings, 24 - Broa, 25 - Curua Una, 26 -
Eildon Dam, 27 - El Cajon, 28 - Fairmont, 29 - Hartbespoort Dam, 30 - Hume, 31 - Indian Reservoir Complex, 32 -
Itaipu, 33 - Itumbiera, 34 - Kaptui, 35 - Klicava, 36 - Lake Gatun, 37 - Lake Yunoko, 38 - London drinking water
supply reservoirs, 39 - Moses Lake, 40 - Parakruma Samudra, 41 - Paranoa, 42 - Paulo Afonso, 43 - Porttipahta,
44 - Rimov, 45 - Round, 46 - Slapy, 47 - Sobradinho, 48 - Srinaquarind Dam, 49 - Ukhtarma, 50 - Ulboratan, 51 -
Wahnbach, 52 - Xavantes, 53 - Yacireta, 54 - Canning, 55 - De Gray, 56 - Asahi, 57 - Kleine Kinzig.

to those used in other types of surface waters and a number of books devoted to this problem
(WHO 1984, WHO 1988, APHA 1989, Wetzel & Likens 1991, Chapman 1992) are readily
available for those seeking further information regarding water quality estimation.

We intend to show:

managers - the importance of a whole system approach and respect for water quality problems
and the inter-connection of water quality with water quantity problems. We also offer methods
of directing water quality monitoring systems and illustrate their use in management,

water quality engineers - the need for more advanced theories and inclusion of biological
considerations in management decisions,

limnologists - the strength of the whole system approach and the need to include the whole
watershed, the relations of limnological characteristics with water quantity, and consideration of
human activities including socio-economic and political aspects. We also illustrate the usefulness
of integration of limnological, social and economical approaches.

Simultaneously it is our intention to urge:

managers - to understand the need for coping with the development problems of the present
world by switching to approaches that are compatible with sustainable development by changing
attitudes towards the global environment with respect for future generations,

water quality engineers - to change their attitudes and focus on inexpensive, non-traditional
technologies that use nature’s capabilities and are compatible with sustainable development,
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limnologists - to exceed the boundaries of traditional limnology and develop profound
quantitative system approaches and strive toward practical application of results toward solving
water quality problems.

1.4 OUTLINE HOW TO READ THE BOOK

Utilization of this book might depend on the interest of the reader and position in one of the
previously discussed categories, as well as the reader’s familiarity with particular covered topics.
Figure 1.4 illustrates our recommendation of how to best utilize this book.

i CHAPTER 1 INTRODUCTION ’

] | i
MANAGER W.Q.ENGINEER  LIMNOLOGIST

[ 2. aperoaches | [4.Ecos~(srsms l [3.consmucrs I

I 7. ECOTECHNOL.] I 7. ECOTECHNOL. I | 5. FISHERIES I
(36 concLusions)  [s. waterauaity| [, moniToRING |
[ 10-13. MANAGEMENT ]

L 14-15. MODELS, CASE STUDIESj

Gs . CONCLUSION9 66. concwsxon9

Fig. 1.4 How to follow this book.

Chapter 2 is directed at local managers and presents basic ideas that should be respected during
management of a territory where reservoirs are used for any purpose. The technical parameters
of reservoirs with different uses and reservoir sysiems are outlined (Chapter 3).

Reservoir limnology, as relevant to water quality problems, is treated in Chapter 4. We stress that
the only functional reservoir management is one that includes system watershed - reservoir -
outflow. Specifics of reservoir fisheries suggesting the relationships between reservoir fisheries
and water quality are presented in Chapter 5. Major water quality problems that are often
encountered in reservoirs are presented in Chapter 6.

Solution of management problems is first discussed in Chapter 7, which covers broad
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ecotechnological issues rooted in ecosystem theory. Chapter 8 covers characterization of reservoir
water quality and Chapter 9 covers water quality sampling, monitoring and evaluation.

Ecotechnological methods of water quality management are divided into two groups: Management
of the watershed (Chapter 10) and In-lake management methods (Chapter 11). Management of
specific reservoir types is the subject of Chapter 12, which summarizes common problems and
their solutions for such reservoir types as drinking water, recreation and power generation
reservoirs. The problems of reservoir outflows are addressed in Chapter 13.

The use of mathematical models as an inevitable tool for managing complex systems such as
reservoirs is outlined in Chapter 14 to the extent that an understanding of the use of such models
by managers at all hierarchical levels can be achieved. Case studies are restricted to a few well-
studied reservoirs. We have attempted to include somewhat similar reservoirs in both temperate
and tropical regions.

For those readers who seek additional information, Chapter 17 includes a list of further

recommended sources. The references cited in the text are listed separately. For reader-
friendliness, the volume includes a glossary of common terms and abbreviations.
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CHAPTER 2
ASPECTS AND APPROACHES TO WATER QUALITY MANAGEMENT

This chapter is aimed at regional managers and decision makers who encounter problems with
water supply, recreation, fisheries or those involving multiple use of reservoirs. The authors
would like to discuss basic concepts of reservoir water quality management and emphasize the
importance of these principles. We will also discuss the differences between short term
corrective solutions that immediately diminish difficulties and long term solutions that aim to
prevent problem creation. Sustainable development and innovative approaches can allow long
term successes to be attained.

2.1 WHAT THE MANAGER HAS TO CONSIDER

Management of water resources is a necessary element of wise regional management; an
integral element of the management of water resources is water quality management of
reservoirs. This is not a simple task because the problems that often occur involve complex
biclogical systems. Waler quality problems are influenced by intensively interacting
components both within and outside the water system (IFig. 2.1). This evokes a need to
consider many components simultaneously. Below we specify categories that must be
considered, i.e. general topics, activities within the watershed, technical features of the
reservoir, and aspects of water quality.

STATE (GOVERNMENT)
SOCIO-ECONOMIC CLIMATE

INTERNATIONAL

(WORLD)  ——— pReCT EFFECT
-————~FEEDBACK EFFECT

Fig. 2.1 Relations of the water system to its surroundings.
Complex problems necessitate corresponding handling methods. Systems analysis and

modeling are helpful approaches. For reservoirs, these approaches are outlined in Chapter 4.1
and more details on modeling are included in Chapter 14.
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The most important management items can be summarized as follows:

* Often the problem to be solved is related to other problems and neglect of these interrelations
results in the creation of new, unexpected problems.

* Solutions should be developed before the problem starts. Planning ahead is an important step
toward success.

* Political decisions that result in short-term solutlons are less effi c1ent and less valued by voters
than long-term measures.

* Responsibility to our children and grand-children mandate fundamental attention to sustamab]e
development.

* New problems may begm to appear continuously as economic activities grow, thus predictions
can alleviate or eliminate further problems.

* Consideration of biogeophysical, economic and social aspects is fundamental.

* Costs of whole reservoir/watershed management have to be considered before the best solution
is decided.

* Partnership with local industry, commerce, umversmes and orgamzatlons is useful in enabling
public understanding of the situation.

* Environmental impact assessment procedures are useful decision-making tools for new projects
or major changes to existing features.

* Monitoring is an important decision-making tool. However, it has to be properly designed to
meet project specific needs and must include methods of data evaluation.

* Water quality engineers must be consulted for immediate and long-term problems; problems
of sustainable development may benefit from the hmnologlst s perspective.

* Water availability and quality may limit further economic development. Therefore, prevention
of water losses in the territory and the water distribution systems and of universal water-saving
devices and procedures is essential.

* Water quantity and water quality are related. Decreased water quantity results in deteriorated
water quality; therefore, more difficulties are expected during dry periods.

* Water quality is largely determined by activities in the watershed. Clearly detectable pollution
sources (point sources) from enterprises are accompanied, and sometimes exceeded in importance,
by diffuse, nonpoint sources, such as those related to agriculture, erosion, deponies etc.

* Most reservoirs are or eventually become multipurpose, which is the basis of conflicts between
user groups. Resolution of these conflicts is enabled by joint participation of the respective
parties.

* Reservoirs undergo a process of rapid aging after filling. In the first few years after filling
water quality is much worse than in the following stabilized period. Predictions made for the
stabilized situation do not reflect these initial years with deteriorated water quality.

From the above outline, there follows a number of more specific, both simple and complex
questions that the manager should ask:

1) What is the watershed size, area, and the relationship of the watershed area/reservoir area?

2) What is the structure of the hydrographic network in the watershed?

3) What are the main sources of pollution in the watershed?

4) How is the mosaic in the watershed organized? Consider wetlands, riparian forests, other
forests and vegetation, agriculture, industry, and settlements. What is the relationship of area
between these components?
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5) What are the types and declination of soil in the watershed, including consideration of their
erodibility and effect on water composition?

6) What are the predominant soil uses in the watershed?

7) What are the consequences of soil uses? Consider erosion, suspended material
transportation, transport of pollutants, and contamination of groundwater.

8) What are the possible consequences of deforestation in the watershed for rivers and for the
reservoir?

9) What are the inputs of nutrients (N, P) to the reservoir?

10) What is the water retention time of the reservoir?

11) What is the composition of reservoir sediments and the concentration of N, P in the
sediments?

12) Are there contaminants in the sediments? If so, what are their concentrations?

13) What is the rate of application of herbicides and pesticides in the watershed.

14) What use does the public make of the watershed and reservoir? Include consideration of
fisheries, recreation, irrigation, transportation, hydroelectricity, drinking water supply, agriculture
in the watershed and types of crops cultivated.

15) What are the economic values of the watershed related to the production, recreation and
all other uses? .

16) What historical development has taken place? Consider the current number of inhabitants
in the watershed and expected trends into the future.

17) What existing database is available? Consider maps, water quality data, climate records,
satellite images, human health problems related to water supply and population size.

18) What is the state of vegetative cover? Include consideration of both natural vegetation and
agricultural crops in the watershed.

19) What is the state of wetlands and riparian forests in the watershed? Do any need
restoration and/or protection?

20) What is the rate of sediment deposition in the reservoir?

21) What kind of environmental legislation regulates watershed and reservoir water uses and
management policies? '

22) What are the major existing impacts? Consider industries (type, production, type of waste
produced), mining operations (type, production, conservation), agriculture and others.

23) Analyze the position and distance of pollution sources in relation to rivers, wetlands and
reservoirs.

2.2 APPROACHES TO WATER QUALITY MANAGEMENT

According to the time scale of management, we can distinguish three horizons (Fig.2.2): (i) short
term horizons requiring immediate corrective actions to improve conditions that are getting worse
(corrective management) (ii) medium term horizons with management directed at prevention
of creation of problems (preventive management) (iii) the longest time horizon that include
accountability for future generations - sustainable management. At present emphasis should be
placed on medium term horizons while striving toward long-term horizons. Sustainable
development is a recent lopic and is treated separately in Chapter 2.3.
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Fig. 2.2 Approaches to water
quality management
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Corrective (=curative, remedial) management measures are often favored because neither
managers or the public view the problems as serious until they become catastrophic. Typical
examples of a corrective measures employed in water quality management include spraying lakes
with algicides when heavy blooms create conflicts with water treatment and recreation, mixing
the reservoir after fish-kills, removal of macrophytes, and spraying with DDT to control
mosquitoes.

These types of corrections are usually very costly and their effect lasts only a short time. They
are much less effective than preventive measures and, calculated over a longer time period, they
are more expensive. It is much less expensive to change the design of the reservoir than to
change the constructed reservoir. For example, in Yaciretd Reservoir (Argentina), changes were
made in the spill water system during the period of construction that lowered the costs of actions
that take place after the closure of the dam.

Additionally, many corrective measures have undesirable side-effects. When some algicides and/or
pesticides are used, they accumulate in sediments and the tissues of living organisms and creale
health problems. A classical example is the use of DDT, which both accumulates in organisms
near the point of application and is transported to very remote localities. High concentrations of
DDT have been found in some birds in the Arctic, demonstrating the distant spreading of
compounds around the world. One classical algicide, copper sulfate, was commonly used to
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eradicate blue-green algae that are harmful to domestic animals and humans. Recently, health
problems have occurred in several localities where drinking water was treated with copper sulfate.
The origin of these problems was discovered to stem from copper that accumulated in large
amounts in sediments and was released into the water.

Destratification of the reservoirs is a method employed to improve water quality when treated
water has undesirable tastes and/or odors or when fish die from lack of adequate oxygen levels.
Compressors are used to accomplish destratification and the noise associated with these is
disturbing to recreationists. Also, in several instances, supersaturation of nitrogen has occurred,
and resulted in mass fish mortality.

Preventive management differs from corrective management in that the focus is on creating
conditions that do not produce water quality problems. Preventative management is not only
confined to the planning stage, but is useful if new problems start to emerge. For sustainable
functioning of a reservoir, preventive management is the only solution. In this direction limnology
provides the necessary background for efficient water quality management. The methods of
ecotechnology that are inexpensive and produce the least harm to the global environment (Chapter
7) must be used.

2.3 SUSTAINABLE RESERVOIR WATER QUALITY MANAGEMENT

Sustainable development is most often defined as "development that meets the needs of the
present without compromising the ability of future generations to meet their own needs".

This definition is the outcome of activities of the Brundtland Commission on the Environment;
the environment was the main concern of the World Summit in Rio de Janeiro in 1992. The Rio
Declaration on Environment and Development states the following objectives: the concern of
human beings for sustainable development; human entitlement to a healthy and productive life
in harmony with nature; the necessity of equitably meeting the developmental and environmental
needs of present and future generations. To achieve these objectives, environmental protection
should constitute an integral part of the development process.

The main document of the Summit, AGENDA 21 (abbreviation for Agenda For The 21st
Cenfury, Anonymous 1993), stresses the need of solving accumulating problems in the global
environment. We have to solve them before they become unsurmountable. We have responsibility
for future generations - to leave resources and conditions that enable their healthy lives and
further development.

Those items contained in the document that are related to freshwater resources are provided in
Tab. 2.1.

Sustainable development means adequate use of resources that enables continued availability of

these resources for use by future generations. Measures to attain sustainable development are
directly related to resolution of complexes involving biogeophysical, economic and social
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problems by use of long term preventive actions.

Tab. 2.1 Portions of Chapter 18 of Agenda 2!: Protection of water quality and of freshwater resources.

. Integrated development of water resources and their management

. Evaluation of water reserves

. Protection of water resources, quality of water and of aquatic ecosystems (main pollution types, biodiversity of
aquatic organisms, the role of international organizations, monitoring of water quality) -

. Drinking water supply and water treatment
Water and sustainable development of cities
Water for sustainable production of food and for the development of rural areas

. Effect of climate change on water resources

QOwp

Qmmy

In this endeavor, consideration of reservoir water quality problems must be an integral part. This
includes examination of future demands for reservoir construction very carefully, as building
these structures has both positive and negative effects (Tab. 2.3). In addition to means of
acquisitions we must seek ways to conserve, avoid increased use, prevent losses and make more
efficient use of water resources by decreasing wastage. When conservation issues are ignored, as
is usually the case, new reservoirs must be built; careful evaluation of possible sites in respect
to expected water quality and damages to the environment must be performed. Preventive actions
should be taken, as they are much less costly but much more long-lasting. Extensive changes in
the structure of production processes in agriculture and factories are needed in this direction. The
losses of millions of tons of soil, nutrients and other potentially valuable materials to reservoirs,
lakes and seas have to be stopped; these losses are irrecoverable and produce great damages to
water quality and the environment in general. The habit of mankind to solve only immediate
problems by any means, without investigating the potential hazards of these activities, must be
exchanged for a careful examination of the broad aspects of our environment,

Managers of water quality are responsible, or at least co-responsible, for taking care of
sustainable reservoir water quality. A change in attitudes of both managers and the public is
necessary to accomplish sustainability for future generations. As applied to the
reservoir/watershed interaction, the following activities should be considered by the manager:

* Introducing low-tech, nature friendly methods of ecotechnology and ecological engineering.
* Using approaches of integrated management. Integrating managers with engineers, scientists and
local community.

* Putting more effort toward prevention of pollution and deterioration of waters than toward
purification and other corrective measures. Demanding focus on "clean technology" and pollution
prevention rather than costly extraction of the diluted matter by purification. Exchanging "end
of the pipe" for "start of the pipe" methods.

* Implementing programs of recycling of materials that lead to decreased water pollution.

* Supporting decreased water use and conservation measures.

* In each case evaluating several possible management options, including innovative ones, to
determine the most perspective choice. Considering the global rather than local cost (damage) of
each option to the environment. Long term horizons and sustainability of clean water resources
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must be the goals.

* Substituting imission criteria for emission criteria, which presently dominate.

* Giving more attention to methods for diffuse pollution abatement.

* Increasing the use of mathematical models for evaluation of specific problems and potential
solutions.

* Introducing methods of intensive monitoring of "global changes" from the hydrological,
chemical and biological point of view. Inexpensive and reliable monitoring systems must be
manufactured and installed.

* Supporting decentralized management in addition to the centralized management actions.

* Evaluating ecological processes such as wetland and riparian forest functions in terms of
economic considerations.

* Preserving the biodiversity of the watershed (terrestrial and aquatic) by protecting and
recovering forests and the spatial heterogeneity of the landscape, and by maintaining mosaic
habitat patterns including refuges and corridors for animal migration. Headwater and inflow water
quality will be protected.

* Training reservoir managers and water management technicians in innovative management
approaches and methods.

* Improving general etrivironmental education in the region.

* Teaching industrial managers and local community members about the consequences that their
decisions and activities have for available water quality and quantity.

These activities should ensure:

1) controlled development to enable long-term maintenance of the water resources and
minimization of adverse effects on these and other resources,

2) options for future development are not foreclosed, and,

3) that efficiency in water and other resource use including capital are key criteria in strategy
selection.

One of the follow-ups of AGENDA 2! is the launching of GLOBAL WATER PARTNERSHIP at
the 1995 Stockholm meeting. This partnership includes nongovernmental organizations,
governmental representatives, multinational banks, United Nations’ agencies and professional
organizations.

Tab. 2.2 The items to which the GLOBAL WATER PARTNERSHIP is aimed.

* Encouraging external support agencies, governments and other stakeholders to adopt consistent, mutually
complementary policies and programs;

* Building mechanisms for sharing information and experiences;

* Developing effective and innovative solutions, including capacity development, toward solving problems that are
common to the implementation of integrated water management programs and promulgating practical policies and
good practices based on these solutions;

* Supporting integrated water-managementprograms at the local, subregional, regional, river-basin or national levels
by collaboration, at their request, with governments and existing partnerships; and by forging new partnerships, and,
* Helping to coordinate needs with available resources.
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2.4 RESERVOIRS AND ECONOMIC DEVELOPMENT OF REGIONS

Reservoir construction interferes with social and economic systems of the region as related to the
following aspects:

1) Relocation of populations and interference with productive systems, which are often
dependent on the affected river. For example, in Lake Volta, farmers were trained to be
fishermen. On the other hand, in Lake Yacireta (Argentina), fishermen were trained to be farmers.
The relocation of populations also changed the social life of the region. Tab. 2.3 summarizes
different effects that the construction of Lake Yacirets has created.

2) Sometimes, inundation of parts of towns disrupts local commerce and industry. Relocation
of these areas can produce several conflicts between reservoir proponents and the existing local
political and social systems. Below the reservoir, mass fish kills in the river may occur.

Tab. 2.3 Problems created by construction of Lake Yaciret4 (Argentina).

* 50,000 people had to be relocated”.

* About 30% of the two largest cities located on the shore was submerged.

* The water supply system of cities was disrupted and problems of eutrophication endangered the reservoir supplied
drinking water.

* Populations in rural areas were affected by relocation and their water supply was disrupted.

* Fishermen were forced to move to villages far from the lake and, hence, urged to change jobs.

* Oxygen supersaturation created by the overspill caused mass mortality of fish downstream (Fig. 2.1).

* Within the reservoir, areas of low circulation were created in some bays that had no inflow; in these areas, anoxic
conditions led to fish kills.

* Reproduction of some species of fish was increased, but many others decreased.

* The need to protect steep banks along the reservoir from erosion increased the cost of construction.

* The need to regulate downstream flows decreased the flood regulation capacity of the reservoir.

7 The same number of people was relocated in Lake Kariba and Lake Kanji, in Lake Volta it was 70,000 and the
greatest number of people to be relocated was in the Lake Naser - 120,000 people.

In many countries, particularly in South America, reservoirs were constructed with the aim of
enhancing economic development of the regions. This sometimes produced better use of resources
in the area near the reservoir. For example, in the Tucurui Reservoir, a large scale migration of
fishermen occurred after the trophic upsurge began with the filling of the reservoir. In some
cases, a system of irrigation was developed and this stimulated local agriculture. The large scale
construction of reservoirs in Brazil prevented the implementation of other types of energy
production such as nuclear power plants.

A very interesting economic development occurred in the reservoirs of S#o Paulo State. There,
in the Tieté river, a large waterway was created by the construction of six reservoirs.
Transportation of agricultural products was enabled and this added an important economic value
to the region. Additionally, recreation and tourism were stimulated by this waterway. In Lake
Kariba, the introduction of the freshwater sardine Limnothrix tanganicae and the cullivation of
a species of crocodile stimulated fisheries and commerce (C. Magadza, personal communication).

These and other experiences lead to a need for balanced decisions weighing pros and cons
of reservoir construction. Tab. 2.4 summarizes different aspects to be considered.
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Tab. 2.4 Possible environmental effects of reservoir construction. Not all events may occur in each case.

POSITIVE EFFECTS
* Production of sources of energy - hydroelectricity
* Creation of low energy water purifiers
* Retention of water in the area
* Creation of drinking water and water supply sources
* Representative reserves of biological diversity
* Increase of welfare for portions of local populations
* Creation of recreation possibilities
* Protection of the outflowing river from flooding
* Increase in fishery possibilities
* Water storage for low flow periods
* Enable navigation
* Increase irrigation potential

NEGATIVE EFFECTS
* Displaced local populations
* Excessive human immigration
* Deteriorated conditions for original population
* Health problems created by spread of water-borne diseases
* Loss of edible native riverine fish species
* Loss of agricultural land and valuable timber resources
* Loss of wetlands and land/water ecotones - useful natural structures; loss of the natural floodplain and
conversion of wildlife habitat
* Loss of biodiversity (unique species); displaced wildlife populations
* Loss of mature agricultural land, well cared for generations, such as rice paddy
* Excessive human immigration to the reservoir region and increase in many associated social, economic and
health problems
* Need for adequate compensation for loss of agricultural lands, fisheries grounds and housing as well as
compensation for loss of fishing, recreational and subsistence activities
* Degradation of local water quality
* Decrease in flow rates below the reservoir and increase in flow variability
* Decreased downstream temperature and silt/nutrient transport
* Decreased dissolved oxygen at the bottom and the outflow of the reservoir (sometimes to zero)
* Decreased pH and organic matter content in the outflow
* Increased H,S and CO, at the bottom and outflow of the reservoir
* Fish migration barrier
* Loss of valuable historic or cultural resources. For example, loss of countless Native American burial grounds
and other sacred sites in Oregon resulting in the loss of cultural identity for some tribes
* Decrease aesthetic values

2.5 INTEGRATED WATERSHED MANAGEMENT

In addition to the watershed above the reservoir integrated watershed management also covers
the reservoir itself and the river below. However, not just these physical units need be
integrated, but also the issues of water quality and quantity, environmental problems and
economic considerations. In order to ensure satisfaction of future needs, integrated watershed
management aims at log-term decisions, rather than short-term fixes for immediate needs.
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Organization of integrated management so that scientifically sound policies and practices that are

more effective and anticipate and resolve present and future environmental problems is illustrated
in Fig. 2.3.

Integrated Watershed Management

Perspective Key Etements:
Scientists Science-management-
I l @m palicy partnership
Questlions: Answers: Increasad resources for
~<G@== yjcamural research
~lime frame -degree of
=form in which uacerlainty
information Is -additional research Frashwater sclentific
needed needed advisory panels lo

assistagency heads

Managers and Policy Makers

~zfifimmzn Public

Scientifically Sound Fig. 2.3 Example of an integrated
Policies and Practices watershed management.

Estimated Cost: Anticipated Benefits:

Approx. $20 milllon/yr.

More effective waler managemeant to anticipate
and resolve critical environmental problems

Development of cooperation and trust

The figure illustrates that partnership is needed with the management sphere and the scientific
and research community; the local population is also involved and is usually represented by
organized environmental and or commercial-industrial groups or locally organized ad hoc
committees composed of representatives of all the above groups.

For the purposes of appropriate watershed and reservoir management, it is advisable to develop
an integrated management information and partnership system. Because local authorities,
populations, industries and commerce are both users of reservoir facilities (water, recreation,
fishery, boat traffic, navigation) and polluters of the watershed and the reservoir, their
participation helps to resolve controversies and integration of management. The nearest university
or appropriate research institute should also be involved and may provide advice on possible new
management methods. If an agency is funding the regional development programs, reservoir
management, or research on the watershed and reservoir, it is advisable to include one of their
representatives in the management council. Funding agencies are usually more willing to support
well-organized projects and existence of a local management council is evidence of this. An
important element of integration might be an information system; this could include data
regarding economic activities in the region relevant to water needs and water pollution, potential
new water users and expected increases in water use and pollution, as well as data about water
use, water pollution, related costs etc. (Strebel ef al. 1994, Tundisi & Straskraba 1995).

Figure 2.4 illustrates the possibility of creating a local management council that brings together
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interested partners for frank, open, direct and frequent interactions. The advantage of a
partnership is that members obtain direct information that may give them ideas about potential
problems and their complexities and potential solutions. The partnership will enable members to
recognize that the solution of the existing problems is not just the singular interest of the reservoir
manager but that they themselves will profit if problems are solved. In this way, conflicts of
interest are expressed more calmly and resolution is easier to obtain. An example of such local
organization is the ECOSYSTEM CHARTER FOR THE GREAT LAKES - ST. LAWRENCE
BASIN. In 17 points this Charter summarizes the local peoples right to live in an ecosystem that
supports their health and well-being as well as that of diverse communities of beneficial
organisms and conditions for achieving these goals.

SCIENTIFIC [ LOCAL . FUNDING
COMMUNITY |__.| GOVERNMENT AGENCY
| NFORMATION | |
- AND
CITiz
ENS | _.} MANAGEMENT | .| COMMERCE
COUNCIL
INFORMATION
SYSTEM Fig. 2.4 Components of a Local Information and
RESERVOIR Iv?an;zg;;nent Council. Modified from Strebel ez -
MANAGEMENT al. (1994).

Increases in the costs of raw materials, energy, water, pollution fees and increased pressure by
environmental groups on industrial enterprises pushes these entities to reconsider their production
methods and seek to retain competitiveness while demonstrating good will toward environmental
protection. One scientifically rooted procedure with broad consequences that is favored by large
international trusts is the life cycle evaluation of products. The evaluation consists of following
a product throughout its whole life cycle, from creation to disposal. It includes the following:
mining raw materials; processing for basic chemicals or metals; transportation, production of final
materials needed for the product; production of the final product; packaging and distribution and
also the product’s fate and environmental consequences upon use and, finally, disposal of remains
or unused parts (e.g., packing materials, non-functioning parts or non-repairable damaged
products). Each step is evaluated regarding the economy of the product, including the needs for
materials, energy, and water and environmental consequences. This evaluation procedure is
illustrated in Fig. 2.5. Many factories that have implemented such an evaluation have found
considerable savings are obtainable and hence an increase in competitiveness. This is
accompanied by considerable savings in water and energy resources and consequently reduces
pollution. Therefore, it is hoped that this procedure will become widely used and will benefit
water quality. Water quality managers must stress the usefulness of this procedure to press
towards such evaluations. Local water management councils may be very helpful in this direction.
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Fig. 2.5 Life cycle evaluation of a product.

In integrated management, consideration should be given to the economic advantages resulting
from multiple use of the reservoir. After a defined period that may vary between 10 and 20 years
of evolution of the region around the reservoir, the economy diversifies as beneficial uses of the
reservoir complex develop upstream and downstream (tourism and recreation, irrigation, fish
farming). Consequently an economy that may have been exclusively dependent upon a power
plant, can begin to make good use of the whole reservoir system and flourishes. An equally
important consideration in integrated management is the further use of the supporting
infrastructure of the dam site. This infrastructure (buildings with their engineering systems like
telephone connections, sewers, water supply) is deactivated after closure of the dam and the start
of operations, and thus, can be utilized for training courses and establishment of research
activities.

2.6 ENVIRONMENTAL IMPACT ASSESSMENT

The method that is most useful in assessing the effects of potential new economic activities while
simultaneously involving local populations in the decision - making process is the Environmental
Impact Assessment (EIA). We may distinguish two basic situations in which EIA should (or
must) be applied: (i) before decisions are made about reservoir construction, and (ii) when an
addition to a previously designated reservoir use is necessary (the reservoir will become
multipurpose) or new construction or economic developments must be included in management
of the reservoir watershed.
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Any EIA of a reservoir will be based on the reliability of available data, thus, the reliability of
the data will affect the accuracy of the EIA. Permanent monitoring of the reservoir using an
appropriate and continuous sampling program should produce a good data base. Such programs
function as a sensor in the watershed and reservoir. Establishment of a special multidisciplinary
team that has specialized experience in EIA and extensive field knowledge in the region is the
ideal situation, but is not easy to achieve. Before construction of the reservoir, an analysis of how
use of natural resources and how local social economy relates to the ecology of the region should
be completed. To be effective, an EIA should be started several years prior to the construction
of the reservoir and should include cause-and-effect relationships, rather than just structural
details. Disruption of processes integrated across land-water interfaces needs both qualitative and
quantitative evaluation. Inadequate EIAs result in poor assessments of economic impacts and
erroneous estimates of appropriate compensation for losses. The preparation of an EIA follows
general procedures and steps (Fig. 2.6) which need to be modified for each specific project. The
scope may also depend on the amount of knowledge already accumulated for each specific
project.
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Fig. 2.6 Steps of the Environmental Impact Assessment. Fig. 2.7 Variables to be taken into account for an
Environmental Impact Assessment.

Figure 2.7 illustrates possible variables to be taken into account, when implementing an EIA for
a watershed or a reservoir before construction begins.

2.7 HUMAN ACTIVITIES WITH MAJOR IMPACT ON FRESHWATER RESOURCES

Table 2.5 lists some activities that have major impacts on freshwater resources and, in particular,
reservoirs. These impacts are discussed in the following sections.
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Tab. 2.5 Major impacts of human activities on inland aquatic ecosystems.

* Deforestation

* Mining operation

* Road and railroad construction

* Reservoir construction

* Discharge of sewage and other wastes

* Urban development

* Agricultire and agroindustry

* Trrigation

* Salinization and waterlogging of irrigated fields

* Recreation and tourism

* Waterways construction and water transport

* Channel construction, river channelization and water transfers

* Wetland destruction

* Population displacement

* Introduction of exotic species

* Inadequate exploitation of biomass

* Water transfer and water withdrawal leading to decreased groundwater recharge
* Atmospheric pollution from industry and car exhausts causing acid rain

Deforestation. Forest removal along river banks produces several undesirable changes in
ecological processes, such as reduction of allochthonous materials available to rivers and loss of
a "filter system" for nutrients and suspended material. Disappearance of riparian forest deprives
waterfowl and other wildlife of food and shelter. Thus, the function of a "buffer zone" between
the terrestrial system and the river is lost. Increased siltation of waters is another consequence.

Mining. Gold mining by filtration of sediments from the bottom of the river is an important
impact. Because gold near the river is amalgamated with mercury, contamination of organisms
in the river food chain will occur. Sand and bauxite mining are two other operations that disrupt
ecological processes. Coal and iron mining also have direct and indirect effects on freshwater
ecosystems.

Road and railroad construction. Road and railroad construction cause major changes in
wetlands and small rivers. Immediate impacts occur both during and after construction. Increased
erosion results in increased eutrophication due to increased nutrient loads simultaneous reduction
of light availability to algae and higher plants during periods of increased turbidity.

Reservoir construction. Construction of reservoirs upstream may interrupt natural inundation of
wetlands and floodplains. This changes water quantity and quality considerably.

Discharge of sewage and wastes. Untreated wastes from point and non-point sources cause
several changes. in the food chains of rivers, floodplains and wetlands. Discharge of untreated
sewage and sewage with only primary and secondary treatment (no nutrient removal) from cities
is resulting in severe eutrophication problems. Discharge of agroindustrial wastes from the food
processing industry, such as fertilizers, herbicides, pesticides and residues of agriculture impairs
water quality.
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Urban development. Sewage from cities results in more per capita pollution than sewage
produced in rural areas with latrines and septic tanks. The same is true for accumulated solid
wastes.

Agriculture and agroindustry. Improper storages of fertilizers, agrochemicals and manure are
a major non-point source of pollution. Excess fertilizers, resulting from improper application, are
not incorporated by plants and enter run-off during rain events. Erosion is increased by
agricultural practice and results in greater reservoir siltation. Water storage losses of the territory
are also of importance. Salinization and waterlogging of irrigated fields may also result from
agricultural practices.

Irrigation. This major cause of extensive salinization is particularly troublesome in semiarid
areas. Excessive irrigation projects often result in major disasters, such as the Soviet cotton
project that left the Aral Sea changing into a dust bowl, with rusting trawlers abandoned in the
salty sand. Related local health problems are enormous. '

Salinization. There are several reasons for salinization: use of salt associated with fertilization,
use of salt for road deicing, irrigation and natural excess of evaporation over precipitation in
certain regions and periods.

Recreation and tourism. Rapidly growing tourism, summer housing, aquatic sports (in particular
motor boating), swimming, sport fisheries and other kind of recreational activities are not
compatible with production of a reliable drinking water supply. Additionally, these activities
increase demands for construction of roads, hotels and other facilities.

Waterway construction and navigation. Construction of transport features (locks, river
straightening) can destroy natural river functioning, slow down or increase water flow velocities,
and increase bottom disturbance and bank erosion.

Channel construction, river channelization. These major technological actions often related to
waterways construction have negative consequences on the hydrology of the region, available
water reserves, and biological distributions. The perspective that protection against floods should
be achieved by construction of higher and higher dams ironically leads to increased flood
damages. Water, rather than being stored within the territory in wetlands, meandering rivers,
oxbows and forests, flushes unhindered to lower river reaches. The town of Utrecht in Holland
was very recently threatened by the danger of being flooded to a height of 5 meters and is good
example of the kind of disasters awaiting countless other cities.

Wetland destruction. Wetland losses are leading to decreased water capacity in the territory and
loss of habitats for many species of plants and animals. Groundwater level recharge is decreased
in certain areas, but increased in others; the consequences of these changes on crop production
can be devastating,

Population displacement. When concentrations of people are relocated, construction of
settlements and summer houses that lack systems of waste purification cause increases in water
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pollution, eutrophication and hygienic problems.

Introduction of exotic species. Introduction of both aquatic and terrestrial species causes changes
in the local food chain. For example, the intentional or accidental introduction of predatory fish
often leads to loss of valuable local species. In Eastern Brazil the introduction of Eucalyptus
produced extensive alterations in the chemical composition of lakes (Saijo & Tundisi 1987).

Inadequate exploitation of biomass. The removal of key species of terrestrial and aquatic
organisms leads to changes in the landscape and aquatic environment.

Water transfer and water withdrawal leading to decreased groundwater recharge. Excess
withdrawal of water leads to emptying the reservoirs, which is connected with decreased water
quality. Water transfers, especially long distance ones, may be dangerous due to unexpected
consequences for the regions, for the aquatic fauna. Decreased groundwater recharge leads to
drying wells, drying vegetation, losses in agricultural crops.

Atmospheric pollution from industry and car exhausts causing acid rain. Acid rain with the
consequent acidification causes major changes in the composition of aquatic chemistry and
biology. The appearance of toxic forms of aluminum and other heavy metals has negative effects
on forests and waters.

28



CHAPTER 3

TECHNICAL ASPECTS OF RESERVOIR CONSTRUCTION

3.1 RESERVOIR USES

Most reservoirs were built for a single purpose. Ancient reservoirs were usually constructed
beside a river. After preparing the selected site, a channel leading from the river was excavated
and used to fill the reservoir. From the point of view of water quality management {hese
impoundments are markedly different from more dominating dam reservoirs, which are
constructed by damming a river. In this book, we do not deal with specifics of impoundments,
rather we emphasize specifics of dam reservoirs. Historically reservoirs were first constructed for
irrigation. In more recent years, the first reservoirs were built for flood protection; other uses
followed, including augmentation of river flow for irrigation of crops below the reservoir;
navigation; drinking water supply; fisheries; industrial water supply, and; most recently, power
generation and recreation. Fishery resources were usually a by-product, induced in temperate
regions for recreation, and in the tropics for food production. With time, most reservoirs have
served secondary functions.

Storage of a certain quantity of water is usually the primary interest of the reservoir manager.
With increasing environmental degradation and multiple use of reservoirs, water quality has
become a issue of great concern. Drinking water supply has the greatest requirements for high
water quality. In addition, some technical processes require water that possesses specific quality
parameters limits, and fishes cannot thrive and remain edible for humans in highly polluted
waters. Recreational values, another recent reservoir use, also necessitate relatively clean water.

These two aspects, quantitative and qualitative, are closely coupled; we cannot use more water
than the available quantity and low water levels bring about water quality deterioration. This
relationship is a typical complication for reservoirs and is the source of a number of management
difficulties. Damage to domestic or industrial water supply, fisheries and or recreation interests
downstream of the reservoirs are also of concern. Damages to reservoir outflows occur even when
the reservoir water itself is not the cause of these water quality difficulties: the causes can be low
water flows and nutrient rich outflows. Multiple use of many tropical reservoirs create conditions
that facilitate the spread of water-borne diseases.

In addition to the major uses for which reservoirs are built, they have many other functions:

1) They serve as water purifiers by eliminating impurities and retaining sediments, organic
matter, excess nutrients and of other pollutants (Chapter 4).

2) They very often serve as a recreation site, with on-lake activities such as swimming,
canoeing, motor boating, sailing, boardsailing, water skiing, angling, rowing, and ice-skating and
on-shore activities such as angling, walking, bird-watching, sun-bathing, and camping,.

3) They represent a biological resource that can be the site of the following agricultural uses:
fish breeding, caged fish farming, mussel farming, and plant production including reeds and other
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aquatic crops.
4) Some parts of reservoirs serve, or can be preserved for conservation areas for aquatic
plants, birds and other animals as well as areas of aesthetic value.

Construction features (for example, the reservoir water volume in relation to river flow or in
relation to the location of intakes and outflows) affect water quality conditions within the
reservoir. Construction characteristics are related to the primary purpose for which the reservoir
was built. The primary purpose affects reservoir size, as given by site selection for dam
construction, height, as determined by valley morphometry, volume stored, and capacity relative
to flow, which determines the reservoirs retention time (Tab. 3.1). However, these parameters are
only average features and variability of specific reservoir characteristics and uses is high.

We previously discussed some of the primary purposes for which reservoirs have been built.
Other single purposes include irrigation, navigation, recreation and sewage disposal. However,
in recent years most reservoirs are multipurpose, either by design or conversion after construction.
Nowadays, it is common that all kinds of reservoirs are used for recreation, electricity generation,
etc. This results in conflicts between various users that must be resolved by managers.

Tab. 3.1 Features of reservoirs constructed for various primary purposes

PRIMARY USE SIZE DEPTH RETENTION TIME  OUTFLOW DEPTH
FLOOD PROTECTION small to medium shallow regionally dependent surface

AND FLOW REGULATION
WATER STORAGE small to medium - extremely variable below surface
HYDROELECTRICITY medium to large deep variable near-bottom
DRINKING WATER SUPPLY  small preferably deep high intermediate to deep
FiSH CULTIVATION small shallow low surface
PUMP STORAGE small to medium deep extreme variability near-bottom
IRRIGATION small shallow long surface
NAVIGATION large deep short whole profile
RECREATION small shallow long surface

From a water quality perspective, the location and shape of the reservoir outlets (both to the river
below and offtakes for different purposes) is the single most important technical feature that must
be designated for each dam reservoir.

3.2 IMPORTANT VARIABLES OF RESERVOIR HYDROLOGY

3.2.1 Reservoir construction on the river continuum

A continuous gradient of physical conditions exisls from the headwaters to the mouth of
undisturbed river systems. Conditions for reservoir construction along the river as well as
conditions for biota depend on the position of the reservoir in the river network. Twelve stream
orders were distinguished in a system of classification by Ward & Stanford (1983). Under this
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system, the first order represents creeks that flow directly from a spring, while second order
streams result when two first order streams join, and third order streams result when two second
order streams join, and so on. When a reservoir is built along a river’s length, the physical,
chemical and biological conditions of the river are disrupted to some greater or lesser degree. The
effects on areas downstream of a reservoir are determined by the position of the dam along the
river, and correspondingly by the stream order. Some distance below the dam, riverine conditions
may return fo natural characteristics of the undammed river (Fig. 3.1). A ’re-set distance’ is a
calculation of the recovery distance for a particular set of variables and expresses the degree of
perturbation of river conditions (Ward et al. 1984).

Fig. 3.1 The effect of stream order on the
reservoir characteristics and characterization of
the reset distance below a reservoir.

< 7

RESET DISTANCE

From the viewpoint of reservoir water quality, both the location of the dam in relation to its
position in the stream order sequence and dam elevation determine numerous important
hydrologic reservoir features. These include rates of flow, landscape patterns in the river valley,
temperatures of inflowing streams, level of insolation, degree of turbidity and consequential
underwater light regime, and nutrient chemistry, which affects reservoir biota. As an example,
Fig. 3.1 illustrates some major differences between reservoirs that are located on streams of
different orders: ,

(A) A reservoir located on a low order stream in mountainous areas that are undisturbed by
civilization is fed by a small creek with the following predictable characteristics: low flow,
temperature, input of organic matter, and nutrient salts, sparse plankton levels and a characteristic
assemblage of fish species that feed on benthos. The reservoir is typically located in a deeply
incised valley that has extremely steep riparian slopes. This mountainous position is usually
characterized by low temperatures, high humidity and precipitation levels and isolation. Such a
reservoir can only result in a deep, stratified, flow through and oligotrophic system. Horizontal
gradients will be scarce or nonexistent. Any differentiation between such reservoirs that are in
the same geographical region will be due to geological features (calcareous or noncalcareous
underlying rock) or environmental characteristics such as the degree of exposure to sun and winds
(affecting temperature and mixing).

(B) A reservoir that is constructed in the middle reaches of a river is fed by a river with the
following general characteristics: medium flow, moderate declivity, average temperatures,

31



increasing levels of natural organic matter and nutrient salts, occasional turbidity, a developed
phytoplankton community, and an assemblage of fish that can survive in standing water. The
limnology of an unpolluted reservoir is largely determined by the morphology of the valley;
namely shallow reservoirs will be unstratified and deep reservoirs will be stratified. Another
important determinant is the theoretical retention time determined, for a specific flow, by the
volume of the water body. Retention time can vary within wide limits. In small reservoirs with
very low retention times, horizontal gradients will be low, stratification will not be very
pronounced and planktonic biomass will not be well developed. Larger reservoirs with long
retention times will exhibit well-developed horizontal and vertical gradients of physical and
chemical variables, reasonable plankton growth and fish assemblages normally found in lakes.
(C) Reservoirs that are constructed on large lowland rivers with very gradually sloping banks
will be characterized by inundation of large areas, extreme horizontal variability with well-
developed wetland communities with extensive shallows with riparian vegetation. Such reservoirs
are usually eutrophic and high natural organic loads are likely to contribute to the formation of
an anoxic hypolimnion. Shallow reservoirs are usually well mixed by wind, thus, stratified
conditions only develop in areas where the depth exceeds levels affected by wind-mixing.

3.2.2 Flow and retention time .
The ratio of the reservoir volume, V, to the inflow rate, Q (per day or per year) determines the
theoretical retention time of the reservoir (V/Q), which is also known as water residence time,
hydraulic detention time, retention rate or flushing rate. The theoretical retention time is
determined from the following relationships:

R =V /Q [days]
where Q is the average flow rate per day (=flow rate in m’.s" multiplied by the number of
seconds in a day, 86400), and

V is the reservoir volume in m®,
To be more precise, retention time should be calculated for each year or each appropriate shorter
time period. If the water level and hence the actual reservoir volume vary substantially, the figure
should be calculated separately for each subperiod (week, month) and averaged.

Theoretical retention time is realized during reservoir filling; the actual number of days necessary
for reaching full storage capacity is obtained (under actual flow and precipitation conditions
present during the period of filling - these may be quite different from long-term averages). R
gives no information about actual average retention times of water parcels within the reservoir.
There may be occasions when water parcels traverse the path from inflow to outflow in times that
are much shorter than calculated theoretical retention times (this is commonly referred to as short-
cut current or underflow). Water level fluctuations not only cause changes in the retention time,
but also may encourage increased erosion of the shores, and may cause higher turbidity levels and
other negative water quality effects.

Retention time is related to major water quality differences between reservoirs. This axiom is
more pronounced for deep and stratified reservoirs than it is for shallow unstratified reservoirs.
Additionally, the flow from the input river has a more drastic mixing effect in the former than
the latter.
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Dam reservoirs typically exhibit longitudinal zonation caused by unidirectional water flow.

3.2.3 Reservoir depth, size and basin morphology

The depth of the reservoir has a major influence upon water quality.- Of particular importance are
the depth relative to the surface area and wind intensity of the given region. This is because these
factors effect the intensity of mixing in the reservoir. We call a reservoir hydrologically shallow
if it is fully mixed by wind activity and hydrologically deep if the intensity of mixing is not
strong enough to prevent stratification of the water masses (for more detail see Chap. 4).

The size of the reservoir is therefore related to mixing conditions. We can distinguish the
following size categories (Tab. 3.2):

Tab. 3.2 Size categories of reservoirs.

CATEGORY AREA [km?] VOLUME [m’]

large 10 - 10° 101 - 10"
medium , 102 - 10* 108 - 10"
small 1 -10? o 10% - 10%

very small <1 : < 10¢

Basin morphology is determined by the characteristics of the original valley that was filled. The
usual profile is triangular and is shallow at the river entrance and deepest adjacent to the dam.
The location of the reservoir, as compared with naturally occurring lakes, is eccentric, in that
lakes usually occupy a central position in the watershed.

3.2.4 Outlet location :

Reservoirs that provide primary or secondary functions as water storage facilities for a variety
of uses can be divided into the following types as distinguished by outflow design: those that
have a simple outflow that directs water into the river below the reservoir and those that have
outlets that are designed and directed for a specific purpose. For both of these types, the location
(particularly elevation) of the reservoir, design of the outlet structure and associated operational
releases are hydrological factors that have a bearing on water quality. This is because the outlet
design effects flow and stratification conditions within the reservoir. Water quality changes
rapidly in strongly stratified reservoirs if a large amount of outflow takes place at certain levels.
Therefore, these changes must be considered when selecting a level of corresponding. water
quality based on previous observations. Usually, water can flow out of a reservoir from one of
the following three depths: from the surface (flow over the reservoir crest), from the bottom
(bottom release), and through the outflow to turbines or the river downstream. Figure 3.2
illustrates the depth location of the offtakes for a number of selected reservoirs. In some
instances, the outflow is positioned in a particular depth and in dam reservoirs that are used
primarily for hydroelectricity generation the opening is usually quite large. In some instances, the
outlet structure is large enough to drain the entire reservoir. These features are important because
they co-determine reservoir water quality stratification, as is further discussed in Chapter 4. The
differences in water quality between reservoirs and lakes are explained dominantly by the
existence of surface outflows in lakes versus deep outflows - typical characteristics of reservoirs.
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Multiple outlet structures are sometimes included in dam construction to improve the quality of
raw water that is treated and used for drinking water. These modifications enable offtake of water
from different depths that may, at given time periods, possess the best available water quality.
However, stratification of water quality within the reservoir depends on, among other things, the
outflow of particular water layers. Intensive offtake from one level causes great changes in
stratification, Therefore, although a layer with the best water quality may have been detected this
location may change during intensive offtake.

3.3 RESERVQCIR SYSTEMS

The term reservoir systems refers to multiple reservoirs that are connected hydrologically and
whose operation is interrelated toward fulfilling some common goal or goals, such as water
supply or generation of electricity. Four types of reservoir systems are illustrated in Fig. 3.3.
Reservoir cascades are chains of reservoirs that are located on one river. Reservoir
multisystems are groups of reservoirs that are located on different branches of one river system
or on several river systems and whose releases of water are shared. Reservoir pumping schemes
are characterized by pumped water that circulates belween reservoirs. Water transfers are
represented by one or a series of reservoirs from which water is pumped to another river system
for increasing its discharges. Water quality of reservoir systems is described in Chapter 13.5.
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A - CASCADE

D- WATER TRANSFER

B- MULTISYSTEM

C-PUMPING SCHEME

STORAGE RESERVOIR

MAIN RESERVOIR

From a water qualily standpoint, reservoir cascades are specific because any effect on an
individual reservoir will be transferred to those below it. In'a resérvoir cascade, the water quality
of the top reservoir is usually similar to the water quality of a solitary reservoir. The water
quality of the second and lower reservoirs are usually all modified. The extent to which a
reservoir modifies the water quality of another reservoir below it depends upon whether the
higher reservoir is a deep, stratified reservoir (profound effects) or a shallow reservoir (less
effects). The intensity of these influences depends upon the connecting stream order, trophic
levels in the reservoir and the distance between reservoirs. Reservoirs that are located on higher
order streams and have greater retention times have greater effects upon the outflowing river. The
distance between one reservoir and another is also relevant; at a distance of several hundred
kilometers from the reservoir, the river resumes a natural state and water quality effect from the
upper reservoir are no longer observed. This effect is most important where reservoirs are closely
situated.

Fig. 3.3 Different types of reservoir systems.

Reservoir multisystems are complex water storage schemes that are used for multipurpose water
supply in locations and periods when there is a water shortage particularly in countries with water
deficits. Their water quality is usually characterized by great irregularities related to changes in
flow. In particular, when participating reservoirs belong to different geological formations and
nutrient types, simultaneous management of water quantity and water quality issues for each
reservoir may be difficult.

Pumping schemes are implemented because electricity needs are usually irregularly distributed
during different parts of the day and over different days in a week. There is an excess of
electricity during certain periods and insufficiency during others. In a period of excess electricity,
water is pumped uphill to a reservoir, often one of restricted size. The elevation difference is used
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to intensify energy production during periods of increased needs. Water quality will be affected
primarily while pumping or release is in progress. Water quality usually does differ significantly
between the two water bodies, however, in some cases substantial changes in water quality may
take place.

Water transfers were constructed as large and extensive aqueducts in ancient times. The amount
of water transferred by these ancient systems into other watersheds was not large. Nowadays
however, several more recently constructed schemes have attained enormous water transfer
capacities. This can effect not only water quality, but also the water budget of the region. An
example of this phenomena is the Aral Sea, which changed from a flourishing lake to a dust bowl
after mismanagement. Extraction of large amounts of water for overly ambitious irrigation
projects designed to support huge state cotton farms during the communistic regime in Russia,
resulted in alteration of the water budget for the region.

Water transfers can produce many changes. Sometimes, they become major pathways for the
transmission of water borne diseases. They are also responsible for loss of water quality and
complex chemical effects. Water transfers may affect local populations. When water transfers are
related to irrigation, they may cause high salinization in certain regions.

In the semiarid regions of south-east Australia, extensive water systems were implemented in the
1920s to transfer water from water-rich rivers that flow from the Australian Alps into the Pacific
Ocean to vast dry territories in New South Wales and South Australia. Salinization connected
with crop irrigation has created many agricultural problems and "dead" areas.
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CHAPTER 4

RESERVOIRS AS ECOSYSTEMS

To address water quality concerns, the reservoir must be treated as an ecosystem consisting of
a number of interacting subsystems. From the reservoir water quality point of view, it is
useful to distinguish the following subsystems (Fig. 4.1):

- the watershed and the reservoir inflow(s),

- the reservoir proper,

- the reservoir outflow(s),

- the socio-economic and management subsystem.
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Fig. 4.1 Major components of the reservoir ecosystem: watershed and inflow, reservoir proper and reservoir outflow.
Human activities as a component of the ecosystem.

The watershed, including natural elements such as climate, precipitation, vegetation, and human
activilies, creates the character of water that flows into the reservoir, distribution of this water
over time and affects water quality within the reservoir.

The water quantity and water quality characteristics of the reservoir inflow(s) are the dominant
determinant of water quality within the reservoir. Using knowledge of the inflow(s) water
quantity and quality, it is possible to predict potential reservoir water quality before construction.
Because inflow water quality is so important, the reservoir is very sensitive to influences caused
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by any activities within the watershed.

The reservoir proper is a collector and digester of input and effects within the watershed. Effects
within the watershed include internal physical, chemical and biological processes and these in turn
effect water quality within the reservoir (Fig. 4.2). The reservoir water quality dynamics can be
subdivided into the physical, chemical and biological subsystems, but more detailed subdivisions
can be also used.

EVAPORATION @ \ PRECIPITATION
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Fig. 4.2 Processes within the reservoir proper. The processes A to E and H and I as well as S belong to the physical
subsystem, processes F, G, K, L and R to the chemical subsystem and the remaining represent the biological
subsystem. All three subsystems are highly interwoven.

The water quality of the reservoir outflow is determined by the water quality at the depth of the
reservoir outlet(s). Additional water quality changes may occur due to processes at the reservoir
outlet, use of turbines and/or spillways, and changes in gases related to altered hydrostatic
pressure and contact with the air. Water quality may also change down-river of the outlet.

The management and socio-economic subsystem consists of reservoir uses, laws regulating
water quality and quantity and the management system that is responsible for determining actions
necessary to cope with demands.

Mutual interactions between subsystems are very important. The watershed determines inflow
water quality, which affects decisions concerning activities in the watershed. Water quality in the
reservoir, determines outflow water quality, and poor quality outflow affects decisions concerning
the reservoir. Each of these systems is part of a broader environment, for example a reservoir is
part of its geographical surroundings, socio-economic conditions of a political region exceeding
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the given watershed, and developments anywhere in the world may result in problems such as
air pollution that may affect water quality in a specific reservoir.
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Fig. 4.3 Differences betweena lake and a reservoir in the basin shape and mixing, watershed/waterbody area relation,
temperature stratification in dependence on retention time, origin of seiches, longitudinal distribution of selected
variables exemplified by chlorophyll-a, retention of total phosphorus as dependent on retention time and duration
of the ageing process.

Before we can discuss individual reservoir subsystems, we must clarify the basic differences
between the limnology of reservoirs and that of lakes. Many readers of this volume might be
most familiar with limnology and water quality conditions in lakes, which are documented in
numerous publications. Reservoirs, however are different than lakes in terms of their age, origin,
morphology, shape, position within the watershed, and uses, as well as in respect to limnological
behavior. In Fig. 4.3 these major differences in limnological behavior are demonstrated. The
center of the figure illustrates differences in the shape and consequential mixing in the reservoir
and the lake. In a lake, intensive mixing takes place dominantly in the upper layers, whereas
intensive deep mixing takes place in reservoirs. The driving forces behind this difference are the
position of the outflow and intensity of the throughflows (these factors also determine theoretical
retention time as specified in Chapter 3.2). In a lake the outflow is superficial, while in most
reservoirs it is located in deeper strata. As shown in the upper left corner of the figure, the reason
that reservoirs have shorter retention times is that they have a higher ratio of watershed area to
waterbody area. Consequences are shown in the middle and upper right portion of the graph.
Temperature conditions in reservoirs encompass a much larger range as a result of shorter
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theoretical retention times. The internal movements of water masses in reservoirs are largely
dependent on reservoir manipulation, and wind also effects these movements in both reservoirs
and lakes. Chemical and biological consequences that are elucidated in respective subsystem
chapters are provided in the lower left and middle portion of the graph. Longitudinal differences
along the path from the inflow to the dam are a unique limnological feature of reservoirs and
have great implications on water quality (Chapter 4.3). Retention time is a deciding factor in the
chemical subsystem of a reservoir. It is important to recognize that water quality undergoes rapid
processes of aging in the few first years after filling and processes of much slower evolution
afterwards. Consequently, water quality is much worse in the first years than it is afterwards

(Chapter 4.7). A similar process of aging takes place in lakes, but may extend for thousands of
years.

4.1. THE WATERSHED AND THE RESERVOIR INFLOW

Measurement or estimation of the amount of water that enters the reservoir via inflows is
necessary for two reasons. One reason is purely quantitative: to determine water levels, possible
use of reservoir water and potential supply to the downstream river. The second reason is
qualitative: changes in flow result in changes in water quality. Flow effects pollution levels
because increased flows may lead to dilution and/or flushing of pollutants from the territory and
can increase soil erosion. Gross geographical variations in water budgets are related to river flows
as shown in Fig. 1.2. Variability is more important in terms of water quality than absolute flow
rates. Flow variability differs from region to region, but is much higher in dry and semiarid
regions than in regions with more balanced water budgets. Increased flow variability is associated
with increased irregularities and susceptibility of flooding,

Vegetation cover and land use have major consequences for the nutrient load brought to the
reservoir. The nutrient load from natural vegetation, in particular forests, is much lower than that
from fields. Impermeable man-made surfaces of urban areas negatively affect water quality.
Simultaneously, they radically increase the danger of floods. Deforestation resulis in drastic
increases of a number of chemical concentrations. On the other hand, in the case of forest
fertilization as realized in some couniries a negative effect of the forest on inflow nutrient
concentrations and eutrophication can be observed. Also, Eucalyptus forests now cultivated in
many parts of the world have negative effects. Estimates of the effect of different land uses on
river water quality can be made on the basis of areas of different land uses in the watershed and
specific load coefficients. However, large variability due, e.g., to different crops cultivated and
the dependencies between flow rates and flow variability have to be taken into consideration.
With increasing flow periodicity, which is related to higher rainfall being further dependent on
soil moisture intensity, soil erosion increases. Turbidity is affected by the size and types of
suspended particles - the smaller and lighter the particles, the higher the turbidity.

Oxygen levels in water from the inflow river are derived from oxygen exchange in turbulent
reaches, oxygen produced by algal and macrophyte photosynthesis, as well as that consumed
during decomposition of organic matter. COD is an indication of slowly decomposing organic
matter, and is evidenced by stained water in bogs or effluents from paper mills and other types
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of industry. BOD is a measure of the amount of easily decomposing organic matter and mainly
originates from sewage. High COD is often associated with increased color and the high color
can result in an increase of up to tenfold in treatment costs.

Increased attention should be given to inflow temperatures. Approximate temperature conditions
in a stream can be calculated by using the geographic position of the stream (latitude, altitude)
and distance from the source (Callow & Petts 1992). Because inflow temperatures are very
important in determining the behavior of the inflow within the reservoir, (see next subchapter)
monitoring of temperatures is recommended.

4.2 THE PHYSICAL SUBSYSTEM

In a reservoir or a lake, the following zones can be designated: open water, which encompasses
the center of the water body and includes most of the water volume, the littoral zone, which is
located in the shallows, and the benthic zone, which is located at the bottom (Fig. 4.4).

ILITTORAL
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OPEN WATER

IEUPHOTIC

METALIMNION

HYPOLIMNION

TEMPERATURE BENTHAL
PROFILE S

Iig. 4.4 Major vertical regions in a reservoir with indication of the distinction between mixing zone and euphotic
zone.

In the open water zone of a reservoir, there are multiple water movement and mixing processes,
as shown in Fig. 4.5. Only some processes indicated in the figure need consideration in
connection with reservoir water quality. Basically, these may be classified into two groups: those
which are related to heat and momentum exchange processes at the reservoir surface and those
which are related to flows. In lakes, solar heating and wind reaching the water surface create
vertical and horizontal differentiation of water masses. In intensively throughflowing reservoirs
the dominant factor is the unidirectional flow of water from the inflow to the dam. In reservoirs
with retention time of less than about 300 days this factor is also very important, but not
dominant. This overall water movement creates complicated flows, longitudinal differentiation
of reservoir water and more irregular temperature distribution and resuls in density stratification.
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From a physical (hydrological) stand point, we can define two basic water body types: shallow
water bodies, or those that do not become stratified, and deep water bodies, or those that become
stratified. The distinction is not limited to depth, but includes the relationship between size, depth
and throughflow. Another factor decisive in this consideration is the wind speed over the
waterbody surface. Small waterbodies, with a depth of only a few meters, may stratify if
protected from wind activity, while large water bodies may be mixed, although they may be up
to 20 meters deep. Even very deep reservoirs will not stratify if their retention time is less than
a few days.

WIND SHEAR

CURRENTS
WELUING cyrRa

Fig. 4.5 Detailed outline of the different mixing processes and water circulation in a reservoir. Redrawn from Ford
(1987). The importance of these processes for water quality differs: very important is the inflow (density) current
and upwelling, with the Kelvin-Helmholz instabilities producing mixing of the density current with surrounding
water. If the current is weak, it may disperse (fully mix with the surrounding water) due to these instabilities. The
currents due to wind shear and instability determine the stratification. Turbulent patches of microscopic size are
important particularly for mixing in almost stagnant regions. Sheltering before the wind activity functions on the 1:8
basis (the length of the sheltered zone representing eight times the height of the shelter) is important for small
TE€Servoirs.

The open water zone of a deep reservoir can be separated into three sub-zones (Fig. 4.4):

a) The mixing zone reaches a depth of z;, and is where the thermocline is located. Daily
mixing, due to the effect of wind and cooler temperatures at night, tends to homogenize any
vertical differences within the mixing zone. The mixing zone is popularly called the epilimnion,
However, epilimnion is in fact the upper illuminated zone where primary organic production takes
place. This layer extends to a depth of z,,, and is defined as the depth to which 1% of the surface
illumination is received, which is roughly equivalent to twice the Secchi disk depth. Light falling
on the reservoir surface is partially (approximately to 10%) reflected at the surface and partially
absorbed in the first few centimeters of water. Light penetrates to a certain depth in accordance
with the Lambert-Beer law; i.e., exponentially. The exponent equals the extinction coefficient,
determined by the amount of colored organic matter, turbidity, and the amount of phytoplankton.
The two depths, z,;, and z,, are not necessarily the same, although light (=energy) penetration
partially determines water temperature and, therefore, mixing depth.
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Fig. 4.6 The effect of mixing (both natural and artificial) on phytoplankton biomass and production. Phytoplankton -
is mixed to the depth z,,, while light is available only up to the depth z,,. Therefore, if mixing is deep, the
phytoplankton production is low, and consequently decreases also its biomass.

Whether z,;, < Z.y, Znix = Zew OF Zuix > Zey 1S cOnsequential in phytopiankton production and hence
eutrophication of the water body. This is explained in Fig. 4.6, and is connected with the
management technique of "epilimnetic mixing". The depth of the mixing zone is strongly
correlated with the water body size. In small and wind protected waters mixing zones usually
reach only 2 meters, however, mixing zones can reach up to 25m in the temperate regions and
up to 50m in tropical regions. Other variables involved in the determination of mixing depth are
the amount of suspended particles and colored organic matter. High color, turbidity, or high
phytoplankton concentrations cause shallower euphotic and mixing layers (Fig. 4.7).

b) The hypolimnion is a dark zone that is characterized by less vertical mixing and is where
the bulk of decomposition process takes place.

¢) The metalimnion is the intermediate zone between the two zones discussed above. This is
usually a fairly narrow zone, and the maximum width is only a few meters. In an ideal situation,
the thermocline is located in the middle of the metalimnion.

The boundaries between zones are determined by density differences. Density depends mainty on
temperature, but is also affected by salinity and turbidity. The relation is nonlinear; density
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Fig. 4.7 Dependence of the depth of the epilimnion (z,,) on turbidity.

increases from 0° to 4°C and then progressively declines with increasing temperature. Density

(p) corresponding to any temperature (T) can be calculated from the equation:
p=1-6.6310°(T-4)

That is, the change in density for degree C is much less at lower temperatures than at higher

temperatures. In the tropics, the change in density related to a one degree Celsius change in

temperature is equal to differences observed after a temperature change of a few degrees in

the temperate region.

In lakes that are deep enough to stratify, the three zones are usually clearly distinguishable
because there is a very sharp temperature (density) gradient in the metalimnion, as illustrated
in Fig. 4.6. Under these circumstances, a simplified estimation of z,;, is possible: it is the first
depth (beginning at the surface) where the temperature drops by at least 1°C per meter. This
method is only valid for temperate lakes with long retention times. In tropical regions, depth
temperature differences, that define the boundary between the mixing zone and the
hypolimnion are much smaller.

In reservoirs, the temperature profile is usually much more irregular than that of lakes.
Determination of z,,, particularly in throughflowing reservoirs, is difficult. High variability of
flows and other water movements related to reservoir operations produce fluctuations in the
temperature depth profile. A deep discontinuity is often seen at the outflow level and is
referred to as hydraulic stratification. Water below the outflow level is more stagnant than the
water at or above this level.

The annual course of temperatures at a reservoir surface is similar to that of lakes and
depends mainly upon geographical location (particularly latitude and altitude) and size. Fig.
4.8 is a schematic representation of the latitudinal variability of surface temperatures of
medium sized lakes located at low elevations. Lakes that are located in more oceanic climates
are warmer and their annual temperature cycle is postponed. As a general rule, surface
temperature decreases by 0.7 to 0.8°C for every 100 meter increase in elevation. Temperature
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Fig. 4.8 Geographical differences of surface temperatures in medium size lakes and long retention reservoirs. From
Straskraba (1980).

decrease with increase in water body size, but the maximum difference between smallest and
largest lakes in the same geographical region is only a few degrees. The geographic classification
of lake stratification is described in Chapter 4.8.

Reservoirs are different from lakes in that the surface temperatures (to a lesser extent) and depth
distribution of temperatures are additionally dependent on the theoretical retention time. Fig. 4.9
shows temperatures at different depths for a temperate reservoir with the retention time of 12
days when it has a bottom and a surface outflow. Major differences are evident particularly for
temperatures at 20 and 30 m. For temperate reservoirs the depth difference during the period of
annual maximum temperatures are expressed in the right part of Fig. 4.9. They are expressed as
the temperature difference between the surface and the depth of 30m (AT, ;). The figure shows
that, in a reservoir with a retention time that exceeds 300 days, conditions for a reservoir are the
same as that of a lake with a similar geographic position and size. The temperature at the bottom
of these waterbodies is constant for the whole year. In reservoirs with shorter retention times, the
bottom temperature increases with decreasing retention time until, finally, there is no difference
between the surface and bottom temperature in those reservoirs that have very short retention
times. The surface temperature is a few degrees lower in low flow reservoirs than in those with
long retention times (the latter also have surface temperatures that are identical to lakes as
provided in Fig. 4.9). There is a smooth relation of AT, and theoretical retention time of the
reservoir. In subtropics and tropics, the same relationship exists but the temperature differences
between the surface and bottom are much smaller, as seen for the subtropical Canning Reservoir.

An understanding of reservoir physics and consequential water quality conditions is not possible
without knowledge of the horizontal changes within a reservoir. In accordance with differences
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Fig. 4.9 Temperature stratification in reservoirs in dependence of ihe outlet location, Left - Upper panel - annual
changes of temperature in a temperate reservoir with the theoretical retention time R = 12 days and with the bottom
outlet. Lower panel - The same reservoir with the surface outlet (values calculated by the model DYRESM). Right -
Upper panel: observed dependence of the degree of stratification in 2 number of Central European reservoirs on the
theoretic retention time, R. Lower panel: The same dependence calculated with the model DYRESM for the
temperate Rimov and a subtropical Canning Reservoir, with localization of outlets in the depth as observed and at
the surface (the latter representing a lake situation).

in density between the inflow water and reservoir water, water can spread to different depths as
it enters the reservoir. When this inflow plunges to a depth of corresponding density, the flow
creates a density current. The stream may flow along the reservoir bottom as an underflow or
some intermediate depth as an interflow (Fig. 4.10). The inflow water mixes with reservoir water
at the surface or when it plunges and flows at a specific level or along the bottom. Mixing also
takes place in the reservoir hypolimnion in the case of a bottom or near-bottom flow.
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Fig. 4.10 Three types of density currents in a stratified reservoir: overflow, interflow and underflow. The inflow
plunging point is shown. :

4.3 SPATIAL VARIABILITY IN RESERVOIRS

The degree of horizontal and vertical heterogeneity within a reservoir is decisively influenced by
reservoir morphometry, flow and stratification conditions. The following major zones can be
distinguished (Fig. 4.11):

(i) riverine (or back-water),

(ii) transitional (between riverine and lacustrine),

(iii) lacustrine.

Conditions in larger bays or coves might resemble those found in the main reservoir body and
may have similar zonation. Specialized micro-environments may develop in the litoral zone; these
could consist of shallows with wetlands, submerged trees, etc.

The size of a horizontal zone varies in each individual reservoir and depends upon morphometry,
retention time, thermal stratification, season, and geographical location. In deep temperate
reservoirs during the summer, if they have retention time shorter than 10 days, the whole
reservoir may become a riverine zone whereas, when with an R of more than 200 days, the
riverine zone is short and most of the reservoir is lacustrine (Fig. 4.12). The longitudinal
distribution of variables depends on the extent of individual zones, as shown on the example of
phosphorus and chlorophyll-a in some reservoirs (Fig. 4.13). Due to phosphorus input the
maximum development of chlorophyll-a is located in the transitional zone.

Hydrodynamic conditions cause horizontal variability in most reservoirs. Local short-time

horizontal differences also can occur in the surface layer, for example, surface scum consisting
of cyanobacterian blooms may accumulate on the downwind portion of the reservoir.

47



RIVERINE ZONE  TRANSITIONAL ZONE LACUSTRINE ZONE

o NARROW o BROADER o BROAD

o SHALLOW o DEEPER o DEEP

o HIGH FLOW o REDUCED FLOW o LOW FLOW

o HIGH NUTRIENTS o LOWER NUTRIENTS o REDUCED NUTRIENTS

o OM ALLOCHTHONOUS o OM INTERMEDIATE o OM REDUCED TRA'NSITORY

o MORE EUTROPHIC o [LESS EUTROPHIC e MORE OLIGOTROPHIC RIVERINE : E LACUSTRINE

RIVERINE :TRANSITOR\J, LACUSTRINE
i 1 5 15 26°C
W

Fig. 4.11 Longitudinal zonation in a reservoir after Kimmel & Groeger (1984) and changes in the zone extension,
flow and mixing pattern for reservoirs (reservoir conditions) with different ranges of R. Top - 10 <R < 100 days,
center - R > 100 days, bottom - R < 10 days
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Fig. 4.12 Schematic differences in the extent of the three zones in conditions of different flow rates and
corresponding retention times. Redrawn from Thornton ef al. (1990).

Density currents appear when inflow water travels directly to the outflow in a narrow layer. This
is particularly common when flows are higher than average and the temperature of the inflow
stream is close to the temperature of the outflow. During such periods, the actual time of passage
of water parcels through the reservoir is very short, even if retention time of the total water mass
is long. Short-cut (density) currents are sometimes used in management strategies (Chapter 11.4).
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Fig. 4.13 Horizontal differences in the distribution of a few dynamic variables along reservoirs. Left panel: Asahi
River Dam Reservoir according to observations by Kawara et al. (1995) from June. Squares and full line - total
phosphorus. The position of one point is influences by a side tributary. Triangles and dashed line - chlorophyli-a.
Right panel: full line connects the observation in DeGray Reservoir according to Thornton e al. (1982) and the
dashed line is an approximation for the rapidly decreasing concentration in the transition zone and constant
concentration in the lacustrine zone. The inverted triangles on the axis indicate the optimum location of observations.

4.4 THE CHEMICAL SUBSYSTEM

Chemical elements occur in water in several forms. These are: dissolved inorganics, dissolved
organics, elements bound on abiotic particles and elements that are biologically bound. These can
be represented by different chemical species and are very often a mixture of those mentioned.
Among various forms an exchange usually proceeds at variable rates. The exchange rate depends
on chemical equilibration processes, sorption and desorption by particles and uptake and release
by organisms. Thus, aquatic chemistry is not just a process described by classical chemistry, but
a dynamic process involving the biology of aquatic organisms. This is an important consideration
in chemical analyses; chemically determined amounts of some elements will differ if abiotic
particles of certain sizes and/or organisms are included. Processes that occur during sample
transportation can radically change the proportions and forms of the elements present. In
particular, death, uptake and excretion of some elements can be decisive.

In regards to particulate fractions, the sorption - desorption processes play significant roles,
particularly in highly turbid waters that are characteristic for certain dry regions with particular
soil types. Another important physical - chemical process is particle sedimentation. This process
is affected by particle and water density (and therefore, by temperature), size and shape of
particles (sedimentation, as driven by these processes is described by Stokes Law), processes that
take place on the surface of particles and water turbulence and stratification. The same rules
govern sedimentation of phytoplankton, particularly those that are dead or dying. Some species
of phytoplankton avoid sedimentation by different mechanisms, such as active movement and
density regulation,

Mineral composition of reservoir water is summarized by its conductivity, hardness, alkalinity
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and salinity and is specified by individual mineral components. Most mineral components belong
to the conservative ones as they do not enter intensively the chemical-biological processes in the
reservoir. Their behavior is primarily due to water movements and mixing. For these reasons,
they can be used as natural traces in certain circumstances.

Nutrients represent a special category, due to their effect on biological production in the
reservoir. They are nonconservative, as they enter processes involving biological transformation
such as uptake by organisms for growth needs and release by these organisms during life
(excretion) and after death. Nutrients are considered biogenic elements, or those which are
essential for life. The following nutrients are listed in the order of greatest to least amounts
necessary for life: C, N, P and S (which are known as macroelements because they are needed
in relatively large quantities) and Si, Cu, Mn and others (which we call micronutrients). Fig. 4.14
illustrates the processes of phosphorus transformation; the phosphorus cycle is considered the
most critical process in organic production within reservoirs. In respect to eutrophication,
phosphorus is most important of the three nutrients possibly critical (C, N and P) not only
because it is limiting in most reservoirs, but also because a phosphorus load is easily depleted in
waterbodies. The most critical part of the phosphorus cycle is P-uptake by phytoplankton and,
less importantly, by pelagic bacteria. Soluble reactive phosphorus (PO,-P) is taken up to such an
extent that concentration of this nutrient in surface water layers can be as low as a few
micrograms per liter, which equals to that which is naturally released by organisms. The
bioavailability of organic phosphorus varies considerably and depends on the organic phosphorus
species. Phosphorus taken up by phytoplankton accumulates in sediments in large amounts,
especially in eutrophic conditions. In some instances, P levels in the upper millimeters of the
sediment can be greater than that in the whole water column. Figure 4.14 clearly illustrates that
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Fig. 4.14 Processes of phosphorus transformations in a reservoir.

a major change takes place in phosphorus cycling when either the hypolimnion of the reservoir
is anoxic or oxygen reaches the sediments. Under anoxic conditions, phosphorus accumulated in
sediments is readily released to adjacent water, however when the sediment surface is oxic this
exchange is greatly reduced. In the latter case, a layer of trivalent iron at the sediment surface
prevents intensive release. Iron and manganese are simultaneously released with phosphorus
causing increased treatment cost. Under oxic conditions, sediment water exchange takes place by
diffusion and is governed by the concentration gradient between the two media. This fact and the
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diffusion and is governed by the concentration gradient between the two media. This fact and the
usual large amounts of phosphorus accumulated in the sediments of reservoirs explain why
releases continue long after the P-input to the reservoir has been stopped. Internal loading of the
reservoir takes place because the phosphorus now moves from the sediments to adjacent water
layers.

Reservoirs function as effective traps for phosphorus. Phosphorus both in abiotic particles and
that taken up by phytoplankton eventually accumulates in the sediments. Thus, the amount of
phosphorus that leaves the reservoir is much lower than the amount that enters the reservoir. The
difference between the inflow and outflow amount is expressed as the retention coefficient in the
percentage of the inflow amount and the relationship of this amount with reservoir retention time
is shown in Fig. 4.15.
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Fig. 4.15 Retention of phosphorus by reservoirs and by lakes in the temperate region. Dots are annual average
observations for different water bodies and different years, the line is a statistically calculated relation with the
equation given. In the left panel the two curves are compared.

The nitrogen cycle is illustrated in Fig. 4.16. This cycle differs from the phosphorus cycle
because different groups of bacteria actively participate in the cycling process. Because bacteria
do not need light, the processes are also intensive in the hypolimnion. Additionally, some species
of pelagic cyanobacteria are able to fix atmospheric nitrogen in times of insufficiency. The
nitrogen fixation process has high energetic requirements, therefore, it usually does not occur in
waters with a nitrogen surplus. The presence of heterocysts in cyanobacteria enables these
organisms to fix nitrogen. As shown in the left and right part of Fig. 4.16, the nitrogen cycle also
differs in the hypolimnion of oligotrophic and eutrophic waters. This difference is due to rich
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oxygen concentrations in oligotrophic waters and low oxygen concentrations in eutrophic waters.
Nitrification (NH, = NO; = NO,) prevails in the oxygen rich hypolimnion of oligotrophic
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Fig. 4.16 Processes of nitrogen transformations in a water body. In the left part conditions in an oligotrophic water
body are shown, while the right part shows the processes in a eutrophic water body. The main cause is the oxygen
rich hypolimnion in the oligotrophic and anoxic hypolimmnion in the eutrophic situation.

reservoirs while ammonification (NO, > NO,- = NH,) prevails in low oxygen or the anoxi~
hypolimnion in eutrophic waters.

Organic matter that enters reservoirs from the watershed is designated as refractory when it
decomposes slowly (e.g., "humic substances" such as "black waters" of Amazonia or those that
originate in industry such as paper mills) and decomposable or more precisely easily
decomposable which usually originates from sewage. The summary characterization of the first
category is by chemical oxygen demand (COD) and of the second is by the biological oxygen
demand (BOD). Another measure of "humic substances" - different fulvic acids - is the water
color as given by the Pt scala. This is related to the water extinction coefficient as determined
in Chapter 4.2. Organic matter in the waterbody is also produced by phytoplankton and
macrophytes. This source of organic matter can be dominant in eutrophic waters that are situated
on rivers and have a high degree of classical purification (= low organic load), but high nutrients.
This is the situation when the degree of tertiary treatment is low and point nutrient sources are
high. Specific organic compounds enter water, particularly as pesticides and herbicides that are
released from agricultural soil and other organic pollutants and toxic organics from industry (see
Matsui 1991, ILEC Guidelines of Lake Management Volume 4).

Oxygen conditions in the reservoir depend on a number of processes. The most important of these
are: (i) the rate of phytoplankton production and respiration (=enrichment of water with oxygen
during the day and utilization during the night), (i) oxygen concentration and temperature of
reservoir inflow, (iii) the rate of oxygen exchange at the air - water interface, (iv) the rate of
phytoplankton sedimentation and decay in deeper strata, (v) the organic matter content of the
sediments and resulting oxygen consumption, and (vi) mixing conditions in the reservoir.
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Phytoplankton production is restricted to the illuminated epilimnion and decomposition primarily
takes place in deeper strata. Oxygen concentrations are, therefore, often vertically differentiated,
with surplus at the surface and deficit in deeper strata. In oligotrophic waters, oxygen is present
in the hypolimnion, while in eutrophic waters anoxic conditions prevail in the hypolimnion.
During the periods of mixing, oxygen concentration is usually consistent throughout the whole
water column, while during periods of stratification, oxygen levels also become stratified. Oxygen
stratification is less pronounced in rapidly throughflowing reservoirs. Shallow reservoirs have no
stratification of oxygen levels or stratification appears in calm sunny periods and disappears
during the windy conditions or after cool nights.

Decreasing pH resulting from input of acid rain creates a number of chemical changes, because
pH regulates many chemical processes. Changes that are important factors in water quality are
particularly related to phosphorus and nitrogen content, decomposition of organic matter and
concentration of aluminum in toxic forms. Most of these processes take place in groundwater and
changed conditions are present in reservoir inflows. Phosphorus input may decrease. Nitrification
ceases at pH 5.4 - 5.6 and nitrogen fixation ceases at pH < 5.0. As a consequence, inorganic
nitrogen accumulates. The decrease of P and increase of N, both in mineral form, can change the
relations between phosphorus and nitrogen and therefore limitation conditions for phytoplankton
growth (Chapter 4.5). Decomposition of organic carbonaceous substances ceases at pH < 5.0.
Concentrations of dissolved aluminum that are toxic to higher animals and humans increase as
aluminum undergoes dissolution from less soluble forms.

4.5 BIOLOGICAL SUBSYSTEM - RESERVOIR FOOD WEB

The food web of the reservoir is represented by several major groups of organisms, designated
in accordance with their life styles and feeding habits. Organisms are mutually interrelated, not
only through their feeding activities, but also by allelopathic reactions induced by chemical
compounds released by organisms, by organism behavioral reactions, and by recycling of
nutrients and other relations. This relationships is called a food web because each organism may
eat many items, often of both plant and animal origin. Nevertheless, for a simplified
representation limnologist often distinguish a food chain including producers, herbivores,
predators, second order predators and decomposers (Fig. 4.17). Knowledge of aquatic organisms
and a reservoir’s food chain is important because the presence or absence of certain species and
composition of the food chain can serve as indicators of long term status of water quality and
early warning signs of approaching changes (Chapter 9.8). Through food chain manipulation,
improvement of water quality can be achieved (Chapter 11.3).

The food web of the pelagic or open water region of a reservoir is inhabited by plankton.
Plankton can be separated into bacterioplankton, phytoplankton, and zooplankton. Bacteria are
discussed in Chapter 4.6. Benthos is a group of animals that usually dwell in the bottom mud and
collect organic particles that originate from material produced or introduced in the open water
region and eventually reach the bottom. Benthos provide food for bottom-dwelling and
omnivorous fish and are important for bioturbation which is the mixing of surface layers of the
sediment. The importance of benthos is high in shallow reservoirs, but it diminishes with the
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Fig. 4.17 Simplified representation of the trophic food chain and trophic net. In the real trophic net many species
are present, which interact in different ways. Trophic chain is the simplified representation of the trophic net,
omitting the interrelations within and among the trophic levels. In its simplest form the trophic chain is represented
by three levels: primary producers (Cyanobacteria, algae and higher plants), consumers (organisms eating primary
producers) and predators (organisms eating consumeis).
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Fig. 4.18 More detailed representation of the food chain and different types of basic relations: bottom up, from the
environment to the highest trophic link and top down, in the opposite direction. In reality, both types of relations
act simultaneously, there are indirect relations (e.g., of fish on the zooplankton) as well as internal relations within
each trophic level.

increasing reservoir depth. The litoral region is usually not well developed in deep reservoirs
because of their short-term water level fluctuations, but might grow well in extensive shallows
or in shallow reservoirs. Litoral region is overgrown by higher flowering plants - macrophytes.
Macrophytes are the substrate for periphyton, consisting of sessile algae and microscopic animals
feeding on them.

One major result of reservoir limnology is the recognition that the interrelations between different
groups of organisms are very intensive, and the effects are not only bottom up from the physical
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environment through nutrients to primary organic production up to the top predators among
fishes, but also top down, from the higher organisms down through the lower organisms to the
reservoir chemistry and physics (Fig. 4.18). The change of one population is able to change the
water quality conditions considerably.

Reservoir phytoplankton includes algae and cyanobacteria. It is sustained by a constant input
of nutrients from the inflows and recirculated from zooplankton. When retention time is long, the
growth rate of phytoplankton increases with increasing flow due to the higher nutrient loading.
Simultaneously, mortality increases due to sedimentation, grazing by zooplankton and washout.
This trend is valid up to a certain amount of inflow (corresponding to a reservoir retention time
that is less than a few days), at which point the phytoplankton growth can no longer compensate
for losses due to the washout and the population crashes. In this respect, the reservoir behaves
as the so called continuous microorganism culture. Different species of algae have different
growth rates, nutrient requirements, sedimentation rates and are consumed by zooplankton in
varying degrees, as related to size differences and other factors. The three most common and
most distinct groups of phytoplankton are shown in Fig. 4.19.
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Fig. 4.19 Three most common and most differentiated groups of algae, their characteristics and some typical
representatives.

A measure commonly used to quantify the amount of algae present in a reservoir is the content
of chlorophyli-a in the sample. The chlorophyll-a content of algal fresh weight is different for
different phytoplankton groups and species, and is lower when algae live in a well-illuminated
column (during stratified periods) and higher if column illumination is low (during mixing). High
concentration of chlorophyll-a, particularly if originating from colonial blue-greens
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(Cyanobacteria), is detrimental to water quality. High chlorophyll-a levels are associated with
excess organic matter which decreases oxygen concentrations in deeper layers of reservoirs when
it decomposes. This results in odor and taste problems even after the water is treated for drinking
supply. Accumulation of surface scum of blue-greens cause aesthetic concerns in reservoirs that
are used for recreation. Toxic strains of these organisms are particularly dangerous, both to people
and animals (Chapter 6).

The growth rate of phytoplankton depends primarily upon the availability of light and
temperature, concentration and load of critical nutrients. Figure 14.1 illustrates how the
chlorophyll-a concentration as a measure of the phytoplankton biomass is related to the
concentration of phosphorus.

Zooplankton is a group of microscopic or very small animals that swim in the open water zone
of reservoirs. This groups includes animals the size of protozoans up to those of the size of
crustaceans, reaching, with few exceptions the maximum size a few millimeters. Exceptions
include the predatory cladoceran Leptodora and the larvae of phantom midges (Chaoborus) that
can attain a length of about 1 cm. The dominant group among protozoans are the ciliates, which
use their cilia to collect bacteria and algae. Rotifers are intermediate in size, and feed either by
filtration (most species) or predation. Most crustaceans filter-feed off phytoplankton (cladocerans)
or are omnivores (copepods). Zooplankton serve to improve water quality by controlling
phytoplankton development during grazing activities (Chapter 11.3).

Fish found in reservoirs include zooplankton feeders, benthos feeders, omnivores and predators.
The role of predatory fish in controlling the structure of the entire open-water association is
explained in 11.3. Reservoir fisheries are treated in Chapter 5.

4.6 RESERVOIR BACTERIA AND VIRUSES

Bacteria decompose organic matter in reservoirs and a measure of this activity is the BOD;.
Bacteria are also part of the detritus food chain, as depicted in Fig. 4.20. Bacteria are consumed
by higher organisms including the heterotrophic flagellates, ciliates and larger zooplankton. The
amount of free-living bacteria present is related to the amount of organic matter brought by the
inflow and the activities of phytoplankton. Organic matter exuded by phytoplankton are the major
carbon source for bacterial growth, thus peak occurrences of bacteria are found when
phytoplankton starts to decay.

Bacterial indicators of fecal pollution and pathogenic bacteria are of specific hygienic concern.
Indicators include psychrophilic, mesophilic and coliform bacteria. The number of psychrophilic
bacteria found in mountain streams and unpolluted reservoirs ranges between 1 and 10* per
milliliter; in lowland streams of heavily inhabited regions, the number is between 10 and 10° per
milliliter. High psychrophilic bacteria counts are found in polluted in-flow streams and in less
polluted streams during high flow events. Within the reservoir, the number of hygienically
important bacteria often slowly decreases due to sedimentation and consummation by
zooplankton. In surface waters, mesophilic bacteria counts are usually 1-2 orders of magnitude
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lower than psychrophilic bacterial counts. Coliform bacteria are exclusively of fecal origin (from
man and warm-blooded animals) and enter reservoirs from allochthonous sources.
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Fig. 4.20 The microbial loop (=detritus food chain) as accompanying the classic pelagic food web. Important is the
participation of bacteria and some other groups of microorganisms. The sizes of the compartments represent their
biomass and the size of the arrows the intensity of feeding relations in a specific case.

Bactoria

The most common waterborne bacterial pathogens are Shigella, Salmonella, Campylobacter,
toxigenic Escherichia coli, Vibrio and Yersinia (Meybeck et al. 1989). Among human viral
pathogens, Hepatitis A, Norwalk and Rotavirus have been responsible for numerous disease
outbreaks. Other viral agents that are capable of waterborne transmission include enteroviruses
(Coxsackievirus, Echovirus, Adenovirus), Parovirus and "gastroenteritis type A". New water borne
virnses are continuously discovered with newly developed and improved methods of detection.

4.7 WATER QUALITY CHANGES DURING RESERVOIR AGING

The term reservoir aging is used to describe rapid changes and deteriorated water quality that
occur during the first few years after a reservoir is filled. This period is also called trophic
upsurge because higher biological production takes place during this period. Much slower
limnological changes, which last for decades or centuries, are referred to as reservoir evelution.
The process of reservoir aging is very important from a management perspective because it is
observed in the first few years of existence of every new reservoir and water quality deteriorates
during this period. Water quality problems that cémmonly occur during reservoir aging and their

respective causes are given in Tab. 4.1.

The length of the aging period differs between reservoirs, however, the average span is between
four to more than ten years. In Amazonian reservoirs, stabilization takes a minimum of 10 years,
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depending upon the rate at which the submerged Tropical Humic forest decomposes. Aging of
the reservoir depends upon two types of processes, namely physico-chemical and biological. The

Tab. 4.1 Water quality events and problems that occur during reservoir aging and their causes.

PROBLEM CAUSES

INCREASED CONCENTRATIONS OF ORGANIC MATTER. Leaching of organic matter from soil.
Decomposition of drowned vegetation. )

INCREASED COLOR. Color indicates concentration of resistant organic matter. Color changes occur very slowly
and increased values are lasting signs of aging.

LOW OXYGEN CONCENTRATIONS (PARTICULARLY IN HYPOLIMNION). Oxygen is consumed during
decomposition of dissolved and particulate organic matter that enters through the inflows and is released from
disturbed soil and decaying vegetation.

HIGH NUTRIENT CONCENTRATIONS. Nutrients are leached from disturbed soil.

EXCESSIVE GROWTH OF VEGETATION (PARTICULARLY FLOATING AQUATICS). New tropical
reservoirs are particularly susceptible to this problem.

INCREASED PHYTOPLANKTON PRODUCTION. Algae grow rapidly as the result of increased nutrient
concentrations.

INCREASED FISH PRODUCTION. Some species of fish are able to reproduce rapidly in response to the high
food supply, nevertheless, some years must pass before the fish population is well established.

physico-chemical process is controlled by latitude, volume, retention time, amount of organic
matter accumulated during filling, activities in the watershed, and amount of input of suspended
material. In regards to biological processes, the most important element is the rate and degree of
developmient of fish populations and the control by these organisms over the rest of the systen.
The aging process is shorter in rapidly throughflowing reservoirs than it is in these with slower
throughflows. The geographical location (more rapid aging in tropics) and time required for
filling (slow and intermittent filling prolongs the aging period) are decisive factors in the aging

process. The sequence of events that normally take place during reservoir aging are shown in Fig.
4.21.

Most reservoirs stabilize after existing for a few years. Subsequent to the aging process,
limnological evolution of the reservoir occurs and is largely driven by the impact of human
activities, such as intensification of land uses and industrial activities.

4.8 LIMNOLOGICAL TYPES OF RESERVOIRS

Classification of reservoirs is a practical means of organizing knowledge about different
reservoirs. However, it is important to recognize that exact classes of reservoirs do not exist in
reality. A continuum of transitions from one extreme to another are present in all of the criteria
that are used as a basis for classification. Nonetheless, a break-down of this continuum into
individual classes is a practical descriptive tool and enables easier evaluation of respective

conditions. Moreover, multiple variables are used in some classification schemes to deal with
different classes, making their use easier for management. Because the process of splitting a
continuous row of possible values into "classes" according to one criterion is somewhat arbitrary
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we must expect the occurrence of many transients and modifications.
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Fig. 4.21 Aging process within the first years after filling the reservoir. In the upper part of the figure the specific
curves for the development of biomass, abundances and concentrations of individual components as observed in the
Kligava Reservoir, Czech Republic are given. Perch is the dominant fish species in this period. The three major
phases are the filling phase, stabilization phase and stable phase. The central part shows the state of different
components given on the right of the figure. The lower part shows the deduced interrelations and their strength,
indicated by the thickness of the arrows. The arrows pointing out indicate the increasing, decreasing or stable
character of the changes during the given phase.

Presently, there is no reservoir classification system of general validity. All systems are based on
local experience and data. The first serious attempt to classify reservoirs was devised by Margalef
(1975) and was based on data from about 100 reservoirs, that were located throughout Spain. The
system is predominantly based on two criteria, one of which is related to the degree of
mineralization of reservoir water and the other is related to trophy. Four groups of reservoirs
were evident and classification based on the degree of mineralization resulted in a clear
geographical separation of the two groups. Two groups separated by trophic characters were
called "less eutrophic" and "more eutrophic”. Margalef discusses whether or not the study of the
deepest point of the reservoir is appropriate for characterization of the reservoir trophy because
in some reservoirs "exaggerated" concentrations of chlorophyll-a were detected and probably
resulted from transport from the riverine or intermediate zone. Nonetheless, from a water quality
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perspective, it is correct to use these values as representative. Water usage depends on
concentrations that were generated both directly (e.g., during water treatment) and indirectly (e.g.,
through the deterioration of oxygen conditions of the hypolimnion). Another classification system
is that devised by Zhadin (1958) and intended for Russian reservoirs. Because these are often
huge, very shallow reservoirs, this classification system is not generally applicable.

The reservoir classification we propose is based on four major criteria:
1) Reservoir throughflow
2) Geographic location
2) Trophy
3) Water quality

The classification variables discussed herein differ, one is specific to reservoirs and the other
three were originally designed for lakes. In applying these systems for use on reservoirs, we must
consider different classes of reservoir throughflow and how these affect the classification. The
most developed criteria is the geographical classification of lake mixing types; the trophic
classification is also fairly well developed. The least developed is the more specific water quality
criterion. The first three criteria are limnological and are based on natural differences between
water bodies. Matching reservoir throughflow with "natural” variables is, of course, only possible
in the sense that similar differences in throughflow can also be observed in natural riverine lakes
(although, as pointed out in Chapter 4.2, the consequences of throughflow differ in natural lakes
and reservoirs). Trophic characterization is now considered an important water quality variable
due to input of anthropogenic sources of nutrients, but trophic classification was originally
applied to waters that were not affected by human impact. Water quality criteria are not just
anthropogenic, but are also much more diversified due to the high variability of human effects.
In this chapter, we only discuss the first three classification criteria; the fourth is discussed in
Chapter 9.

4.8.1 Classification based on reservoir throughflow
Reservoirs can be roughly distinguished into three classes according to their theoretical retention
times, and a fourth class that is a specific mixing type occurs at the boundary between the first
and second reservoir classes. The three major classes are as follows:

Class A - rapidly throughflowing reservoirs, R <15 days

Class B - reservoirs with intermediate retention times, 15 <R <one year

Class C - reservoirs with long retention times, R > one year.
This classification is mainly based on the data and mathematical modeling concerning temperate
reservoirs (in particular Slapy Reservoir in the Czech Republic), but has been verified by use in
some tropical an/or subtropical reservoirs. It is well known that reservoirs undergo rapid and
extensive changes in flow and water levels, thus we re-emphasize that boundaries between classes
were, more or less, arbitrarily selected. Depending on the seasonal pattern of operation in relation
to river discharge, the same reservoir can belong to different classes during different time periods.
Class A is characterized by full mixing, and Class B reservoir conditions correspond to
geographically and morphologically conditioned lake mixing class. The third category, Class C,
is intermediate and is characterized by mixing class, but distinguished to varying degrees by the
effects of throughflow. Therefore, we can speak about different reservoir situations rather than
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reservoir classes. In Class B, further differentiation of conditions is connected with the depth of
the outlet or outflow. In reservoirs with surface outlets, the conditions are more lake-like, while
considerable deviations are observed when outlets are located deep within the reservoir (see Fig.
4.9).

A specific class is represented by hydraulically stratified reservoirs, as documented in Tundisi
(1984) in Brazil. These are reservoirs that for geographical reasons or shallowness are not
stratified, but stratification sometimes appears, because of a density interflow or underflow. The
manner in which these flows are created (Chapter 4.2) suggests that an original density difference
must exist within the reservoir before an interflow or underflow is created. However, this density
difference can be small and strongly separated by the flow. In the tropics, this phenomenon may
result in large scale production of anoxia, gases, and accumulation of nitrogen and phosphorus
in the artificial hypolimnion. An example of this class is the Barra Bonita Reservoir in Sio Paulo,
Brazil, or Stéchovice Reservoir in the Czech Republic.
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Fig. 4.22 A dichotomic key for the distinction of mixing types. Redrawn from Steinberg ef al. (1995).

4.8.2 Reservoir mixing classes

The dichotomic key shown in Fig. 4.22 provides characters that determine corresponding mixing
classes. Figure 4.23 represent patterns of stratification of individual mixing types. As previously
discussed, this method is only valid for reservoirs with long retention times. Conditions are
distorted by flow in reservoir of the intermediate type. Two basic variables, geographical latitude
and altitude separate the classes. With the increasing altitude the geographical delineation between
water mixing classes shifts toward the Equator. At higher altitudes there is higher solar radiation
due to the shorter path the sun rays have to pass through the atmosphere. As concerns
latitudes at low elevations, in tropics (latitudes 0 - 23) the oligomictic type is characteristic, with
mixing rarely occurring. Mixing in tropical waters is much deeper than in temperate waters, and
temperature differences between the mixed zone and hypolimnion are minimal. Nevertheless, the
nonlinear dependence of water density on temperature result in a much higher change of density
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per degree at high temperatures, and the density differences between sirata can be similar to
dimictic water bodies in temperate region. Daily temperature differences may exceed annual
variations. Deep polymictic lakes occur at higher elevations in tropics, where seasonal
temperature variations are low and mixing happens several times irregularly throughout the year
due to strong winds. Warm monemictic water bodies with one annual overturn occur at latitudes
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Fig. 4.23 Schematic representation of the changes of temperature stratification conditions during the annual cycle
in different mixing types. From Chapman (1992).

between about 23 - 40 degrees. They circulate at temperatures higher than 4°C. Dimictic mixing
type in temperate region (latitudes 40 - 68°) is characterized by two periods of turnover, during
spring at temperatures around 4°C, and during fall, and two periods of stratification, summer
stratification and inverse winter stratification (with surface temperatures lower than temperatures
of deeper strata and freezing at the surface). Further North, a sequence of classes is encountered
until the more or less constantly frozen lakes in the high Arctic and Antarctic. As an example of
the shift of latitudinal borders toward the equator we observe that at latitude 50 the dimictic class
can be substituted by the cold monomictic class on the average at elevations above 1000 m.a.s.1,
and amictic lakes occur at 3000m.

The presence of drowned vegetation may have a drastic effect on all aspects of reservoir
limnology. An example is presented in Fig. 4.24, where a reservoir in Amazon with extensive
areas of drowned forests is confronted with a reservoir of the semiarid region in Brazil. The
reservoir without vegetation has, in spite of high input of suspended material from the watershed,
good hypolimnetic oxygen conditions. For the huge Amazonian reservoirs an anoxic hypolimnion
and reduced mixing are characteristic. The reservoirs also produce as the result of decomposition
of the drowned forests intensive gas emissions of methane and carbon dioxide. Preliminary results
for the hydroelectric reservoir Curua Una show 21 mg.m?2.day” CO,. Rosa (1997) estimated the
annual contribution of methane and carbon dioxide of Curua Una (area = 100 km?, average depth
= 6m) as 5.7 10’ kg.m™.y" C for CH, and 53.7 10’ kgm2.y"' C for CO,. Comparative methane
emission (measured as methane bubbles) of several Amazonian reservoirs suggest a decrease of
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emissions with time since closing the dam (Matvienko & Tundisi 1996).

Meromixis is a feature that can occur in all classes discussed above. This results when a part of
the reservoir water that is near the bottom is not mixed with the rest. In reservoirs, this is usually
related to construction, whereas a small protection dam is built during construction of the major
dam. Water becomes trapped and accumulation of chemical constituents takes place.
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One mixing type is ubiquitous - the shallow polymictic _class. Polymixis occurs in hy-
dro-dynamically shallow waterbodies all over the world. The force of wind is able to produce

complete mixing and short periods of surface heating or cooling, respectively, create or destroy
stratification.

4.8.3 Trophic classification
The following classes are recognized:
a) oligotrophic
b) mesotrophic
c) eutrophic
d) hypertrophic
e) dystrophic, and
f) calcitrophic.
The first five were defined by classical trophic typology, however the last was more recently
defined to address calcareous lakes.

For reservoirs, further differentiation is characterized by: (i) reservoir throughflow (ii)
geographical location, and (iii) turbidity. The effect of reservoir throughflow was previously
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discussed. Turbidity is particularly important in arid and semiarid regions.

The classes oligotrophic, mesotrophic and eutrophic are delineated in accordance with the
amount of critical nutrients and primary production realized particularly as algal biomass (usually
measured by CHA). The drawback of trophic classification is that it is geographically conditioned
because it relies on both critical nutrient concentrations and productivity. Productivity is affected
by geographically conditioned solar radiation, and the mixing type and depth, turbidity, and
trophic relations within the system. Productivity increases with solar radiation, but algae are
exposed to the underwater light climate and not to surface radiation. Factors decreasing the
underwater light climate are the increasing depth of mixing and increasing turbidity. Reservoirs
which are shallow or have shallow mixing depth have higher productivity and higher chlorophyll.
Last but not least, the delineation of classes also depends on subjective experiences, depending
on the specific situation in different countries. At the present level of understanding trophic
classes seem to be somewhat dependent on the range of conditions encountered in a given region.
In countries with very clean and few eutrophic waters, there is a tendency to set lower criteria
for classes. A lake that is called mesotrophic in a "nutrient rich" country may be called eutrophic
in "nutrient poor" countries. In Tab. 4.2, example values are given for distinguishing classes as
reported by Hilbricht-Ilkowska (1989) from Poland and by Moore & Thornton (1988). The same
phenomena is seen when waters are compared in Scandinavia with those in the European
mainland, and even greater differences occur when waters of temperate with tropical conditions,

Tab. 4.2 Comparison of trophic classes as defined for Poland by Hilbricht-Ilkowska (1989) and for USA by Moore
& Thornton (1988). P = Poland, U = USA.

TP CHA
P U P U
oligotrophic - <10 - <4
mesotrophic <50 10-20 <10 4-10
moderately eutrophic <100 >20 <30 >10
strongly eutrophic <300 - > 30 -
hypertrophic >300 7? > 100 27?

are compared. However, some approximate delineation according to algal biomass (measured as
CHA) as given in Tab. 4.3 is acceptable. In reservoirs the classification is complicated by
throughflow and turbidity as pointed out particularly by Walker (1985), Lind ef al. (1993) and
Thornton & Rast (1993). For tropical conditions see Salas & Martino (1991).

A difference between tropical and temperate waters is that nitrogen limitation is much more
common in tropical than in temperate waters. Carbon is the third most important macroelement
for algal growth and can be limiling anywhere, if both nitrogen and phosphorus are in excess.
This is often the case during summer in highly eutrophic and polytrophic waters, when there is
limited exchange of carbon with the atmosphere and deeper strata. The reasons for more common
nitrogen limitations in the tropics are both natural and anthropogenic. While northern soils are
very permeable for nitrogen but retain phosphorus, the reverse trend is true for the tropics. In
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Tab. 4.3 Trophic classes based on chlorophyll-a after Stra$kraba et al. (1993).

CHA [pg.l'] TROPHIC GRADE RAW WATER TREATMENT
SUMMER ANNUAL
AVERAGE MAXIMUM

0.3-5 <10 oligotrophic excellent standard

5-10 10-30  mesotrophic suitable standard

10-25 30-60  slightly eutrophic not very suitable exceptions

>25 >60 highly eutrophic unsuitable special treatment

prosperous Northern Hemisphere countries, nitrogen fertilizer use is much more common than
in tropical countries. Two approaches can be used to distinguish if carbon, nitrogen or phosphorus
are limiting; these are the Redfield ratio and the bioassay. A simple preliminary estimate is based
on the ratio of C:N:P, which is important in algal biomass production. The Redfield ration is the
ideal ratio for algae and equals 106:16:1 if concentrations are expressed in atomic weight. It must
be noted, however, that this ratio is only a broad average, and varies widely for individual species
of algae. The ideal nitrogen: phosphorus ratio ranges between 6:1 and 30:1 as expressed by
atomic weight. In waterbodies with normal algal composition, switching between P to N
limitation ranges somewhere between 10:1 to 20:1. Some studies suggest that the ratio also affects
the percentage of cyanobacteria in the total phytoplankton population, however, other studies
contradict this hypothesis and it cannot be considered a general phenomenon. Cyanobacteria,
particularly when forming heterocysts, signal nitrogen fixation, which does not occur if there is
an excess of dissolved nitrogen in the water. The form of nitrogen is very important in energy
transformations because nitrates must first be converted to ammonia as ammonia is more readily
taken by phytoplankton than nitrate. Bioassays are accomplished by various techniques; the most
simple of these uses a culture of algae as background. In the temperate region, the alga most
commonly used in bioassay analysis is Selenastrum capricornutum. The growth curves of algal
population incubated in bottles under standard light and temperature conditions are noted for
control cultures and cultures enriched with N and P. Enhanced growth resulting from additions
of either N or P is considered an indication of respective limitation. As mentioned previously,
the needs of one algal species and culture are not necessarily identical with the needs of the other
phytoplankton species or populations. Moreover, the amounts of added nutrients are important.
The consequence of both of these factors (difference between one species and a population and
different reactions between conditions in a culture and under natural conditions to different
nutrient doses) is that the results may not be conclusive.

Dystrophic classes (brownwater lakes), with production affected by a high water color appear
in forested areas. The color results from an excess of dissolved, decomposition-resistant organic
matter from decomposed vegetation. The black waters of the Amazon typify this class. The pH
of dystrophic waters is low and may limit the existence of some organisms (Chapter 6.2).

The calcitrophic class distinction is necessary because trophic relations in calcareous waters are
different from those in waterbodies with a more balanced salt composition. One important process
that distinguishes calcareous waters is phosphorus coprecipitation; calcium not only precipitates
and forms white flockulants but also adsorbs phosphorus. This creates algal production conditions
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that are markedly different than those of noncalcareous waters. Table 4.4 lists some characteristics
of calcitrophic reservoirs.

Tab. 4.4 Characteristics of calcitrophic waterbodies as compared with noncalcareous waterbodies (based on Koschel
1987).

Concentrations of CaCO, Maxima > 1 mg.m®, present as crystals and calcite shells of some algae

Carbon dioxide Decreased, limits primary production

Nutrients Decreased, 2N

Periodicity Highest concentrations of calcite in summer

Self-purification capacity Increased

Particulate matter Higher concentrations, low light levels limit primary production,
increased sedimentation, reduction of nutrient concentrations

Phytoplankton biomass Reduced

4.8.4 Combined classification

Mutual relations exist among the various criteria showing that for reservoirs the throughflow
criterion is critical in classification of reservoirs. This criterion modifies other lake-derived
classification systems that the full "lake" realization that we describe under mixing classes only
takes place in low flow reservoirs. In the other two reservoir throughflow categories this is highly
modified. Interrelations among the three criteria, throughflow, mixing and trophy, are outlined
in Tab. 4.5.

Tab. 4.5 Interrelations between basic reservoir types as characterized by throughflow, mixing and trophy.

THROUGHFLOWING INTERMEDIATE LONG RETENTION
RETENTION TIME R <20 20 <R =300 R > 300
MIXING CLASS  Fully mixed Intermediate stratification Well developed stratification
TROPHIC CLASS Flow prevents full Additional effects of flow Classical trophic classes

plankton development  and modified stratification
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CHAPTER 5
RESERVOIR FISHERIES AND ITS RELATION TO WATER QUALITY

Reservoirs have important potential for use in fish production. In many regions of the planet,
such as Russia, the USA, Africa and South-East Asia (Fernando & Holdik 1991), fisheries
production in reservoir is very intensive,

5.1 FISH COMMUNITIES IN RESERVOIRS

One of the most dramatic results of reservoir construction is the alteration of water flux from
the river to the reservoir and consequential changes in fish fauna. These alterations, from a
lotic to a lentic environment, produce new habitats types for which many common river fish
species are not well adapted. For example, in many reservoirs there is a deep pelagic area,
that is not utilized by most native fish species. When we examine the development of and
structural and functional organization of reservoir fish fauna, the following five groups of
processes must be considered:

a) productivity of each reservoir immediately after being filled,

b) eutrophication and nutrient enrichment received from the watershed,

c) development of complex biotic interactions within the reservoir,

d) hydrological regimes, and,

e) the management of each reservoir.

According to Kubetka (1993) the first two groups of processes directly influence fish composition
and biomass, whereas complex biotic interactions also influence the eventual composition of fish
fauna. Reservoir construction affects fish fauna downstream as well as upstream, since many
wetlands and flood-plains downstream may be depleted of water, at least during initial phases of
reservoir operation. According to Fernando & Hol¢ik (1991), the fish fauna of a reservoir
depends primarily on existing native fish fauna in the hydrographic basin. These species may
colonize a new reservoir very rapidly and can exploit the reservoir’s responsible potential as a
lentic environment. Once the reservoir is in operation, fish biomass falls quickly. Two factors
seem to be responsible for this reduction; these are the existence of an extensive, deep pelagic
zone and the drastic reduction in current velocity. Subsequent to reservoir filling very slow,
natural colonization of the pelagic zone occurs. The family Clupeidae is a good example of fish
that successfully colonize reservoirs, as demonstrated in Tab. 5.1.

On example of changes in fish fauna after dam construction is the changes observed in Caborra
Bassa Reservoir, Africa. Of the 38 species of fish that existed before the dam, almost all have
disappeared. Cichlidae like Tilapia rendali and Sarotherodon mortimeri survived in the reservoir
in low densities. Some species of Siluridae, Characidae and Cyprinidae experienced explosive
growth immediately after the dam was closed (Jackson & Rodgers 1976). In the case of Lake
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Tab. 5.1 Examples of colonization of reservoirs by members of the family Clupeidae.

SPECIES RESERVOIR BIOMASS [kg.ha'] AUTHOR

Sierathrissa leonensis Kainji L., Africa 23.6 Lelek 1973
Pellonula afzelinsi Kainji L., Africa 23.6 Lelek 1973
Clupeichthys aesarensis Ulboratana R., Thailand 59-142 Lelek 1973

Etrivaza fluviatilis Parakruma Samudra, Sri Lanka 60 Newakla & Duncan 1984
Clupeonella cultiventris 5 reservoirs on the Dniepr River, Russia Shimanovskayaet al. 1977
Corica subarna Kaptui Lake, Bangladesh 100 Fernando & Hol&ik 1991

Gudusia chana
Cosmialosa mannianna "

Volta, Ghana, mass fish mortality was observed after the dam was closed, and was caused by
accelerated deoxygenation. Of the many common river species in the genus Alestes, only two
have disappeared (Lelek 1973). On the other hand, there was a considerable increase of Tilapia
spp., such as Sarotherodon galileus (which feeds on phytoplankton and periphyton) Tilapia zillii
(which feeds on detritus) and Sarotherodon niloticus (which feeds on macrophytes and algae).
Fish species that inhabit the reservoir after the dam is closed migrate either directly to tributaries
or to areas that are influenced by the tributaries. Current velocity differs in several regions of the
reservoir and is an extremely important factor in the distribution of fishes. Fish are apparently
able to locate tributaries by detecting water quality changes. Maintenance of the water flux in the
ancient river bed of the reservoir system can stimulate fish migration in the reservoir. Populations
of fish can, therefore, survive in the reservoir by utilizing tributaries, as demonstrated in studies
of several reservoirs (Jackson 1960). Strictly rheophilic species lack critical habitats and they
either disappear rapidly in lentic waters or they survive by using tributaries for reproduction, but
their biomass in the reservoir diminishes considerably. Reservoir filling results in spatial
reorganization of the system and can result in new wetlands as well as a very deep pelagic zone.
In some cases, it was demonstrated that several years after filling the reservoir contained more
fish species than the river, probably due to the variety of niches produced during the spatial
reorganization of the system. This phenomena also depends on evolution of the reservoir and the
process of temporal and spatial succession. Establishment of aquatic vegetation immediately after
reservoir filling can encourage an increase in fish biomass. This vegetation is colonized by a
large, varied invertebrate assemblage, which can serve as fish food. Extensive macrophyte stands
and a high concentration of periphytic algae are fundamental in development of varied feeding
sources for fishes, as demonstrated by Lake Kariba. Thus, trophic upsurge very much depends
on growth of phytoplankton, periphyton and macrophyte biomass. When littoral and marginal
areas of the reservoir are colonized by macrophytes, the survival of alewives and young fishes
generally increases. Aquatic vegetation produces food and provides shelter from predators and
adequate reproductive habitats. Reproduction of the fishes in the reservoir is directly related to
the existence of upstream wetlands.

Pelagic zone of the reservoirs and fish fauna.

Many reservoirs include an extensive pelagic zone which can be colonized by planktophages and
their predators. In some reservoirs, planktophagous fishes colonize the pelagic zone, immediately
after filling, and increase biomass even as compared with the lotic environment. Predators that
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colonize the pelagic zone consume these planktophagous fishes. For example the Nile Perch
(Lates niloticus) and the Tiger Fish (genus Hydrocynus) in Lake Kariba developed high biomass
due to availability of food. In the case of Hydrocynus, 70% of its food is composed a single
species of planktophagous fish - the freshwater sardine Limnotrissa miodon. A change in feeding
habits has been documented for some species of fish, that colonize reservoirs, e.g., Hydrocynus
sp. are generalists in rivers, but become predators of planktophagous fishes in reservoirs. Out of
110 species that once inhabited Itaipu Reservoir, only 83 survived. Some of the species that
disappeared, such as pacu (Piaractus mesopotamicus), were commercially important. Pacu feeds
on vegetation from the gallery forest. Some migratory species, like Leporhinus elongatus and L.
obtusidens, remained in the reservoir and utilized the upstream floodplain during part of their life
cycle. One species (Plagioscion squamosissimus), introduced into Itaipu and other reservoirs,
grows very well in many of the reservoirs. This species is a pelagic fish, and preys on small
carnivorous or planktophagous fishes. Several species of detritus feeders disappeared in Itaipu and
other reservoirs. One important findings in the study of South American reservoirs is that the
interaction of the reservoir with upstream wetlands and floodplains is a fundamental element in
the survival and reproduction of the fish species in the reservoir (Agostinho et al. 1994). That
is, spatial reorganization of the system that introduces new components of heterogeneity during
the evolution of the reservoir produces higher diversity of fish species and greater biomass. This
is a very important consideration for a manager who is trying to increase diversity and biomass
of fish in reservoirs.

5.2 BIOMASS AND FISH PRODUCTION IN RESERVOIRS

As mentioned earlier an increase in biomass occurs immediately after the dam is closed, although
a considerable decrease in diversity is always observed. In the case of reservoirs, however, the
ecosystem is extremely dynamic and is always in a continual process of reconstruction. A
continual colonization by several species occurs during the first years when the reservoir is
subject to morphometric alterations (due to rising water level) and changes in the water chemistry
and biogeochemical cycles. The evaluation of fish stocks in reservoirs is a difficult task, and one
that demands utilization of several methods. Selected data on fish catch and production are
summarized in Tab. 5.2.

One estimation method that is commonly used for lakes and reservoirs is the morphoedaphic
index. This method according to Ryder (1965), can be expressed as:

Morphoedaphic index (MEI) = TDS / z,,,
where TDS is the concentration of total dissolved solids in mg. I and

z,, is the average reservoir depth.
Henderson & Welcomme (1974) have found that a better fit is observed when the morphoedaphic
index is expressed as:
MEI = TDS / conductivity.
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Tab. 5.2 Fish production in several tropical reservoirs.

RESERVOIR CATCH PRODUCTION AUTHOR
tons.year’ kg.ha'.year®

7 reservoirs of Parana 4.51 Petrere & Agostinho 1993
watershed (Brazil)

17 reservoirs of 151.8 Paiva et al. 1994
the Nord-east of Brazil .

Reservoirs in Africa 99.5 Marshall 1984

Lakes in Africa 58.4 Bayley 1988

Sobradinho Res., Brazil 24 000 57.1 Petrere 1986

Itaipu, Brazil 11.6 Petrere 1994

Guri, Argentina 300 10 Alvarez et al. 1986

They conducted an intensive study that demonstrated that fish catch is related to limnological
variables, but also includes a fishing effort variable. Schlesinger & Regier (1982) proposed that
the trend of higher fish catch in lower latitude areas could be due to higher temperatures in those
ecosystems; they verified significant positive correlation among the fish catch and average air
temperature, when all or practically all other limnological variables were considered equal.

However, Kerr & Ryder (1988) warn that fish yield indicators must be differentiated between
lakes and reservoirs + rivers. The reasons for this are as follows:

1) Abiotic factors exert inordinately large effects on the biota of rivers and reservoirs. There
is wide seasonal and annual variability in morphological dimensions and hydraulic factors.
Accordingly, Henderson ef al. (1993) found stronger statistical relationships between these factors
in reservoirs than in lakes.

2) In the reservoirs, species of fish differ from those of the original river. Many species lack
coevolutionary adaptations for these new circumstances. Annual recruitment by these species can
vary widely and result in erratic yields. Often, high productlon levels are represented by only one
introduced species (Lates niloticus).

..In USA reservoirs, Jenkins (1967) and Jenkins & Morais (1971) developed multiple regression
equations that relate environmental factors to fish stocks and angler catches. They found that
retention time was a strong predictive variable, as were total dissolved solids, reservoir depth and
reservoir age. Dolman (1990) classified fishes in Texas reservoirs based on species densities. He
distinguished five groups that inhabited reservoirs in different areas of the state. He used rotenone
poisoning solely in the bays to census fish populations, thus obtaining poor estimates for pelagic
species. Length of growing season, elevation, turbidity, pH, total alkalinity, conductivity and
hardness of each reservoir were limnological variables used to discriminate between different
groups.

A positive bilogarithmic relationship between the degree of eutrophy, which is expressed as the
normal phosphorus load, and the fish yield of lakes and reservoirs was developed by Lee & Jones
(1991). The authors also describe species changes with increasing eutrophication, which results
in a decrease or disappearance of highly-valued, cold-water fishes and an increase of less
desirable species. Mass mortalities of juvenile fish occur in winter in Hartbeespoort Dam, South
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Africa because of hypereutrophic conditions. Another indication of the fish catch used by some
reservoirs in Nigeria is one that uses recorded fish effort per boat in artisonal fisheries. Another
measurement is experimental net fishing. The development of sustainable fish stocks in reservoirs
is part of the biological component of limnological succession according to Kubedka (1993).

5.3 MANAGEMENT OF FISHERIES AND AQUACULTURE

Management of reservoir fish fauna and maintenance of a sustainable fish stock is a complex
task. It involves not only a deep understanding of ecology of the system, including limnology and
fisheries biology, but also on the rules of reservoir operation and desired multiple uses. Therefore,
knowledge of ecology of the system and management of the fish stock are coupled. Introduction
of exotic species into a reservoir can cause extraordinary management complications. Frequently,
lack of scientific knowledge about the structure of the food web, species interactions and the
growth rate of populations can lead to extremely complex situations, sometimes with irreversible
dominance of non-commercial species. Management of the fish stocks must begin, therefore, with
determination of species presence and diversity, the structure of the food web, and regulating
functions such as predator-prey relationships. Management of fish stocks must include
consideration of estimates of the fish catch, the fisheries effort and the number of fishermen that
are likely to use the reservoir. The use of echosounders is a recently developed tool that is useful
in fisheries management. Knowledge of the biology of fish species is necessary in order to
determine reproduction timing and requirements, and interactions of biological characteristics of
fish populations with hydrological and climatological features. One must also consider whether
the reservoir has a monospecific or multispecies composition when estimating potential fish catch,
because fisheries effort differs for each species. Therefore, well-managed fisheries harvest is
supported by good statistical data regarding fish production, fisheries effort, average catch per
fisherman, number of fisherman that utilize the reservoir, and current market information.
Another important event in fisheries management is the follow-up process after reservoir aging
and resulting alterations in the fish fauna structure. Considering the natural alteration produced
by the reservoir or due to other factors such as contamination. The determination of the main
location and distribution of important species and species stocks in relation to various regions of
the reservoir is also necessary. For some reservoirs, we can define the fish stock and fisheries
management areas into the following three regions: the lacustrine region with a deep pelagic zone,
the transition zone, in some cases with an area of intensive macrophyte growth and the lotic
inflow zone. The lotic riverine zone is commonly inhabited by migratory fish, which reproduce
in marginal shallows.

One of the most important developments in fisheries management is the implementation of a
variety of fish ladders. The efficiency of these systems is debatable because the effectiveness of
some designs may be variable in different reservoirs. Generally, their efficiency is found to be
very low. It is necessary to adapt each mechanism to one specific reservoir, while considering
the reservoir’s fish species.

Development of aquaculture in reservoirs is a good perspective. Considering the high levels of
dammed rivers throughout the world, cultivation of fishes and other vertebrates (alligators,
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capybaras), crustaceans and molluscs could considerably increase production of aquatic biomass
of aquatic origin. However, the following precautions must be acknowledged:

a) techniques must be carefully selected,

b) an increase of eutrophication can occur, and

c) the spread of tropical water borne diseases must be prevented.

5.4 RELATIONS OF FISHERIES TO WATER QUALITY

5.4.1 Sensitivity of fish to water quality

Fish fauna within a reservoir change in accordance with water quality characteristics, which may
be related to the following two factors: a) the introduction of pollutants by tributaries that can
influence different portions of the reservoir; and b) the change in the operation of the system
throughout the hydrological year. For example, large fish kills were observed in Barra Bonita
Reservoir (Brazil) in 1994 due to a combination of increased retention time and the discharge of
poorly oxygenated water from polluted tributaries. The release of water with low oxygen levels
upstream produced extensive fish kills downstream. The water was released from a highly
polluted urban reservoir upstream and plunge into the deeper strata of Barra Bonita.
Simultaneously, very high ammonia concentrations, exceeding 3 mg.I", occurred. Fish kills are
observed in temperate regions when reservoirs are frozen, but also occur in very shallow,
eutrophic reservoirs when oxygen concentrations drop below certain limits.

In temperate regions, fish species are very sensitive to low oxygen concentrations, and the lower
limit is usually considered to be somewhere around 2 mg.l'. Condition of pH can also be
limiting; fish usually do not occur in temperate regions in waters that have a pH that is less than
about 5, and never occur in waters where the pH is below 4.5. The situation is completely
different in the Amazon region, and perhaps in tropical black water, rivers in general, where fish
live in oxygen-deprived waters for most of the year.

Fish sometimes survive in waters that are contaminated by certain kinds of pollutants, however,
consumption of these fish may then be harmful for humans. Examples include the disease
"minimata” in Japan that was caused by accumulation of mercury in fish, the same diseases,
which appeared in newly flooded reservoirs in Northern Canada, and the case in which an Indian
population that relies on fish was poisoned by mercury that leached from soils adjacent to the
TESErvoir.

5.4.2 Influence of fish on water quality

Fish play a major role in the reservoir biocenoses and are, thus, important from a water quality
perspective. The presence or absence of certain species of fish and the amount of fish present in
a reservoir co-determine the composition and amount of zooplankton and phytoplankton present
in the reservoir.

Estimation of the amount of fish present is not easy; fisherman statistics are sometimes an

unreliable representations of the total biomass because usually only larger fishes (both larger
species and sizes) are caught and noted as well as the uncertainties inherent in reporting, etc.
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Census methods such as electrofishing, use of nets of various sizes, rotenone poisoning in coves,
catch per effort and mark-recapture censuses are more reliable for use in estimations, although
some of these provide relative rather than absolute estimates. With the recent advancements in
echo-sound technology, (double-beam echosounder) the best estimates of biomass and size
distribution can be obtained.

The species composition of fish fauna is highly dependent upon geographical features and,
according to Fernando & Hol¢ik (1991), lakes and reservoirs are characterized by a lack of truly
pelagic species, and most reservoirs are inhabited by species that originated in the shore regions.
A few clupeid genera are exceptions to this generalization and inhabit large African reservoirs
(see above). A useful method of classifying fish is in accordance with their feeding habits. In
respect to trophic interrelations, the groups provided in Tab. 5.3 can be recognized. The species
named as examples are representatives of genera living in Europe, Northern N. Asia and Northern
U.S.A.

Tab. 5.3 Fish grouped in accordance with their feeding relations.

GROU?P o FEEDING ON EXAMPLES (Holarctis)
Zooplankton feeders Zooplankton Rutilus, Blicca’

Plant feeders (incl. phytoplankton) Macrophytes Tilapia, Ctenopharyngodon
Benthos feeders Chironomidae Common carp

Predators Fish Esox, Lucioperca

In all instances, the groups indicated are valid only for adult fishes, whereas juveniles feed on
small zooplankton, and gradually move to larger prey as greater sizes are achieved. In populations
in which juveniles dominate (Fig. 5.2), a considerable impact on the zooplankton populations may
occur. The balance between zooplankton-feeding fish and predatory fish is important in the
control of zooplankton composition. In Chapter 11.3 we will discuss how the species composition
of zooplankton depends on feeding pressures of fish and how this relationship is used in reservoir
water quality management.

Sport fishermen may have very biased information about the density of fish populations in the
reservoir. They are usually only interested in fish of "permissible” size, and, therefore do not
consider small fish. However, young fish may be the dominant element in the fish populations.
When overpopulation reaches a certain extreme degree, healthy fish may have greatly retarded
growth and carp that are below 20 cm total length (well below the average adult length) be
sexually mature and reproducing. Sport fishermen may not recognize that stocking the reservoir
with juvenile fish can make the situation even worse. Surprisingly, overfishing appeared to be
the explanation for the disappearance of the greatly valued cold-water fish in Lake Erie (Welch
1978, cited in Lee & Jones 1991).

The presence of zooplankton-feeding fish and their predators is significant both in evaluating the
water quality of supply reservoirs and as a biomanipulation tool (see Chapter 11). Recent
investigation in Great Lakes (Stow er al. 1995) indicate that it is possible to reduce the
consumption of PCB contaminating the lakes by proper fisheries management.
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5.5 FISH INTRODUCTIONS

Welcomme (1988) lists 1354 international introductions of 237 freshwater organisms (not only
fish) into 140 countries. The hazard of introductions is in our inability to predict its outcomes.
It is also clear that on a global scale the introductions created until now more harm than profit.
Fish introductions are a dangerous operation, often with negative effects on local fisheries but
also some successful examples. The introduction of weeds, parasites and other noxious animals
accompanies fish introductions.

Introduction of exotic species in reservoirs has produced several direct and indirect effects.
Depending on the existing feeding niches in the reservoir, the impact of introduced species can
be small and they may colonize niches with a low number of competitors. This is the case in
Lake Kariba, where introduction of planktophagous species that exploit the pelagic zone was
successful. However, other introductions can completely change the structure of the food web and
cause further complications, as described by Zaret & Payne (1973). These two authors detailed
extensive changes in the food chain that occurred after introduction of Cichla ocellaris (local
name tucunaré) in the reservoir Lake Gatun, Panama. A successful case of exotic fish introduction
in the reservoirs of northeast Brazil was described by Fernando (1991). In this case, production
increased very rapidly and Tilapia spp. represent 30% of the total fish catch within these
TEServoirs.
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CHAPTER 6

RESERVOIR POLLUTION AND WATER QUALITY DETERIORATION

6.1 SOURCES AND COMPLEXITIES OF POLLUTION

Reservoir water pollution types are not different in any way from those found in other waters,
however, the realization and consequences of pollution can differ between reservoirs, rivers,
and lakes. The greatest challenge facing solutions to water pollution is not merely the steady
increase, but also the escalating diversity of water quality problems (Fig. 6.1). The figure also
stresses other unpleasant features of aquatic pollution. The time span between the appearance
of new problems is rapidly increasing, yet before humankind has solved one problem, new
problems appear. The extent of the problems is also increasing, in contrast to older problems,
which were mostly local. Prior to heavy industrialization, organic pollutants from small towns
did not progress beyond the stream closest to the source. Now we are faced with quite a
different situation; diffuse pollution leaching from agricultural fields is threatening whole
countries and acidification far beyond the source country’s borders. We do not seem yet to be
at the end - global warming and global changes are beginning to encompass the whole planet
(Chapter 16). This is not just the result of rapid growth and consumption by humankind, but
is exacerbated by our bad habits. With the onset of stream channelization we began disruption
of the natural return cycle of matter from nature to humans and back to nature, and nowadays
matter is returned in quantities that exceed the natural digestive and homeostatic capacity of
the environment. Many pollution types occur simultaneously and interact in manners and
inflict consequences that are insufficiently known to us.
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Fig. 6.1 Time development of water quality problems. The frequency of the occurrence of new problems

increases and the scale and time lag between the appearance of the problem and its solution increases, too. From
Somlyédy (1994).

75



6.2 CLASSIFICATION OF WATER QUALITY PROBLEMS

Water quality problems can be classified according to the sources and causes of pollution
provided in Tab. 6.1. The realization of each problem in reservoirs is briefly explained below.

Sources are generally separated into point sources and non-point (diffuse) sources. The non-point
sources are much more difficult to manage (Fig. 6.2).
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Fig. 6.2 Schematic representation of non-point source pollution. From J6lankai (1983).

Tab. 6.1 Common water quality problems in reservoirs

* Classic organic pollution

* Eutrophication: excessive organic matter production within a reservoir due to high nutrient input

* High nitrate contamination and associated hygienic problems

* Hypolimnetic anoxia ' .

* Acidification: decrease of pH and associated leaching of metals; may be caused by acid rain and accompanying
mass transfer of contaminated atmospheric gases

* Turbidity problems resulting from siltation

* Salinization due to excessive fertilizer application on land or due to irrigation in arid and semi-arid regions

* Bacterial and viral contamination

* Health and water-borne diseases

* Heavy metal pollution-

* Agro-chemicals and other toxic chemicals; accumulation of toxins in sediments and bioaccumulation in living
organisms

* Decreased water volume and levels

The problems presented in the table were not placed in order or significance and the position of
any item does not suggest corresponding importance, as major local differences prevail due to
specific land use and intensity. A study of ILEC (Kira 1993) points out the following five major
problems (Fig. 6.3) that occur on a global scale:
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1) Accelerated siltation

2) Contamination by toxic chemicals

3) Eutrophication

4) Declining water levels and decreased water volume
5) Acidification
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Fig. 6.3 The five most important water quality problems in lakes and reservoirs as recognized by the ILEC study,
their causes and consequences. Redrawn from Kira (1993).

The environmental health of a reservoir is affected by the results of human activities in the
watershed that include: (i) disposal of domestic wastewater, (ii) disposal or runoff of agricultural
wastewater, particularly if it includes effluents from animal husbandry, (iii) runoff from farmlands
or lands that are subject to erosion, (iv) runoff in regions that are subject to atmospheric pollution
such as of acid rain, (v) concentrated seepage from ore dumps, (vi) toxic organic compounds
from pesticides that are used in agriculture and forestry, and (vii) runoff contaminated by
xenobiotics, persistent organic compounds used as industrial catalysts, and minute traces of
pharmaceutical compounds resulting from unknown activity and hospital waste (Bernhardt 1990).
These factors all result in water quality degradation, loss of biological diversity and loss of water
resources.

Based on previous experience with environmental problems, we know that there is a strong
relationship between the degree of pollution and density of population in both poor and rich
countries, from subarctic through temperate and tropical regions. The following three are major
input sources to watersheds and, thus, drive this relationship:
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i) urbanization

ii) industrialization

iii) large scale agricultural development , , o
Decreases in the water retention capacity of a watershed is another important consequence of
population growth which simultaneously also represents decreased pollutant retention capacity.
Channelization of streams and rivers is a technique that has created numerous water quantity and
water quality problems. Some wealthy countries are now attempting to return streams to their
natural beds. Figure 6.4 illustrates recent increased damage in the U.S.A. due to floods, which
are attributed to decreased water retention capacity, as well as other environmental consequences
of development. Although reservoirs generally increase water retention, evidently they are not
adequate for flood control, and other measures are necessary.
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Fig. 6.4 Increasing flood damage. Note that the scale is logarithmic. Redrawn from Naiman et al. (1995).

As areservoir evolves and multiple uses increase, sources of pollution and deterioration diversify,
and render existing problems enormously complex.

6.2.1 Organic pollution

The primary large-scale consequence of population growth and urbanization is high input of
untreated sewage into reservoirs. When sewage enters a reservoir, it increases both
decomposable organic matter and nutrients. Symptoms of organic pollution are mixed and include
large-scale decomposition of organic matter, increased hygienic contamination, and
eutrophication. Distinguishing between increases in organic matter and nuirient levels is necessary
because different control measures are employed to solve the problems each factor produces.

Two major potential sources of organic pollution can be distinguished; these are human
settlements and aquaculture. In developed countries, pollutants originating from settlements are,
for the most part, reduced to acceptable limits. However, recreational activities within reservoirs
may be a major uncontrolled source, particularly when many people visit a reservoir for
swimming or other activities. Intensive aquaculture within a reservoir or its inflows can also be
an important source of contamination.
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In less developed regions, organic pollution entering the inflows can be quite high, and the viable

management solution is reduction, both by convenhonal means and ecotechnology, such as
wetland enhancement and creation. :

Figure 6.5 is an overview of the effects of organic pollution on a reservoir. As sewage enters the
reservoir, a series of problems related to the chemistry and biology of the reservoir begins. The
hypolimnetic water undergoes intense changes and a decrease in quality, Economical losses
associated with anoxic conditions in the reservoir are very high, since it may no longer be
feasible for use as drinking water, as a result of high contamination by components released from
sediments (CO,, H,S, iron, manganese, and phosphorus) and highly increased treatment costs.
Corrosion of structures may be observed due to high CO, and H,S concentrations. This can
include the turbines in hydroelectric power plants and even the reservoir wall. This was the case
in El Cajon Reservoir, which was mentioned previously.
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Fig. 6.5 Schematic representation of major consequences of sewage pollution in a reservoir, Below the economic
impacts are Jisted.

Entering from external sources, pathogenic bacteria experience explosive growth and sanitary
conditions rapidly deteriorate. Simultaneously, high nutrient input stimulates rapid growth of

algae and/or higher plants. Alternatively, when toxics are entering the reservoir growth of plants
can plummet.

It should be noted that, to a certain degree, these effects are similar to those of eutrophication,
as illustrated in Fig. 6.6. In both cases, the stimulating agent is organic matter; the major
difference is that in eutrophic waterbodies, this is chiefly a consequence of natural matter
produced within the waterbody (predominantly by algae), whereas in polluted waters, the source
is external and most often from human settlements or industry. In conjunction with this
difference, the latter usually contains other ingredient in addition to organic matter. These may
include microbial contamination, heavy elements and other pollutants. Depending on the degree
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of prior treatment, if any, and what sources fed the sewers, organic matter of this origin may be
only partially degradable.
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Fig. 6.6 Schematic representation of major consequences of eutrophication in a reservoir. Below economic impacts
are listed.

6.2.2 Eutrophication

Eutrophication (Fig. 6.6) can be defined as excessive organic production within a reservoir due
to high nutrient input. Dominant sources of these nutrient inputs are the same as those of organic
matter - sewage and agriculture. Where sewage is concerned, a high degree of eutrophication is
also caused by treated sewage, which levels of organic matter that would be harmful to the
reservoir, but still contains enriched nutrient levels, in particular phosphorus, which is the most
critical. Wallsten (1978) investigated 25 Swedish lakes in the period from 1934 through 1975 and
observed no increased total phosphorus concentrations in agricultural areas, yet highly increased
levels in lakes that receive sewage from neighboring industries and communities. Simultaneousty,
there was a 50% general increase in conductivity and 150% increase of sulphate. The pattern of
phosphorus concentration as related to passage of time in a wealthy European country is
illustrated in Fig. 6.7. After a period of exponential increase that occurred until 1976, there was
a stagnation, which was followed by rapid decline. Evidently, with proper management, it is
possible to obtain considerable improvements.

Masses of algae, including Cyanobacteria that may become toxic to organisms and humans are
produced in eutrophic water bodies. The cost of treating eutrophied and polluted water, as
reported from Brazil, is four times as high as the treatment of clean primary sources. Recovery
from eutrophication is very slow; in some lakes, it has taken up to ten years after external sources
of phosphorus were terminated for full recovery of the trophic category of the lake (e.g., from
eutrophic to mesotrophic). A less intensive effect was observed in some lakes/reservoirs, where
phosphorus and chlorophyll concentrations decreased but not to a degree that justified trophic
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