
AGEMENT 
4- 

Quality Management 



GUIDELINES 
of 

LAKE MANAGEMENT 
Volume 9 

Reservoir Water Quality Management 

M. Strakraba and J G Tundisi 

IIJ:c 
10 

International Lake Environment Committee 



Copyright © 1999 by the International Lake Environment Committee Foundation 

Opinions expressed in this volume are those of the authors and do not necessarily reflect those 
of the International Lake Environment Committee Foundation. 

Designations employed and the presentation of material in this publication do not imply the 
expression of any opinion whatsoever on the part of the International Lake Environment 
Committee Foundation concerning the legal status of any country, territory, city or area, or of 
its authorities, or concerning the delineation of its frontiers or boundaries. 

International Lake Environment Committee Foundation 
1091 Oroshimo-cho, Kusatsu, Shiga 525-0001, Japan 
Tel 	+8 1-77-568-4567 
Fax 	+81-77-568-4568 
Email : info@pmail.iIec.or.jp  
URL 	http://www.ilcc.or.jp  

ISBN 4-906356-26-5 



CONTENTS 

PREFACE 	 • 1 
IINTRODUCTION ............................. ........................................................................... 	3 

1.1 IMPORTANCE OF RESERVOIRS AND PROBLEMS OF THEIR 
MANAGEMENT............. ................................................................ ....... .............. 3 

1.2 RESERVOIRS OF THE WORLD AND THEIR DISTRIBUTION....................7 
1.3 GOAL OF THE BOOK AND TO WhOM IT IS DIRECTED ......... ..... ... .......... 9 
1.4 OUTLINE HOW TO READ THE BOOK ................ ........... ................ ............... ii 

2 ASPECTS AND APPROACHES TO WATER QUALITY MANAGEMENT............13 
2.1 WHAT THE MANAGER HAS TO CONSIDER................................................13 
2.2 APPROACHES TO WATER QUALITY MANAGEMENT ..................... .... ...... 15 
2.3 SUSTAINABLE RESERVOIR WATER QUALITY MANAGEMENT.............17 
2.4 RESERVOIRS IN THE ECONOMIC DEVELOPMENT OF REGIONS 20 
2.5 INTEGRATED WATERSHED MANAGEMENT. ............................................. 21 
2.6 ENVIRONMENTAL IMPACT ASSESSMENT.................................................24 
2.7 HUMAN ACTIViTIES WITH MAJOR IMPACT ON 

FRESHWATERRESOURCES ............. .... .... .......... ............................................. 25 

3 TECHNICAL ASPECTS OF RESERVOIR CONSTRI.ICTION .................. ............ ....29 
3.1 	RESERVOIR USES ....... ................................................... ................................... 29 
3.2 IMPORTANT VARIABLES OF RESERVOIR HYDROLOGY.........................30 

3.2.1 Reservoir construction on the river continuum .......... ................................. 30 
3.2.2 Flow and retention time .................................. ......................................... ...32 
3.2.3 Reservoir depth, size and basin morphology...............................................33 
3.2.4 Outlet location ............. ... ........................................ .... ................................. 33 

3.3 	RESERVOIR SYSTEMS ... ....................................... ........ ... ................................ 34 

4 	RESERVOIRS 	AS 	ECOSYSTEMS .......................... ... .............. ......... ......................... 37 
4.1 THE WATERSHEI) AND THE RESERVOIR INFLOW................................... 40 
4.2 THE 	PHYSICAL 	SUBSYSTEM .............................. --- ................................... .. 41 
43 SPATIAl 	VARIABILITY IN RESERVOIRS ... .............................. ....... ............ 47 
4.4 THE 	CHEMiCAL 	SUBSYSTEM ...... .......................... .... .................................... 49 
4.5 THE BIOLOGICAL SUBSYSTEM - RESERVOTR FOOD WEB..................... 53 
4.6 RESERVOIR BACTERIA AND VIRUSES ................................................ ........ 56 

4.7 WATER QUALITY CHANGES DURING RESERVOIR AGING..................... 57 
4.8 LIMNOLOGICAL TYPES OF RESERVOIRS .................... ............................... 58 

4.8.1 	Classification based on reservoir throughflow ............ ................................ 60 
4.8.2 	Reservoir 	mixing 	classes ............................................................................. (ii 
4.8.3 	Trophic 	classification ................................................................................ .. 63 
4.8.4 	Combined 	classification .............................................................................. 66 



5 RESERVOIR FISHERIES AND ITS RELATiON TO WATER QUALITY.............. 67 
5.1 FISH COMMUNITIES IN RESERVOIRS ........................... ........................ ...... 67 
5.2 BIOMASS AND FISH PRODUCTION IN RESERVOIRS... .................. ........... 69 
5.3 MANAGEMENT OF FISHERIES AND AQUACULTURE .............. ................. 71 
5.4 RELATIONS OF FISHERIES TO WATER QUALITY... ..... . ....................... .... 72 

5.4.1 	Sensitivity 	of fish 	to 	water 	quality ........................................................ ...... 72 
5.4.2 	Influence 	of fish 	on 	water quality ......... ............................ .......................... 72 

5.5 FISH 	INTRODUCTIONS ...................................... ............. ................................. 74 

6 RESERVOIR POLLUTION AND WATER QUALITY DETERIORATION ............ .. 75 
6.1 SOURCES AND COMPLEXITIES OF POLLUTION ............................... ........ 75 
6.2 CLASSIFICATION OF WATER QUALITY PROBLEMS..... ........................... 76 

6.2.1 	Organic 	pollution ...................................................... .................................. 78 
6.2.2 	Eutrophication ................................................. ............................................ 80 
6.2.3 	Nitrate 	contamination.... ........................................... ................................... 81 
6.2.4 	Siltation ........................ ........ ....................................... ................................ 81 
6.2.5 	Hypolimnetic 	anoxia 	and gas release ................................................. ......... 82 
6.2.6 	Acidification .... .......... ............. ............. ....................... ....... ................ .......... 82 
6.2.7 	Salinization ....... ............... .... ........................................ ...... .... ................. 	.... 83 
6.2.8 	Bacterial 	and viral 	contamination........ ................................. ---- ......... ..... 83 
6.2.9 Health effects and 	waterborne diseases .................................... ................... 83 
6.2.10 	1-leavy 	metal 	pollution. .............................................. ................................ 84 
6.2.11 	AgrochemicaIs and other toxic chemicals................................................ 85 

7 THEORY OF ECOTECHNOLOGICAL MANAGEMENT .................................. ....... 86 
7.1 ECOSYSTEM THEORY APPLIED TO RESERVOIRS..................................... 86 
7.2 PRINC1PLES OF ECOTECE-[NOLOGICAI, MANAGEMENT........................... 90 

8 RESERVOIR WATER QUALITY AND 110W IS IT DETERMINED...................... 95 
8.1 APPLICATION OF RESERVOIR I.,IMNOLOGY AND 

ECOTECHNOLOGY TO WATER QUALITY MANAGEMENT .... ................... 95 
8.2 VARIABLES OF WATER QUALITY AND THEIR INTERRELATIONS ...... . 97 
8.3 RELATIONSHIPS BETWEEN WATER QUALITY AND QUANTITY........... 101 

9 SAMPLING, MONITORING AND WATER QUALITY EVALUATION ..... ............ 104 
9.1 WATER QUALITY DETERMINATION AS A SYSTEM................................. 104 
9.2 SAMPLING BEFORE THE RESERVOIR IS CONSTRUCTED ............ ........... 106 
9.3 OPTIMIZATION OF DISTRIBUTION AND 

TIMING 	OF 	SAMPLING.. ................................................................... ......... .. .... 106 
9.4 MANUAL 	SAMPLING ...................... ................................................................ 109 
9.5 AUTOMATIC 	MONI1'ORING ..... ........ ............... ................................................ ill 
9.6 SATELLITE 	IMAGING ................ ........... .... . ....... ... ..... ... .......... . ......................... 112 
9.7 DATA STORAGE AND HANDLING................................................................ 113 

I." 



9.8 WATER QUALITY EVALUATION 	 . 114 
9.8. 1 Reservoir water quality evaluation indixes ........................................ .......... 114 
9.8.2 Evaluation according to individual variables..............................................115 

9.9 DRAWING MANAGEMENT CONCLUSIONS.................................................123 

10 APPROACHES AND METHODS OF WATERST-IED MANAGEMENT................. 125 
10.1 	CLEAN 	PRODUCTION 	................................................................................... 125 
10.2 	ORGANIC POLLUTION MANAGEMENT .................... ................................. 127 
10.3 NUTRIENT SOURCES AND EUTROPIHCATION MANAGEMENT........... 127 

10.3.1 	Tertiary 	treatment.................................................................................... 127 
10.3.2 	Agricultural 	praclices ............................................................................... 127 

10.4 	TOXICS, HEAVY METALS, PESTICIDES AND THE LIKE ........................ 128 
10.5 	METHODS OF ACIDIFICATION MANAGEMENT ................. ...................... 128 
10.6 	SILTATION MANAGEMENT ....... ...... ... . .... .... .... . ........................................... 129 
10.7 	SALINIZATION AND ITS MANAGEMENT .......................... ........................ 129 
10.8 	MEASURES AT THE RESERVOIR INFLOW ... ............................................. 129 

10.8.1 	Preimpoundmenls ..................................................................................... 130 
10.8.2 	Wahnbach 	plant ........................................................................................ . 130 

10.9 DIVERSION OF 
EFFLUENTS. ........................................................................................... 130 

10.10 	WETLAND 	MANAGEMENT .......................................... .... .... ........ ................ 131 
10.11 MANAGEMENT OF STREAMSIDE VEGETATION FOR WATER 

QUALITY 	PROTECTION...... ........................................................ ................... 133 
10.12 SUMMARY OF WATERSHED MANAGEMENT TECHNIQUES ................. 133 

11 	IN-LAKE ECOTECHNOLOGICAL MANAGEMENT ....................................... .....135 
11.1 MIXING AND OXYGENATION ........................................................... .......... 	135 

11. 1.1 	Destratjfication 	- 	artificial 	circulation...................................................... 136 
ii. t.2 	ilypolimnelic 	aeration ....................... ................. .... ................................ .. 138 
1 	1.1.3 	Epilinmetic 	mixing .... ....................... ........................................................ 139 
11.1.4 	Layer 	aeration ............................. .......................................................... ...140 
11.1.5 	Speece 	cone ............. ................................................ ................................ 140 
11.1.6 	Propeler 	mixing 	and 	oxygenation .................................................... ........ 	140 

11.2 METFIODS TREATING SEDIMENTS............................................................. 141 
11.2.1 	Sediment 	removal ....................................................... ................... .......... 	141 
11.2.2 	Sediment 	aeration 	ans oxidation .................................................... .......... 	142 
11.23 	Sediment 	capping ........................................ ............................................. 143 
11.2.4 	In-lake 	phosphorus 	inactivation............................................................... 143 

11.3 B1OMANIPULATION ............ .......................................... ................................. 143 
11.4 HYDRAULIC 	REGULATION ....................................... .... ....... .... .................... 146 

11.4.1 	Use 	of selective 	offtakes.......................................................................... 146 
11.4.2 	Hypolimnetic 	siphoning ................................................................. ......... 	147 
11.4.3 	Curtains.................................................................................................... 148 

III 



11.5 OTFIER METHODS 	 148 
II .5.1 Algicide use (particularly copper poisoning) ........................ ................... 148 
11.5.2 Manipulation of the underwater fight regime ........................................... 148 

	

11.5,3 Macrophyte control .................. ....................... ......................................... 	149 

	

11.5,4 Water level manipulation .................................. .............................. ......... 	150 
11.6 CONFRONTATION OF DIFFERENT ECOTECHNOLOGICAI, 

	

APPROACHES............................ .... .............................. ... ........................ ......... 	150 

12 MANAGEMENT OF RESERVOIR OUTFLOW ...... ................................................. 152 
12.1 ENVIRONMENTAL CHANGES IN THE RIVER BELOW 

	

ARESERVOIR ........................................................................ .......................... 	152 
12.2 MANAGEMENT OF THE RESERVOIR OUTFLOWS...................................155 

12.2.1 Managing water quality within the reservoir 
andits watershed .............................................. ........................ .. ............ ..155 

12.2.2 Use of selective offtakes ................................................ ................. ....... ..155 
12.2.3 Management of reservoir outflows .......................................... .................. 156 

13 WATER QUALITY MANAGEMENT OF SPECIFIC RESERVOIR TYPES. .... .... 158 
13.1 DRINKING WATER RESERVOIRS ............................................................ ..... 158 
13.2 POWER GENERATION RESERVOIRS ...... ...................................................... 159 
13.3 URBAN RESERVOIRS......................................................................................160 
13.4 RECREATION AND TURISM ON RESERVOIRS...........................................161 

13.4.1 Recreation in the reservoir watershed .................................................. .... 161 
13.4.2 Recreation at the lake shore......................................................................161 

	

13.4.3 Recreation on the lake surface.... ...... .............  ...... --- ................... ........... 	162 
13.5 RESERVOIR SYSTEMS ..................... .................................... ........................... 163 

13.5.1 Management of reservoir cascades .......... .............................................. ....163 
13.5.2 Reservoir muftisystems ........................... ............................ ............. .......... 164 
13.5.3 Pumping schemes ................................................................ ...................... 165 
13.5.4 Water transfers..........................................................................................167 

14 MATHEMATICAL MODELLING OF WATER QUALITY MANAGEMENT.......168 
14.1 GOAL OF THE CHAPTER ........... .................................................................... 168 
14.2 PROBLEMS FOR WHICH THE MATHEMATICAL MODELS 

AREUSEFUL ..................... ............... . .......................................................... ......168 
14.3 GENERATIONS OF MODELS..........................................................................169 
14.4 SIMPLE CALCULATION MODELS ........................................ ........................ 171 
14.5 COMPLEX DYNAMIC MODELS ............... ...... ............ . ................................... 174 
14.6 WATERSHED AND REGIONAL MODELS USING GIS................................177 
14.7 MANAGEMENT (PRESCRIPTIVE) MODELS.................................................178 
14.8 EXPERT AND DECISION SUPPORT SYSTEMS .............................. .............. 180 
14.9 SELECTION OF AN APPROPRIATE MODEL ............................................... . 182 

IV 



is CASE STUDIES . 183 
15.1 SLAPY RESERVOIR, A TEMPERATE CASCADE RESERVOIR .................. 183 
15.2 BARRA BONITA, A SUBTROPICAL/TROPICAL CASCADE 

RESERVOIR ............................... .... ................ .... .............. .. ................................. 186 
15.3 RIMOV RESERVOIR, A TEMPERATE DRINKING WATER 

RESERVOIR ................................. .............................................................. ......... 188 
15.4 BROA RESERVOIR, A TROPICAL WATER SUPPLY AND 

RECREATION 	RESERVOIR ........................................................................... ... 190 

16 	CONCLUSIONS ...................... ................. .... ................... ................... .... ................... 193 
16.1 GUIDELINES EOR FUTURE RESERVOIR CONSTRUCTION...................... 193 
16.2 FUTURE NEEDS AND DEVELOPMENTS OF RESERVOiR WATER 

QUALITY 	MANAGEMENT .............. ................................................................. 194 
16.3 CONSEQUENCES OF GLOBAL CHANGES ON RESERVOIR WATER 

QUALITY ........................................................................... ................. ........ ........ 196 
16.4 FUTURE DEVELOPMENT IN RESERVOIR MANAGEMENT ..................... 199 

REFERENCES ........... ... ........ .... ........ .......................................................................... 	201 
SUGGESTED FURTHER READING ........................................... ........ ......... ...... 201 
REFERENCES CITED IN TEXT ..... ................................................................... 203 

GLOSSARY ................................... ............................................................................. 	217 

INDEX .................................. ........ ......... ..................................................................... 	224 

V 



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 tnat 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 saute intensity, Fig. 
1.4 provides a guide to help the teader 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 he 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. Dtfferent potential reservoir uses are related the 
design of ihese 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 followinp four major 
subsystems: the watershed, the reservoir proper, the OLitfiow 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 



ni anagement techniques. Becan sc there is feedback between ihese components, the classical 
ecological representation of the relationship of physics - chemistry - plants - animals (so 
called bottom-up effects) must he replaced by the concept of top-down controls that arc effective 
in an opposite sequence: humans - fish - zoopiankton phytoplanklon - 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 watcr 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 iniportant 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 transfers 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 he laced in 
context. The chapter provides a guide to enable the use eeotcchnology 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 froni the data rich but ijiforniatioti 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- ecotecli nological water quality management techni q lies 
(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 effects. 

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 StLidieS 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 Straikraba and José Galicia Tundisi 
Ceské tludéjovice and So Carlos, February 1997 



ChAPTER 1 

1NTRO!)tJCTI ON 

Reservoirs man made lakes - deserve the latter name because they are artificial lakes that 
were created by man for particular purposes. This creation rnakcs rcservoirs di fhrenl 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 
till a river valley that has been dammed by a wall. As is true of lakes, rescrvcirs 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, 

LI II\IPORTANC'E 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 denionstrate, there is some correspondence between reservoir 
features and their uses. i'here are "lakes" as small as a few meters in size, and here 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 in (and any volume) or a minimum dam height of 10 in and a volume of at least 
1.106  m3 . Many features of reservoirs differ from lakes only quantitatively, while others 
qualitatively. Quantitative differences cover features which bolli 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 lbr 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 
hikes. Nevertheless, there are lakes that are fed by large rivers and are rather throughflowing; 
i.e., they have relatively short retention times. Also, there arc relatively large reservoirs 
situated on small rivers and these take years to be filled. Qualitative differeaces between 
reservoirs and lakes can he 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 dcptI -  of lakes is 
generally centrally located while in reservoirs it is usually along one end. The most important 
qualitative and quantitative differences hetween bath water types are summarized in Tab. 1.1 
Some natural lakes have been changed into reservoirs by increasing their volume alter 
damming; we call these dam lakes and have not included (ITem in this work. Doni 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. 
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Tab. 1.1 Comparison of dam reservoirs and lakes. From Stratkraba ci 0/, (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 low high 
MAXIMUM DEPTH near-central extreme (at (he clam) 
BOTTOM SEDiMENTS aLIiOChthOflOILS alIocitttinous 
LONG1TIJDLNAL GRADI ENTS 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 nian-made operation 
WATER RESOURCE SYSTEMS rare common 

For example, the comparison of the geometric means of 309 natut -al lakes and 107 reservoirs in 
U.S.A. resulLed in the values given in Tab. 	1.2. 

Tab. 1.2 Geometric means for some parameters of natural lakes and of reservoirs in lISA. (Eased on Ryding & 
Rast 1989). 

LAKES RESERVOIRS 

DRAINAGE AREA [klnu] 222 3228 
SURFACE AREA [krn2 ] 5.6 34.5 
DRAINAGE: SURFACE AREA RATTO 33 93 
SHORELINE DEVELOPMENT RATIO 3 9 
RETENTION TIME [years] 074 037 
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 siressed in 
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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. Tie ecosystem 
characteristics for which reservoirs occupy an intermediate position relative to rivers and natural 
lakes can he deduced from the following differences between rivers and lakes: rivcrs 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 wliitc 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 recenlly (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 darn reservoirs and impoundruenis. From Stratkiaba et al. (1993). 

C11ARACTIRISTICS 	 DAM RESERVO1 Ii. 	 IMPOUNDMENT 

LOCATION on the river beside the river 
DAM CONSTRUCTION damming a valley surrosrnding walls 
I)FPTI-1 deep to shallow shallow 
FORM detidritic more regular 
INFLOW liver(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). 

Problenis of water quanlity 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 waler becomes scarce, any other goals beconie 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. Waler flows that correspond to sonic n-day or 
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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 envircnment, unless 
we are prepared to accept substandard living conditions for fiture 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 rcsoui -ces 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 oleonsiderable size (e.g. Porttipahta with 
1,353 iO ni 3  of water), have been built. Canada is well known for its abundance of lakes, yet 
the Southern Indian Reservoir Complex covering 2,391 km 2 , with a volume of more than 23 km 3  
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 3  within a territory of 500,000 
krn. 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 (106 5) 

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 
S W.A.C. BENNETT CANADA 70 309 
9 ZEYA RUSSIA 68 400 
10 CAI3ORA BASSA MOZAMBIQUE 63 000 
11LAGRANDE2 CANADA 61715 
12 LA GRANDE 3 CANADA 60 020 
13 1JST-ILTM RUSSIA 59 300 
14 KUIBYSI1EV RUSSIA 58 000 
15 CANIAPISCAU BAR. KA3 CANADA 53 790 
16 UPPER WAINGANGA INDIA 50 700 
17 BUKHTARMA KAZAKTJSTAN 49 800 
18 ATATURK TURKEY 48 000 
19 IRKUTSK RUSSIA 46 000 
20 TUCURUI BRAZIL 43 000 
*) The world's largest "reservoir" is Owen Falls in Uganda with 204,800 10 m of wTmwevei, 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 TUE BOOK AND TO WhOM IT IS DIRECTED 

The goal of this book is to presenl a summary of reservoir water quality management problems, 
decisive processes that determine these problems, and potential solutions for these problems with 
special emphasis regarding datn 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, arid 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 marty 
respects, from temperate regions, winch 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, nature4'riendly 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 inennoned in text. The numbers 1 - 20 correspond to 
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Haipu, 33 - Ituinbiera, 34 - Kaptui, 35 - Kiiava, 30 Lakc Galun, 37 - Lake Yunoko, 38 London drisking water 
supply reservoirs, 39 - Moses Lake, 40 - Pamkruma Samudra, 41 - Pararioa, 42 - Paulo Afouso, 43 - Porttipahta, 
44 - Rinsov, 45 - Round, 46 Slspy, 47 - SobladLEtho, 48 - Ssinaquarind Darn, 49 - Uklitarma, 50 - tjlbneatais, 51 - 

Walmbach, 52 - Xavantes, 53 - Yaciietá, 54 - Caimitig, 55 - Dc Gray, 56 - Asalu, 57 - Klciuc 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, Wctzcl & iikens 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 ilieoi -ies and inclusion of biological 
considerations in management dcci sbus, 
limnologists - the strength of the whole system approach and the need to include the whole 
watershed, the relations of lininological 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 lie 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 arc compatible with sustainable development, 
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limnologists - to exceed the boundaries of traditional limnology and deveiop 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 i1lus1raes our recommendation of how to best utilize this book. 

ARTD 

L-4 	 --~— I  CHAPTER I 	INTRODUCTION 

MANAGER 	W.O.ENGINEER LIMNOLOGIST 
2. PPROCHE5 ] 	4. ECO1STEMS 	CON5JRtJTS 

I 
7. ECOTECHNOL. 	j  7. ECOTECHNOL.] 	5. FISIIENIES 

____________ 	[8. WATERCUALIT7 	1• MOrOTORING 

I 	10-3. MANAGEMENT 	I 

14 - 15, MCOELS,CASE STUGILS 

(i CSCLU5ION) 	CCNCLUS 

Fig. 1.4 how to follow ibis 1)00k 

Chapter 2 is directed at local managers and presents basic ideas that should he respected during 
management of a territory where reservoirs are used for any purpose. The technical parameters 
of reservoirs with different uses and reservoir systems 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 Chapier 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 

ASIECTS AND APIROACIIES 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 problcm creation. Sustainable development and innovative approaches can allow long 
term successes to be attained. 

2.1 WHAT THE MANAGER LIAS TO CONSIDER 

Management of water resources is a necessary element of wise regional management; an 
in(egi -al element of the management of water resources is water quality management of 
reservoirs. This is not a simple task because the problems that oflen occur involve complex 
biological systems. Water quality problems are influenced by intensively interacting 
components both within and outside the water system (Fig. 2.1). This evokLs a need to 
consider many components simultaneously. Below we specify categories that must he 
considered, i.e. general topics, activities within the watershed, technical features of the 
reservoir, and aspects of water quality. 

STATE (GOVERNMENT) 
sOcioEcoNoMLc CLIMATE 

NDUSTRY 	PRECIPITATION 	FORESTS 

INOUS 

rRY*LORE  

AGRICULTURE TOWNS)i 

RIcuLTuRE' 	 TOWNS 

INTERNATIONAL —_W.ArEnsI-I5HE 
(WORLD) 	DiRECT EFFECT 

---------- FEED8ACK EFFECT 

Fig. 2.1 Relations of ihe waei system to its suiToindLngs. 

Complex problems necessitate corresponding itandli ng 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 solutions are less efficient and less valued by voters 
than long-term measures. 
* Responsibility to our children and grand-chikiren mandate fundamental attention to sustainable 
development. 
* New problems may begin to appear continuously as economic activities grow, thus predictions 
can alleviate or eliminate further problems. 
* Consideration of biogeophysical, economic and social aspects is fundan]cntal. 
* Costs of whole reservoir/watershed management have to be considered before the best solution 
is decided. 
* Partnership with local industry, commerce, universities and organizations 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 he consulted for immediate and long-term problems; problems 
of sustainable development may benefit from the limnologist'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 (he first few years after filling 
water quality is much worse than in the following stabilized period. Predictions made for the 
stabilized siLtation do not reflect these initial years with deteriorated waler quality. 

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

What is the watershed size, area, and the relationship of the watershed area/reservoir area? 
What is the structure of the Itydrographic network in the watershed? 
What are the main sources of pollution in the watershed? 
Flow is the mosaic in the watershed organized? Consider wetlands, riparian forests, oilier 

forests and vegetation, agriculture, industry, and settlements. What is the relationship of area 
between these coniponents? 

14 



What are the types and declination of soil in the watershed, including considcration of their 
erodibility and effect on water composition? 

What are the predominant soil uses in the watershed? 
What are the consequences of soil uses? Consider erosion, suspended material 

transportation, transport of pollutants, and contamination of groundwater. 
What are the possible consequences of deforestation in the watershed for rivers and for the 

reservoir? 
What are the inputs of nutrients (N, P) to the reservoir? 
What is the water retention time of the reservoir? 
What is the composition of reservoir sediments and the concentration of N, P in the 

sediments? 
Are there contaminants in the sediments? If so, what are their concentrations? 
What is the rate of application of herbicides and pesticides in the watershed. 
What use does the public make of the watershed and reservoir? Include consideration of 

fisheries, recreation, irrigation, transportation, hydroelectricity, driiilcing water supçly, agriculture 
in the watershed and types of crops cultivated. 

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

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

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

What is the state of vegetative cover? Include consideration of 1)0th natural 'Iegetation and 
agricultural crops in the watershed. 

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

What is the rate of sediment deposition in (he reservoir? 
What kind of environmental legislation regulates watershed and reservoir water uses and 

management policies? 
What are the major existing impacts? Consider industries (type, production, type of waste 

produced), mining operations (type, production, conservation), agriculture and others. 
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 (Eig.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. AL present emphasis should be 
placed on medium tern) horizons while striving toward long-term horizons. Sustainable 
development is a recent topic and is treated separately in Chapter 2.3. 
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Corrective (=curailve, remedial) management measures are often favored because neither 
managcrs or the public view the problems as serious tintil they become catastrophic. Typical 
examples ola 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 niacrophytes, and spraying with DDT to control 
mosqkli foes. 

These types of corrections are usually very costly and their effect lasts only a short time. They 
are much less effective than preventive measures aiid, 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 Yaciretá Reservoir (Argentina), chaages were 
made in the spill water system during the period of construction that lowered the costs of actions 
that take place afler 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 create 
health problems. A classical example is the use of I)DT, 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. 

Destrat i fi cation 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 dcstratification 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. 

Ureventive 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. Th 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 

Sustaiiiable development is most often defined as "der'e/opment that meets the needs of the 
present without compromising the ability offuture 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 dc Janeiro in 992. 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 
Century, 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 a:e 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. Li Portions of Chapter 18 of .4genlii 21: Protection of water quality and of freshwater resources 

Integrated development of water resources and their management 
Evaluation of water reserves 
Protection of water resources, quahty of waler and of aquatic ecosystems (main pollution types, biocliversity of 
aquatic organisms, the role of international organizations, monitoring of water quality) 
Drinking water supply and water treatment 
Water and sustainable devehispnsent of cities 
Water for sustaniable production of fnnLl and for lie des'eln1,ncnt of rural areas 
EffeCt of clinsate change on water resources 

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 imLst be built; careful evaluation of possible sites n respect 
to expected water quality and damages to the environment must be performed. Preventive actions 
should he taken, as they are much less costly but mitch 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 oIlier 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 i:nmediatc 
problems by any means, without invesligating the potential hazards of these activitics 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 suslainability 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 
purtfication and other corrective measures. Demanding focus on "ckaii 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 waler 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 sustainabihity 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 spccffic problems and potential 
soluti oils. 
* 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 ceniralized 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. lleatlwater and inflow water 
quality will be protected. 

Training reservoir managers and water nianagemerit technicians in innovative management 
approaches and methods. 
• Improving general environmental education in the region. 
• Teaching industrial managers and local continunity members about the consequences that their 
decisions and activities have for available water qtmhity and quantity. 

These activities should ensure: 
controlled development to enable long-term maintenance of the water resources and 

mini nization of adverse effects on these and other resources, 
options for future development are not foreclosed, and, 
that efficiency in water and other resource use including capital are key criteria in strategy 

selection. 

One of the follow-ups ofAGENDA 21 is Ike launching of GLOBAL WATER PAR7WERSHIP 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 Gi,OFLIL WA TLR I-'AR'INERSHJP is aimed. 
Encouraging extemal support agencies, governments and other stakelioTders to adopt consistent, niutiiTI 

complementary poi cies and piogranis; 
• Biulding mechanisms for sharing information and cXpCrLCflCCs, 
• Developing effective and ijuinvative solutions, includuig capacity development, toward solving problems that are 
common to the implementation of integrated water management programs and promulgating prac.ical policies and 
good practices based on these solutions; 
* Supporting integrated water-managemcntprograms attlie local, subregional, regional, river-basin au national levels 
by collaboration, at their request, with governments and existing partnerships; and by forging new partnerslups, and, 
* helping to coordinate needs with available resources, 
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2.4 RESERVOIRS AND ECONOMIC DEVELOPMENT OF REGIONS 

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

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

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 Yaciret (Argentina) 

* 50000 people had to be relocatedtt. 
About 30% of the two largest cities located on the shore was submerged. 
The waler supply system of cities was disrupted and problems of eutrophication endangered she 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). 
* Witlun the reservoir, areas of low circulation were created in some bays that had no inflow; in these areas, atsoxic 
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. 

The same inimber of people was relocated in Lake Kariba and Lake Kanji, in Lake Volta it was 70(100 and the 
greatest nsmiber of people to be relocated was in the l.akc Naser - 120,000 people. 

In many countries, particularly in Smith 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 tilling 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 itnpienientation of otiset types of energy 
production such as nuclear power plants. 

A very interesting economic development occurred in the reservoirs of So Paulo Stale. There, 
in the Ticté river, a large waterway was created by the cotistroction of six reservoirs. 
Transportation of agricultural products was enabled and this added an important economic valoe 
to the region. Additionally, recreation and tourism were stimulated by this waterway. In Lake 
Kariba, the introduction of the freshwater sarditie Linmnot/irix tanganicae and the cultivation 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 envimnmental 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 waler in the area 
• Creation of drinking water and waler supply sources 
• Representative reserves of biological diversity 
• Increase of welfare for portions of local populations 
• Creation of recreation possibilities 
• Protection of the outfiowing river from flooding 
• Increase in fishery possibilities 
• Water storage for low flow periods 
• Enable navigation 
• Increase iTigation potential 

NEGATIVE EFFECTS 
• Displaced local populations 
• Excessive human immigration 

Deteriorated conditions for original population 
1-leslth 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 
* E,oss 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 hotsing 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 
• Dee reased downsi ream tern perat tire and si ti/osi trieni transport 

• Decreased dissolved oxygen at the bottom and the outtlow of the reservoir (sometimes to zerol 
• Decreased pit and organic matter content in the outflow 
• Increased Il 2S and CO at the buttons and outflow of the reservoir 
• Fish uligration barrier 
• Loss of valuable historic or cultural resources. For example, loss of countless Native Americais 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 ruver 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 logterm 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 Wateoshed Management 
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Fig. 2.3 Example of an integrated 
watershed management. 
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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 nianagenient council. Fundtng agencies are usually more willing to SttI)port 
well-organized projects and existence of a local nianagement 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 et al. 1994, Tundisi & Strakraba 195). 

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 notjust 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. LA JVRENCE 
BASIN, In 17 points this Charter summarizes the local peoples right to live in an ecosystem that 
supports their health and welt-being as well as that of diverse communities of beneficial 
organisms and conditions for achieving these goals. 

SCIENTIFIC L 	LOCAL 
COMMLJNLTY 	GOVERNMENT 

FUNDING 
AGENCY 

INFORMATION 
AND CITIZENS  

MANAGEMENT 
COUNCIL 

INDUSTRY 
COMMERCE 

INFORMATION 
SYSTEM 

RESERVOIR 
MANAGEMENT 

Fig. 2.4 Components of a Local information and 
Managenient Council. Modified from Strebel et 
al. (1994). 

Increases in the costs of raw materials, energy, water, pollution fees and increased pressure by 
environmental groups on industrial enterprises 1mshes these entities to reconsider their production 
rnelhods and seek to retuin 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. Time 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 dstrihution 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 cyi1e evaluation of a pioduct. 

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 (heir 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 aboul reservoir construction, and (ii) when an 
addition to a previously designated reservoir use is necessary ((lie reservoir will become 
multipurpose) or new construction or economic developments must he 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 sampltng program should produce a good data base. Such programs 
function as a sensor in the watershed and reservoir. Establishment of a special mulidiseiplinary 
team that has specialized experience in EtA 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 he effective, an EtA 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. lnadequate EIAs result in poor assessments of economic impacts and 
erroneous estimates of appropriate compensation for losses. The PreParation of an EtA follows 
general procedures and steps (Fig. 2.6) which need to be modified for each specilic 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 VaCiables to be taken into account for au 
Environrnerutat tmpact 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 in]pacts 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 aciLvities on inland aquatic ecosystems 

• Deforestation 
• Mining operation 
* Road and railroad construction 
* Reservoir construction 
* Discharge of sewage and other wastes 
* Urban development 
* Agriculture and agroiridustry 

Irrigation 
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 bionsass 
* Water transfer and water withdrawal leading to dccieased 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 funcliomi of a 'buffer zone' between 
the terrestrial system and the river is lost. Increased siltation of waters is another corsequence. 

Mining. Gold mining by filtration of sedinients fiom 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 i'rcshwater 
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 dime 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, Iloodplaiiss and wetlands. Discharge of untreated 
sewage and sewage with only prflnaiy and secondary treatment (no nutrient renioval) 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 sahntzation: 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 
inotoi boating), swimming, sport fisheries and other kind of recreational activities are not 
compatible with production of a reliable drinking water supply. Additioiially, 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, 
oxhows 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, canstruction of 
settlements amid 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 ofboth aquatic and tenestria] species causes changes 
in the local food chain. For example, the intentional or accidental introduction of predriory 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 bioniass. 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 grouLldwalcr recharge leads to 
drying wells, drying vegetation, losses in agricultival crops. 

Atmospheric pollution from industry and car exhausts causing acid rain. Acid rain with the 
consequent acidification causes major changes in [he composition of aquatic chenistry and 
biology. The appearance of toxic forms of aluminum and ollici heavy metals has negative effects 
on forests and waters. 
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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 pomt of view of water quality nianagement these 
impoundments are markedly different from more dominating dam reservoirs, which are 
constructed by damming a river. In this book, we (to 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. I)aniages to reservoir outflows oceLir 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: 
They serve as water purifiers by eliminating impurities and retaining sediments, organic 

matter, excess nutrients and of other pollutants (Chapter 4). 
They very often serve as a recreation site, with on-lake activities such as swimming, 

canoeing, motor boating, sailing, boardsaihng, water skiing, angling, rowing, and iceskating and 
on-shore activities such as angling, walking, bird-watching, sun-bathing, and camping. 

They represent a biological resource that can be the site of the following agr:cultural uses: 
fish breeding, caged fish farming, mussel farming, and planL production including reeds and other 
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aquatic crops. 
4) Some parts of reservoirs serve, or can be preserved for conscrvation areas far 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 seleeioii for dam 
construction, height, as determined by valley morphometry, volume stored, and capacity relative 
to flow, which determines the reservoirs retentioti time (Tab. 3.1). Itowever, 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 coinnion 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 coristnicted for various primary purposes 

PRIMARY USE SIZE UbPIiI RETENTION TIME CI1FIOW DWHI 

FLOOD PROTECTION small to medium shallow regionally dependent surface 
AND Ft.,OW REGULATION 

WATER STORAGE small to medium extremely variable below surface 
1-IYDROELECTRICITY medium to large deep variable nearbottom 
DRINKiNG WATER SUPPLY small preferably deep high immleuTediate to deep 
FISH CULTIVATION small shallow low surface 
PUMP STORAGE small to medium deep extreme variability nearhottom 
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 offiakes 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 exists 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, rivenne conditions 
may return to 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 ci ci. 1984). 

—v- I.' ,d., - 	
Fig. 3.1 The effect of stream order on the 
reservoir characteristics and characterization of 

Ga 	 the reset distance below a reservoir. 
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From the viewpoint of reservoir water quality, bolh the location of the dam in relation to its 
position in the stream order sequence and dam elevation determine numerous important 
hydrologic reservoir feattwcs. These include rates of how, landscape patterns in the river valley, 
temperatures of inflowing streams, level of insoloion, 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 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 ntttrient salts, sparse plankton levels and 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 mottntainous 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 oligotropluc 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 noricaicareous 
underlying rock) or environmental characteristics such as the degree of exposure tc sun and winds 
(affecting temperature and mixing). 

A reservoir that is constructed in the middle reaches of a river is fed by a river with the 
following general characteristics: medium how, moderate declivity, average temperatures, 
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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 waler. The 
limnology of an unpolluted reservoir is largely determined by the morphology of the valley; 
tiamely shallow reservoirs will be unstratified and deep reservoirs will he 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 hiomass will not be well developed. Larger reservoirs with long 
retention times will exhibit welhdeveloped horizontal and vertical gradients of physical and 
chemical variables, reasonable plankton growth and fish assemblages nonnal ly 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 anoxie hypolimnion. Shallow reservoirs arc 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 late, Q (per (lay 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 rale 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 3 .s' multiplied by the number of 
seconds in a day, 86400), and 

V is the reservoir volume in nY. 
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 suhperiod (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 limes of water parcels within the reservoir. 
There may be occasions when water parcels traverse the path from inflow to outflow in tinies that 
are much shorter than calculated theoretical retention times (this is commonly referred to as short 
cut current or underfiow). 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. 

32 



Darn reservoirs typically exhibit longitudinal zonatton caused by unithrectional 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 c:hap. 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 ceseivons. 

CATEGORY 	AREA [kin 2 ] 	 VOLUME [m'] 

large 	 i0 	106 	 101 - lo ll  
medmrn 	 102 jol 	 10 - 100 
small 	 I - 10 2 	 I0 - 10 
very small 	 K 1 	 < 106  

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 decpcst 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 reser'oirs. 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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Fig. 3.2 Profiles of selected dams with emphasis 
to ihe onihel depths and shapes. 

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 niodiflcations enable offtake oiwater 
from different depths that may, at given time periods, possess the best available water quality. 
However, stratification of waler quality within the reservoir depends on, among oilier 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 RESERVOIR SYSTEMS 

The term reservoir systems refers to multiple reservoirs that are connected hydrologically and 
whose operation is interrelated toward fulfilling some COflhIflOfl 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 
multisystenis 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 between reservoirs. Water tralislers are 
represented by one or a series of reservoirs from wlsich 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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Fig. 3.3 Diffcent types of teservoir systems. 

From a water quality standpoint, reservoir cascades are specific because any eFfect on an 
individual reservoir will be transferred to those below it. In a reservoir cascade, the water quality 
of the lop reservoir is usually similar to the water quality of a solitary reset -voir. 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 
effi.cts). The intensity of these influences depends upon the connecting stream order, trophic 
levels in the reservoir and the distance between reservoirs. Reservoirs that arc 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 distancc 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. 

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 waler 
deficits. Their wafer 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 satiuiization 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. 

WIND 	 f SOLAR RADIATiON 

HUMAN ACTIVITIES 
11 	 IN-LAKE MANAGEMENT 	

OFFTAKE  
/ 	WATER QUALITY 1 

0 	'-= 	 / 
Lu 	INFLOW 	RESERVOIR 

•. 	.. 	ORGANISM5 
Lii 	QUANTITY. 	-. 	CHEMICAL 	SPECIES 	. 

QUALITYR— 	 FLOWSt 

OUTFLOW 

SEDIMENT 

RESE RVO I 
OPERATION 

EL EASE 

DOWNSTREAM 
USES 

11g. 4.1 Major components of the reservoir ecosystcrn watershedand inflow, reservoiiproper and :escrvoir outflow. 
human activities as a component of the ecosystem. 

The watershed, including natural elements such as climate, precipitation, vegetation, and human 
activities, 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 qt.iality 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 iniportatit, the reservoir is very scnsitLve 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. 
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Fig. 4.2 Processes wuhin the reservoir proper. The processes A to E and FE and I as well as S belong to the physical 
subsystem, processes F, G, K, 1, and R to the chemical stibsysteni 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 clown-river of the outlet. 

The management and socio-economie subsystem consists of reservoir uses, laws regulating 
water quality and quantity and the management system that is responsible for determinii:g 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. Waler 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 between a lake and a reservoir in the basin shape and mixing, watersliedlwaterbody area relation, 
temperature stratification in dependence on retention lime, origin of setches, Longitudinal distribution of selected 
variables exemp!ified by chlorophyll-a, retention of total pliosphonis at dependent on retention time and duration 
of the agcing 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 faiitiliar with limnology and water quality conditions in lakes, which are documented in 
numerous publications. Reservoirs, however are different than lakes in terms of thir age, origin, 
morphology, shape, position within the watershed, and uses, as well as in respect to limnological 
behavior. In Fig. 4.3 these malor 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 reset-voids. The driving forces behind this difference are the 
position of the outflow and intensity of the thtoughflows (Ihese factois 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 fiurc, 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 darn 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 1N1'LOW 

Measurement or estimation of the amount of valer 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 niuch lower than that 
from fields. Impermeable nianrnade surfaces of urban areas negatively affect water quality. 
Simultaneously, they radically increase the danger of floods. Deforestation results in drastic 
Increases of a number of chemical concentrations. On the other hand, in the case of forest 
fertilization as realized in some countries a negative effect of the forest on inflow nutrient 
concentrations and eutrophication can be observed. Also, Euci.-ilyptus forests now cultivated in 
many parts of the world have negative effects. Estimates of (lie 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 snialler and lighter the particles, the higher the turbidity. 

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

Increased attention should he given to inflow temperatures. Appioximate 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 henthic zone, which is located at the bottom (Fig. 4.4). 
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Fig. 4.4 Major vertical regions in a reservoir with indication of the distinction between niixing zone and eopIiotc 
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 results 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 bctween size, depth 
and throughflow. Another factor decisive in this consideration is the wind speed over the 
waterbody surface. SmaU waterbodics, 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 he up 
to 20 meters deep. lven very deep reservoirs will not stratify if their retention time is less than 
a few days. 
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Fig. 4.5 Detailed outline of the difl'èient mixing processes and water circulation in a reservoir, Redrawn horn Foid 
(1987) The irliportarice of these processes for watcr quality difTei s: very iiiiporiaiit is the inflow (deiiity) cuneisI 
and upwelting, with the Kelvin-lielmlsolz instabilities producing mixing of the density current With 8111-iOtiLlding 
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 deternsine the stratification. Turbulent patches of microscopic size are 
important particulary for mixnsg in almost Stagiiant regions. Sltelteringbeforc the wind activity functions on the 1 :8 
basis (the length of the shel(ered zone representing eight times the height of the shelter) is impoitant for small 
reservoirs. 

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 010  and is where the thermacliiie 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 partiafly 
absorbed in the first few centimeters of water. Light penetrates to a certain depth in accordance 
with the LamberLBeer law; i.e., exponentially. The exponent equals the extinction coefficient, 
determined by the amount of colored organic matter, turbidity, and the amount of phytcplaukton. 
The two depths, z, and z50 , are not necessarily the same, although light (=energy) paueti -ation 
partially determines water temperature and, therefore, niixing depth. 
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Fig. 4.6 The effect of mixing (both natural and rUfieial) on phytoplanklon biornass and production. Pliytoptankton 
is mixed to the depth while tight is available only up to the depth z, '1 herefore, if mixing is deep, the 
phytoplarikton prodllctioll is low, and consequently decreases also its biornass. 

Whether z < Z, z 	z or z > z is consequential in phytoplars1tois 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 lip 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). 

The Iiypolirnnion is a dark zone that is characterized by less vertical mixing and is where 
(he bulk of decomposition process takes place. 

The rnetaliiiiriion is the intetiiiedtate zone between tite two zones discussed above. This is 
usually a feirly narrow zone, and the maximum width is only a few meters. In an ideal situation, 
the therinocline is located in the middle of the metalimnion. 

The boundaries between zones are determined by density differences. Density depends mainly on 
temperature, but is also affected by salinity and turbidity. The relation is nonlinear; density 

43 



30 

2. 

CA 5,7 
 2C  

p<OOOl 

0 	IOU 	200 	300 	400 	700 

TURHIDITY INTU) 

Fig. 4.7 ]7ependence of the depth of the epi1tninion (z) on turbidity. 

increases from OO  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 - 6.63 10 (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 dcgrces 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 zn,io particularly in throughilowing reservoirs, is difficult. High variability of 
flows and other water movements related to reservoir operations produce fluctuations in the 
temperature depth profile. A deep discontiniLity 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. I.akes 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. lemperature 
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Fig. 4.8 Geographical differences of surface teniperalures in rnediuni size lakes and tong retention leservoirs. Prom 
Stratkraba (1980). 

decrease with increase in water body size, but the maximum difference between smallest and 
largest lakes in the same gcographrcal region is only a few degrecs. 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 iii. For temperate reservoirs the depth difference during the period of 
annual nlaxin3um 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 (T 0 ,). The figure shows 
that, in a reservoir with a retention time that exceeds 300 days, eonditioiis for a resorvojr 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 ofAT O - 11 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 dependeisce of the outlet location. I..efi - Upper panel - aisnual 
changes of temperature in a temperate reservoir with the theoretical retention timeR 12 days and With the bottom 
outlet. Lower panel - The same reservoil with the surface outlet (values calculated by the model DYIt.LSM). Right - 
Upper panel: observed dependence of the degree of stratification in a number of Central European reservojEs 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 Pafler representing a lake situation). 

in density between the inflow water and reservois water, water can spread to different depths as 
it enters the reservoir. When this inflow plunges to a depth of corresponding density, Ike flow 
creates a density current. The stream may flow along the reservoir bottom as an underfiow or 
some intermediate depth as an iiiterfiow (Fig. 4.10). The inflow water mixes with reseivoir watcr 
at the surface or when it plunges and flows at a SCCI tic level or along the bottoni. MixiLig 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, interfiow and underilow. The inflow 
plunging point is shown. 

4.3 SPATIAL VARIABILITY IN RESERVOIRS 

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

(1) jiverine (or hack-water), 
transitional (between riven ne and lacusinine), 
lacustrine. 

Conditions in larger bays or coves might resemble those found in the main reservoir body and 
may have similar zonation. Specialized micro-enviioiimcnts may develop in the liloral 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 lacustnine (Fig. 4.12). The longitudinal 
distribution of variables depends on the extent of individual zones, as shown on the example of 
phosphortis and chlorophylla in some reservoirs (Fig. 4.13). l)ue 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. 
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Fig. 4.12 Schematic differences in the extent of the three zones to conditions of different flow rates and 
corresponding retention limes. Redrawn from Thornton Cr al. (1990). 

Density currents appear when inflow water travels directly to the outflow in a narrow !yer. 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. i)uring such periods, the actual time olpassage 
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 II .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 Ct al. (1995) from June. Squares and full line - total 
phosphorus. The position of one point is influences by a side lnbutary. Triangles and dashed line - chlorophyll-a. 
Right panel: full line connects the observation in DeGray Reservoir according to Thornton Ct al. (1982) and the 
dashed line is an approximation for the rapidly decreasing concentralion in the transition zoae and constant 
concentration in the lacustrine zone. The inverted triangles on ihe axis indicate the optimum locationof observations. 

4.4 THE CHEMICAL SUBSYSTEM 

Chemical elements occur in water in several forms. These are; dissolved iriorgarlics, dissolved 
organics, elements bound on abiotic l)artiCleS 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 rales. The exchange rate depends 
on chemical equilibration processes, sorption and desorplion 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 sonic 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 sig:iificant 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 ilierefore, 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 sedirtientation by different mechanisms, such as active novement and 
density regulation. 

Mineral composition of reservoir water is sunmiatized 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 clue to Waler movements and mixing. For these reasons, 
they can be used as natural traces in certain circunistaiices. 

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 alter 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 macroelenieiits because ti -icy are needed 
in relatively large quantities) and Si, Cu, Mn and others (which we call micronutrients). Fig. 4.14 
illustrates the processes of phosphorus ti-ansforniation; the phosphorus cycle is considered the 
most critical process in organic production within reservoirs. In respect to eutrophication, 
phosphorus is most iniportarit 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 pliytoplankton and, 
less importantly, by pelagic bacteria. Soluble reactive phosphorus (PO 4-P) is taken up to such an 
extent that concentration of this nutrient iii surface water layers cali 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 consideiably and depends oil 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 

Fig. 4.14 Processes of phosphorus transformations in a reservoir. 

a major change takes place in phosphorus cycling when either the liypolimnion of the reservoir 
is anoxic or oxygen reaches the sediments. Under anoxic conditions, phosphorus accuirulatcd 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 sedimelTt 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 retenflon coefficient in the 
percentage of hc inflow amount and the relationship of this amount with reservoir retention time 
is shown in Fig. 4.15. 

RESERVOIRS 

rRPIIIIEIII2I) 

CoL- 200 	400 
RI I D&5S I 

LAKES icx 	 - 

80 	RP .66.04IlExFr 0.004RT I) 

0 	200 	400 	500 
RT I DAYS I 

ES€RV SIRS 

ST I OAYS F 

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. ILl 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 ins.ifficiency. 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 oligoirophic 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 (NH4  NO 	NO) prevails in the oxygen rich hypolimnion of oligotrophic 
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Fig. 4.16 Processes of nitrogen transtbrmations in a water body. In the left part conditions in an oligotrophic watei 
body are shown, while the right part shows the processes in a eutrophic water body. The main cause is the oxygen 
rich hypo]inrnion in the oligotrophic and anoxic hypolimnion in the eutrophic situation. 

reservoirs while ammonification (NO 2  NO 	Ni-I 4 ) prevails in low oxygen or the anoxic 
hypoliinnion 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 in(Iustry such as paper mills) anti 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 (DOD). 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 phytoplanIton and 
macrophytes. This source of organic matter can he dominant in eutrophic waters that are situated 
on rivers and have a high degree of classical puiritication (= low organic load), but high m:utricnts. 
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 iiuniber olprocesses. The most iniporlant of these 
are: (i) the rate of phytoplankton production and respmiation (enrmchmenL of water with oxygen 
during the day and utilization during the night), (ii) oxygen concentration and temperature of 
reservoir inflow, (iii) the i-ale 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 hypotimnion, wiule in eutrophic waters anoxic conditions prevail in the hypolimnion. 
During the periods of mixing, oxygen concentration is usually consistent throughout ti -ic whole 
water column, while during periods of stratification, oxygen levels also become stratified. Oxygen 
stratification is less pronounced in rapidly through flowing 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 
p11 reguates many chemical processes. Changes that are important factors in water quality are 
particularly ielated 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 humais increase as 
aluminum undergoes dissolution from less soluble forms. 

4.5 BIOLOGICAL SUBSYSTILM - 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 certa:n 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. Bentlios is a group of animals that usually dwell in the bottom mud and 
collect organic particles that originate from niaterial 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 diminis:ies with the 

53 



TROPHIC NET 	TROPH1C CHAIN 

PREDATORS 

CONSUMERS 

PRODUCERS 

Fig. 4.17 Simplified representation of the trophic food chain and trophic net. In the real trophic net many species 
are present, winch interact in different ways. Trophic chain is the simplified represenlahion of the trophic net, 
omitting the interrelations within and among the Irophie levels. In its simplest form the trnphic chain is represented 
by three ievets: primaly producers (Cyanobacteria, algae and isigher plan(s), consumers (organisnis eating primary 
producers) and predators (organisms eating consumers). 
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Fig. 4.18 More detailed represeistaionof the fond chain and different types of basic relations: bottom up, from the 
environment to the highest tropluc link and top down, in the opposite direc(ion. In reality, both types of relations 
act simultaneously, there are indirect relations (e.g., of fish on the zooplankton) as well as internal relations whljin 
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 Isighet -  flowering plaits macrophytes. 
Macrophytes are the substrate for periphyton, consisting of scssile algae and microscopic animals 
feeding on them. 

One major result of reservoir limnology is the recognition that the interrelations between diffei-ent 
groups of organisms are very intensive, and the effects are not only bottom j1p from the physical 
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environment through nutrients to primary organic production up to the lop predators among 
fishes, but also 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 pliytoplankton 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 resarvoir 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 mos; 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 
represeiilativcs. 

A measure commonly used to quantify the amount of algae present in a reservoir is the content 
of chlorophyll-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 di -inking 
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 pliytoplankton 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 (Cliaoborus) 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 113). 

Fish Ibund in reservoirs include zooplankton feeders, bcnthos feeders, omnivorcs 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 RESIRVOIR BACTERIA AND VIRUSES 

Bacteria decompose organic matter in reservoirs and a measure of this activity is the BOD 5
1 

Bacteria are also part of the detritus food chain, its depicted in Fig. 4.20. Bacteria are cansurned 
by higher organisms including the heterotrophic flagellates, ciliates and larger zooplanbton. The 
aniount of free-living bacteria present is related to the amoLint 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 
phytoplanklon starts to decay. 

Bacterial indicators of fecal pollution and pathogenic bacteria are of specific hygienic concern. 
Indicators include psychrophilic, mesophil ic and coli form 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 0G  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, mesopliilic 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 (floin 
man and warm-blooded animals) and enter reservoirs from allochthonous sources. 
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Fig. 4.20 The microbial loop (detriius food chain) as accompanying the classic pelagic food web. Important is the 
participation of bacteria and some other groups of microolganisms. The sizes of the compartments represent their 
biomass and the size of the arrows the intensity of feeding telations in a spec1ic case. 

The most common waterborne bacterial pathogens are Singe/la, Salmonella. Canpylobacler, 
toxigenic Escheric/iia co/i, Vibrio and Yersinla (Meyheck 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 waterhorne transmission include enteroviruses 
(Coxsackievirus, Ec/tovlries, A denovirus), Parovirus and "gasi roenteritis type A". New water borne 
viruses 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 lakes place during this period. Much slower 
limnological changes, which last for decades or centuries, are referred to as reservoir evolution. 

The process of reservoir aging is very iinportanl 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 commonly 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 teis years. In Amazonian reservoirs, stal)ilizatioii takes a minimum of 10 years, 
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depending upon the rate at which the submerged Tropical 1-lumic 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 problenss that occur dijittig Lcscrvolr aging and their causes. 

PROBLEM 	 CAUSES 

INCREASED CONCENTRATIONS OF ORGANIC MATTER, leaching of organic matter tom soil. 
Decomposition of drowned vegetation. 

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

LOW OXYGEN CONCENTRATIONS (PARTICULARI..Y IN IIYI'OLIMNION). Oxygen is consumed during 
decomposition of dissolved and pacttculate organic ruattei that enters khrough the inflows and is ideased from 
disturbed soil and decaying vegetation. 

111011 NUTRIENT CONCENTRATIONS. Nittrieists are leached from disturbed soil. 
EXCESSiVE GROWTH OF VEGETATION (PARTICULARLY FLOATING AQUATICS). New tropical 

reservoirs are particularly susceptible to this problem. 
INCREASED PIIYTOPLANKTON PRODUCTION. Algae grow rapidly as the result of iimcressed tiutrient 

concentrations. 
INCREASED FISH PRODUCTION. Some species of fish are able to reproduce rapidly in response to the high 

food supply, nevertheless, some years 01051 pass before the fish population is well established. 

physicochemical 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 
development of fish populations and the control by these organisms over the rest of the system. 
The aging process is shorter in rapidly throughflowing reservoirs than it is in these with slower 
throtighflows. The geographical location (more rapid aging in tropics) and time required for 
tilling (slow and internhittent filling prolongs the aging period) are decisive factots in the aging 
process. The sequence of events that normally take iiace 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 hitinian 
activities, such as intensification of land uses and industrial activities. 

4,8 LIMNOLOGICAL TYPES OF RES1RVOIRS 

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 Aie criteria 
that are used as a basis for classification. Nonetheless, a break-down of this continttum into 
individual classes is a practical descriptive tool and enables easier evaluation of respective 
conditions. Moreover, multiple variables are used in some classification schemes IC 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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Hg. 4.21 Aging process within the first yeats after filling the reseivoir. ILl the upper part of the figure the specific 
curves for the development ofbiomass, abundances and concentrations of individnal components as observed in the 
Khiava Reservoir, Czech Republic are given. Perch is the dominaiit fish species in this peroct. t'he three major 
phases are the tilling 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 iulcrrelafions and their strength 
indicated by the thickness of the arrows. The arrows pointing out indicate the increasing, deereasing or stable 
charactet 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. use 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 resul:ed 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 (he 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 classirication we propose is based on four major criteria: 
Reservoir throughflow 
Geographic Location 

2) Trophy 
Water quality 

The classification variables discussed herein differ, one is specific to reservoirs and the other 
three were originally designed for takes. In applying these systems for use on reservoirs, we must 
consider different classes of reservoir througliflow 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 lininologicat and are based on natural differences between 
water bodies. Matching reservoir throughftow with "naturaP' variables is, of course, only possible 
in the sense that similar differences in throughflow can also be observed in natural river:ne lakes 
(although, as pointed out in Chapter 4.2, the consequences of ihroughflow differ in natural lakes 
and reservoirs). Trophk 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 Ihis 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 tbrought1oving reservoirs, R :!~ 15 days 
Class 13 - reservoirs with intermediate retention times, 15 :!~R :~one year 
Class C - reservoirs with long retentioii 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 anlor subtropical reservoirs. It is well known that reservoirs undergo npid 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 13 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 throughilow. Therefore, we can speak about different reservoir situations ra:her 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 uiderflow. The 
manner its which these flows are created (Chapter 4.2) suggests that an original density difference 
must exist within the reservoir before an interfiow or underflow is crcated. However, this density 
difference can be small and strongly separated by the flow. In tise tropics, this pheiomcnon may 
result in large scale production of anoxia, gases, and accuniulation of nitrogen and phosphorus 
in the artificial hypolimnion. An example of this class is the Barra Bonita Reservoir in Sio Paulo, 
Brazil, or Stchovice Reservoir in the Czech Republic. 
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Fig. 4.22 A dichotomic key for the distinction of mixing types. Redrawn from Steinberg ci al. (1995). 

4.8.2 Reservoir mixing classes 
The dichotornic key shown in Fig. 4.22 provides characters that determine corresponding mixing 
classes. Figure 4.23 represeiit 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 intermediale 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 hypolininion 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 strata cati be similar to 
dimictic water bodies in temperate region. Daily temperature differences may exceed anmial 
variations. Deep polyinictic 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 monomictic water bodies with one annual overturn occur at latitudes 
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Fig. 4.23 ScheirisUc representation of the changes of tempeiature stratification conditiors 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 temperalures 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.l, 
and arnictic lakes occur at 3000m. 

The presence of drowned vegetation may have a drastic effect on all aspects o 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 CO2 . Rosa (1997) estimated the 
annual contribution of methane and carbon dioxide of Curua Una (area 100km 2 , average depth 
= 6m) as 5.7 103  kg.m 2 .y' C for CH 4  and 53.7 10 kg.m 2 .y' C for CO2 . 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). 

Meromiis is a feature that can occur in all classes discussed above. This jesuits 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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Fig. 4.24 Comparison of a semiarid 
and a iropical reservoir in Brazil. 

One mixing type is ubiquitous - (he shallow polymictic class. Polymixis occurs in hy-
dro-dynarnically 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 
Strati licat ion. 

4.8.3 Trophic classification 
The following classes are recognized: 

oligotrophic 
mesotrophic 
eutrophic 
hyperirophic 
dystrophic, and 
CalCitrO1)hiC. 

The first five were defined by classical trophic typology, however the last was more recently 
defined to address calcareous lakes. 

For reservoirs, furiher differentiation is characterized by: (i) reservoir throughilow (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 irophic 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. Rservoirs 
which are sha] low 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 undcrstanding tropliic 
classes seem to he 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 lowei' criteria 
for classes. A lake that is called mesotrophic in a "nuti -icnt rich' country may be called eutrophic 
in "nutrient p°°'" countries. In lab. 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 foj Poland by }Ijlbricht-Iikowska (1989) and for USA by Moore 
& Thornton (t988). P = Poland, U USA. 

TP 
P U 

C1IA 
P U 

o1igotophic - <10 <4 
mesotropliic :5~ 50 10-20 :rI0 4-10 
moderately eutiophic <100 >20 530 >10 
strongly eutrophic :s;300 - > 30 - 

hypeurophic >300 > IOO 

are compared. However, some approximate delineation according to algal biornass (measured as 
CHA) as given in Tab. 4.3 is acceptable. in i'eservoirs the classification is complicated by 
throughflow and turbidity as pointed out particularly by Walker (1985), Lind et 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 nll:ch more 
common in tropical than in temperate waters. Carbon is the third most important macroelement 
for algal growth and can be limiting anywhere, if both nitrogen and phosphorus are in excess. 
This is often the case during summer in highly cuti'opliic 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 soi Is are 
very permeable for nitrogen but retain phosphorus, the reverse ti -end is true for the tropics. In 
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Tab. 4.3 Trophic classes based on chlorophyll-a after Stra1kraba et al. (1993). 

CIIA [g!] 	TROPIIIC GRADE 	RAW WATER 	 TREATMINT 
SUMMER 	ANNUAL 
AVERAGE 	MAXIMUM 

0.3-5 	<10 	oligotrophic 	 excellent 	 standard 
5-10 	10-30 	mesotroplsic 	 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. Cyanohacteria, 
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 iinpor:ant in energy 
transform ation s because nitrates must first be converted to ammonia as ammonia is more readily 
taken by p1toplankton than nitrate. Bioassays are accomplished by various techniques; the most 
simple of these uses a culture of algae as background. In the teniperate region, the alga most 
commonly used in bioassay analysis is Selenostrurn capricornutuni. The growth curves of algal 
population incubated in bottles under standard light and temperature conditions are noted for 
control cultures and cultures eniiched 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 
phytoplanklon species or poptilations. Moreover, the amounts of added nulrients are irnporlant. 
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 coneltisive. 

Dystropliic 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 calcitropttic 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 adsoi -hs 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 CharacteristicsoIcatcitropliic waterhc lies as compared wili noncalcareous watci -bodies (based on Koscliel 
1987). 

Concentrations of CaCO 3 	Maxima > I Lflg.m, present as crysiats and calcite shells of some algae 
Carbon dioxide 	 Decreased, bouts primary production 
Nutrients 	 1)ecreased, 
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 how reservoirs. In the other two reservoir throughflow categories this is highly 
modified. Interrelations among the three criteria, thiroughflow, mixing and trophy, are outlined 
in Tab. 4.5. 

Tab. 4.5 Interrelations between basic reservoir types as cliaiacterizcd by tltroughflow, mixing and trophy. 

TIJROUGHFI.OWING INTI3ItMEDIATE 	 L.ONG RETENTION 

RETENTiON TIME R ~ 20 	 20 < R :~ 300 	 R > 300 

MIXING CI,ASS 	Fully mixed 	 Intermediate stratification 	Well developed stratification 

TROPIOC CLASS Flow prevents full 	Additional effects of flow 	Classical tiophic 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 SouthEast Asia (Fernando & Holik 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, pioduce 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 ftllowing five groups of 
processes must be considered: 

productivity of each reservoir immediately after being filled, 
eutrophication and nutrient enrichment received from the watershed, 
development of complex biotic interactions within the reservoir, 
hydrological regimes, and, 
the management of each reservoir. 

According to Kubeèka (1993) the first two groups of processes directly influence fish composition 
and hiomass, whereas complex biotic interactions also influence the eventual composition of fish 
fauna. Reservoir consiruction affects fish fauna downstream as well as upstrcani, since many 
wetlands and flood-plains downstream may be depleted of water, at least during initia] phases of 
reservoir operation. According to Fernando & Holëik (1991), the fish fauna of a reservoir 
depends pi-imarily 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 niorLimeri survived ii the reservoir 
in low densities. Some species of Siluridae, Characidac 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 Clupeidse. 

SPECIES 	 RESERVOIR 	 BIOMASS kg.haj 	AUTHOR 

Sierat/irissa leonensis Kainji L., Africa 	 23.6 Lelek 1973 
Pellonula afzelinsi Kainji L., Africa 	 23.6 lelek 1973 
Clupeichthys aesarensis Ulboratana R., Thailand 	5.9 	14.2 Lelek 1973 
Elrivazafluvialilis Parakrurna Samudra, Sri Lanka 	60 Newakla & Duncan 1984 
Clupeonella 	culliveiuris 5 reservoirs on the Oniepr River, Russia Shimanovskaya etal. 1977 
Corica .iubarna Kaptui Lake, Bangladesh 	 100 Fernando & Holik 1991 
Gudusia chana 
Cosnjialosa inannianna 

Volta, Ghana, mass fish mortality was observed after the darn was closed, and was caused by 
accelerated deoxygenation. Of the many common river species in the genus Ales/es, only two 
have disappeared (Lelek 1973). On the other hand, there was a considerable increase of Tilapia 
spp., such as Sarotherodon gulileus (which feeds on phytoplankton and periphyton) Tilapia zulu 
(which feeds on detritus) and Saroiherodon niloticus (which feeds on nsacrophytes and algae). 
Fish species that inhabit the reservoir after the darn is closed migrate either directly to :rihutaries 
or to areas that are influenced by the tributaries. Current velocity differs in several regians 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 960). 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 clue to the variety of niches produced durtng 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 coloisized by a 
large, varied invertebrate assemblage, which can serve as fish food. Extensive macroplyte stands 
and a high concentration of periphytic algae are fundamental in development of varied feeding 
sources for fishes, as demonstrated by Lake Kariha. Thus, trophic upsurge very much depends 
on growth of phytoplanklon, periphyton and macrophyte biomass. When littoral and marginal 
areas of the reservoir are colonized by maerophytes, 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 biornass 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 Kariha developed high biomass 
due to availability of food. In the case of Hydrocvnus, 70% of its food is composed a single 
species of planktophagous fish - the freshwater sardine Li,nnotrissa niiodon. 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 inesopotwnicus), were commercially important. Pacu feeds 
on vegetation from the gallery forest. Some migratory species, like Leporhinus elongatus and L. 
obiusidens, remained in the reservoir and utilized the upstream floodplain during part of their life 
cycle. One species (P/a gioscion sqrramosissimus), introduced into Itaipu and other reservoirs, 
grows veiy 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 ci ol. 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 bioniass 
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 biogeocheniical 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 iuorphoedaphic 
index. This method according to Ryder (1965), can be expressed as: 

Morphoedaphic index (ME!) 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: 

MEl = TDS / conductivity. 
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Tab. 5.2 Fish production in several tropical reservoirs 

RESERVOIR CATCH 
toiis.year' 

PRODUCTION 
kg.ha'.year' 

AUTI IOR 

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

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

Reservoirs in Africa 99.5 Marshall 1984 
Lakes in Africa 58.4 Bayley 1988 
Sobradinlio Res., Brazil 24 000 57.1 Petrere 1986 
Ilaipu, Brazil 11.6 Petrere 1994 
Gun, Argentina 300 10 Alvarez ci al. 	986 

They conducted an intensive study that demonstrated that fish catch is related to liirnological 
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 lininological 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: 

I) 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 et tel. (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 production levels are represented by only one 
introduced species (Lates ,ii!oücus). 

•.ln 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. tie 
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, conducltvtty and 
hardness of each reservoir were limnological variables used to discriminate between different 
groups. 

A positive bilogarilhrnic 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-valucd, cold-water fishes and an increase of less 
desirable species. Mass mortalities ofjuvenile fish occur in winter in Haribeespoort Darn, South 
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Africa because of hypereutrophic conditions. Another indication of the fish catch 'ised 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 linmological succession according to Kubeka (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 icquiienieiits, and interactions of biological characteristics of 
fish populations with hydrological and cliniatological 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 eases with an area of intensive macrophyte growth and the lotic 
inflow zone. The lotic rivei'ine zone is commonly inhabited by migratory fish, which reproduce 
in margiiial 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 effectiveiiess of 
some designs may be variable in different reservoirs. Generally, their efficiency is found to be 
very low. It is necessary to adapt each mechanisni 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 aqualic origin. However, the following precautions must be acknowledged: 

techniques must be carefully selected, 
an increase of eutrophication can occur, and 
the spread of tropical water borne diseases must he 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 Barrs Bonita. 
Simultaneously, very high ammonia concentrations, exceeding 3 mg.l, OccuiTed. 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 siLuation is completely 
different in the Amazon region, and perhaps in tiopical 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 accumLulation of mercury in fish, the same diseases, 
which appeared in newly flooded reservoirs in NorLhern Canada, and the case in which an Indian 
population that relies on fish was poisoned by mercury that leached from soils adjacent to the 
reservoir. 

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 zooplaiikton 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 electrofislung, 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 biornass and size 
distribution can be obtained. 

The species composition of fish fauna is highly dependent upon geographical features and, 
according to Fernando & l-lolik (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 Irophic 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 

GROUP 	 FEEDING ON 	EXAMPLES (Holactis) 

Zooplanklon feeders 	 Zouplankton 	Rutilus, Blicca 
Plani feeders (incl, phytoplankton) 	Macrophytes 	Tilapia, Ck'uophwyngodon 
Benthos feeders 	 Chironomidac 	Common caip 
Predamrs 	 Fish 	 Esox, Lucwperca 

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 whichjuveniles dominate (Fig. 5.2), a considerable impact on the zooplankton populations may 
occur. The balance between zooplankton-feeding fish and predalory fish is important in the 
control of zooplankton composition. In Chapter 11.3 we will discuss how the species composition 
ofzooplankton depends on feeding pressures of fish and how this relationship is used in reservoir 
water quality inanagenlent. 

Sport fishennen 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-fceding fish and thei, predators is significant both in evaluating the 
water quality of supply reservoirs and as a hiomanipulation tool (see Chapter 11). Recent 
investigation in Great Lakes (Stow el al. 1995) indicate that it is possible to reduce the 
consumption of PCH 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 plariktophagous species that exploit the pelagic zone was 
successful. However, other introductions can completely change the structure of the fool 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 Cichia 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 
reservoirs. 
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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 wayfrom those found in other waters, 
however, the realization and consequences of pollution can differ between reservoirs, rivers, 
and lakes. The greatest challenge fitcing 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 quatity 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 
Somlyódy (1994). 
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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). 

j 

t 	;\ 
Ilk 

Fig. 6.2 Schematic representation of non-point soui-ce polluiion From Jdlankai (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 
• 1-lypohimnetic anoxia 
• Acidification: decrease ofpUl and associated leaching of metals; may be caused by acid rain and accompanying 
mass transfer of contaminated atmospheric gases 
• Turbidity problems resuking from siltation 
• Salinization due to excessive fertilizer application on land or due to irrigation in arid and semi-arid legions 
• Bacterial and viral contamination 
• Health and water-borne diseases 
• Heavy metal pollution 
• Agro-chemicals and other toxic chemicals; accumulation of toxins in sediments and bloaccumulation in living 
organsmS 
k 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. 63) that occur on a global scale: 
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Fig. 6.3 The five most important water quality problems in lakes and reservoirs as recogiuzed by the TLEC Study, 
their causes and consequences. Redrawn from Kira (1993). 

The environmental healths 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 atmospl'.eric 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 tlTree are major 
input sources to watersheds and, thus, drive this relationship: 
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I) urbanization 
industrialization 
large scale agricultural development 

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 iogai thmic. Rethawu 110111 Niman et al. (1995) 

As a reservoir 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 nutrient 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 In acceptable limits. However, recreational activities within reservoirs 
may be a major uncontrolled source, paitictilaily 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 he quite high, nd the viable 
management solution is reduction, both by conventional 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. Econamical 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 2S, iron, manganese, and phosphorus) and highly increased treatment costs. 
Corrosion of structures may be observed due to high CO 2  and H 2S 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 ot major consequences of sewage pollution in a reservoir. Below the economic 
impacts are listed, 

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 conjunctiDn 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 representatJon of major consequences of eutroplucation in a reservoir. Helow economic impacts 
Ore liStOd. 

6.2.2 Eutrophication 
Eutrophication (Fig. 6.6) can he defined as excessive organic production within a reservoir due 
to higli 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. Wal]sten (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. Simultaneously, 
there was a 50% general increase in conductivity and 150% increase of sulphate. The palterti 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 constderable 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 sonic lakes, it has taken up to tell 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 tiophic 
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Fig. 6.7 Time sequence ui phosphorus concentrations in Switzerland. 

recategorization. The length of time required for recovery depends on the degree of the 
accumulation of phosphorus in the sediments. Phosphorus is continuously released from the 
sediments to free water. 

6.2.3 Nitrate contamination 
Nitrogen compounds act in two very different ways in water: 

I) as a nutrient, which may become critical for development of phytoplankton in some waters 
(generally the case in brackish and marine waters) 

ii) by direct creation of hygienic problems. 
It appears that, in most of the world, limitations due to nitrogen deficiencies is not widespread, 
thus nitrogen's role in the creation of hygienic problems is the more important of Ile two. When 
a specific nitrate concentration is exceeded (laws in different countries specify values between 
20 - 50 nig.l), there is a danger associated with use of the water for consumption by babies. 
Methemoglobinemia is a deadly disease that can result under some conditions, particularly when 
preparation of artificial milk takes place under poor hygienic conditions when nitrates turn into 
nitriteS. 

6.2.4 Siltation 
Turbidity of reservoirs is a natural consequence of erosion, however, levels have greatly increased 
in recent years due to human activities. Erosion is generally higher in semiarid and arid countries 
than in regions characterized by well-developed vegetation. These two regions also vary in terms 
of the size structure and other features of silt. in semiarid/arid regions, very fine silt prevail, 
whereas the composition of silt in the temperate region is much coarser. Waters in areas with fine 
silt tend to have persistent turbidity, or turbidity that lasts long after the eroding waters reach 
their eventual destination. Sedimentation rates of this kind of turbidity are very low, and ordinary 
turbulence in the water is enough to keep these fine particles suspended for a period up to several 
months. In regions with more balanced water budgets, vegetation can largely prevent erosion. 
Erosion is determined by the average amount of rain, and also by the frequency, intensity and 
duration of rain events. 
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Agriculture is a major source of increased erosion, because most agricultural soil rernabs barren 
or with insufficiently developed vegetation for long periods of time. Meadows are an esception, 
being owergrown continuously, but grazing can reach such an extent that erosion becoms high. 
Additionally, many fields are still plowed up and down the slope, whereas contour plowing can 
efficiently reduce the danger of erosion. The terrace agriculture of certain Asiatic countries is an 
example of old traditions that lead to minimization of erosion. Other sources of erosiofl include 
road construction and any building activities, during which vegetation is removed and the 
underlying soil is left barren for prolonged periods of time. Losses of soil have long-term 
consequences for agriculture. Weathering of rocks is a very slow process and, at some point, the 
effort of renewing lost soil is far greater that of minimizing losses. This is particularly critical 
in regions with shallow soil layers. 

The most direct consequence of siltation of reservoirs is a corresponding decrease of reservoir 
capacity. The example mentioned in Chapter 10.6 illustrates, that such losses can be extreme, and 
may decrease the life span of reservoirs to just a few decades. Treatment of turbid waters for use 
as drinking water is expensive. Other consequences of turbidity include decreased plant and 
phytoplankton productivity (which could he desirable in eutrophic water bodies) and decreased 
biodiversity. Fine silt in semiarid/arid countries interferes with feeding by zooplankton and, thus, 
control of algae is diminished. One example of the positive effect of natural siltation occurred 
along the lower Nile, where annual sediment loading enriched the fertility of the soil, however, 
after construction of the High Aswan Dam, fertility of the soil rapidly decreased. 

6.2.5 Ilypolimnetic anoxia and gas release 
Because this is a consequence of several of the previously discussed problems, we treat it here 
as a separate entity. These can also result from other sources. For instance, it was recently shown 
that accumulation of methane gas in Amazouiau reservoirs is due to the degradation of drowned 
forests. This is accompanied by accunmlation of H 2 S in the hypolimnion. Consequently, decreased 
pH in the reservoir, accompanied by low pH downstream, causes increased corrosion of turbines 
and loss of fisheries. Rising manganese and iron concentrations cause increased costs of treating 
water for consumption. In eutrophic waters, nutrient releases from the sediments enhance pelagic 
productivity. 

6.2.6 Acidification 
Acidification is defined as a decrease in pH. This is often due to a mass transfer of atmospheric 
gases that create acid rain. The main source of these atmospheric gases is industry, but other 
sources such as automobile exhaust significantly contribute to this buildup. In specific instances, 
acid drainage from coal mines can lower pH up to 2.7. Associated to acidification are changes 
in leaching of heavy metals (particularly the toxic form of aluminum) from soil into ground- and 
surface- waters. Consequences of acidification of reservoirs are specified in Fig. 6.8. These may 
lead to endangerment of water supplies. In regions originally characterized by high pH levels 
biodiversity (not necessarily bioniass) of algae, zooplankton and benthos decreases. Sensitive fish 
species are eradicated, until only the hardiest (Sal't'elwus aniericanus) remain. In Atlantic salmon 
(So/mo solar), no fry survive where pH is below 4,7 (Lacroix 1989), and no temperate fish are 
able to live in regions where the pH is below 4.5. 
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LOSS OH rISHERIES DRINKING WATER SUPPLY ENDANGERED 

Fig, 6.8 Schematic representalion of major consequences of acidification in a reservoir. Below economic impac(s 
are listed, 

6.2.7 Salinization 
Two major sources of increasing salt concentrations can be distinguished: 

excessive fertilizer application on land and saltiiig of roads, and 
soil irrigation in and and semi-arid regions. 

Fertilizers contain many ingredients besides phosphorus and nitrogen compounds. Thus, a steady 
rise of salinity is observed along with the increase of nitrogen in waters. In arid and semiarid 
countries, heavy irrigation schemes result in accumulation of salts in groundwater md, eventually 
in streams and reservoirs. When water levels drop drastically during dry seasons and water 
becomes concentrated, dramatic salinization effects are observed. The capacity to supply water 
is lost and changes in the composition of reservoir biota occur. In northeast Bi-azil, annual 
evaporation of approximately 2000mm exceeds the average maximum precipitation of 1200 mm. 
Therefore, rapid increase in salinity occurs within reservoirs and results in undesirable 
consequences on multiple uses. A series of impacts on the human health of riral and urban 
populations that use reservoir water has been observed. One consequence of large scale 
salinization is the increase in blood pressure rates and consequential renal disease. 

6.2.8 Bacterial and viral contamination 
These are largely the consequences of sewage, application of manure to fields and, in some 
instances, contamination from animals as discussed in the following section. The most dangerous 
source of this type of contamination is effluents from hospitals. 

6.2.9 Health effects and watci -borne diseases 
With the creation of large reservoirs in Africa and other tropical countries, enormous increases 
in the spread of waterborne diseases that infect humans and domesticated animals occurred. For 
instance, in the Volta Darn region, schistosomiasis infestation increased from a 3% level before 
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reservoir construction to 70% afterwards. The transmitting agents of waterhorne diseases include 
several kinds of aquatic worms, mollusks and crustaceans. The most dangerous and widespread 
waterborne diseases include the following: parasitic protozoans - Plasmodia, Giardia, Entanioeha, 
Cryptosporiurn, Naeg/eria; and parasitic worms - Schistosoma (blood flukes), Taenia saginato 
(beef tapeworm), Ascaris lumbricoides (large intestinal roundworm). Watcrborne diseases are not 
restricted to tropics; some reservoirs in U.S.A. harbored Giardia and 23,000 people were infected 
during 84 separate outbreaks. These pathogcns are carried by wildlife (heavers, Coyotes, muskrats, 
voles) and cattle. Malaria infestation increased from 1 6% to 25% after the construction of the 
Srinagarind Dam in India. 

6.2.10 Heavy metal pollution 
Most heavy metals that reach water bodies are deposited in sediments. Concentrations in 
sediments can be as high as six orders of magnitude greater than water. Higher concentrations 
of heavy metals are found in small-grained sediments. However, the generally accepted 
assumption that accumulation is negligible in sediments with material < 63 piu does not seem 
generally valid, as Horovitz (1996) found in selected rivers in U.S.A. A careful summary of this 
situation in England, a heavily industrialized country, was completed by Foster et al. (1996) and 
demonstrated that the most severe sources of heavy metal pollution are those of urban runoff and 
industrial pollution. In lowland rivers, increased concentrations are not transported far from the 
source, thus detection of the source is much easier. Urban lakes appear to obtain greater 
atmospheric deposition than their rural counterparts by at least one order of magnitude. Foster 
et al. also demonstrated that wetlands function as a valuable site for diminishing heavy metal 
concentrations. Heavy metals (and other toxics) can also be significant in atmospheric pollution 
as the accumulation of plumbum in the tissues of some Antarctic birds demonstrates. 

Increased concentration of heavy metals, particularly aluminum, are associated with alterations 
of pH conditions in soil and are correlated with acidification. Reservoirs function as traps for 
heavy metals, and, in some instances, up to 90% of metals that enter via inflow and air can he 
trapped in reservoir sediments. 

In the Bitterfelder Muldestausee Reservoir and in the heavily industrialized and contaminated 
Leipzig area, Eastern Germany, the following elevated concentrations of heavy metals were 
found: arsenic that originated from treatment of ujanium ores; thorium that partly originated from 
natural volcanic origins, but increased due to mining; bismuth that was a secondary product of 
coal mining; wolfram in regions with iron ore treatment; antimon from industrial origins; zinc, 
due to complex contamination; molybdenum that was mainly a product of ash distribution by the 
petrochemical industry; and, uranium that originatcd from uranium mines. Most of these metals 
were bound to particulate matter, and accumulated at high levels in sediments of the reservoirs. 
In one rapidly.flushed weir located in this region, 1,500,000 kg of zinc, 200,000 kg of chromium 
and 8,000 kg of cadmium had accumulated. 

Increased concentrations of mercury have occurred in some pristine areas after elution from soil 
in newly filled reservoirs. Mercury principally concentrates in reservoir fish. An example of this 
is the Indian River project in Subarctic Canada. Amazonian reservoirs have experienced increased 
mercury levels due to its use in gold mining operations. 
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6.2.11 Agro-chemicals and other toxic chemicals 
Increased water toxicity results from runoff from milling operalions, industrial waste discharge, 
agricultural practices and improper disposal of solid wastes. Pesticides and herbicices, along with 
heavy metals, are the main toxic substances that enter aquatic systems and accumulate in the 
sedinients and eventually reach the food chain. Effects on human health range from common 
enteric diseases to deadly levels of toxins that may be passed on in mother's milk. Organisms 
hio-accumulate toxinS, most often in their livers or body fats. Thus, toxins represenL a time bomb; 
their effect is not realized for long periods of time, but once a certain limit is exceeded 
catastrophic consequences appear, which, moreover, have an effect which is transferred to 
newborn generations. Reservoirs act in the same delayed manner; they trap toxins but retain the 
possibility of release during altered chemical (ph,  redox, anoxia) conditions. 

Toxic chemical compounds may also be of natural origin, and may appear irregularly or 
unexpectedly. These cases usually occur in volcanic regions, as dissolved salts or gases are 
released. Such an event had drastic consequences in Lake Nyos of Cameron, when, in 1986, 
1,700 people and more than 3,000 cattle died. This was caused by accumulation and subsequent 
escape of dissolved gaseous carbon dioxide from the lake. 
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CHAPTER 7 

THEORY OF ECOTECHNOLOGICAL MANAGEMENT 

7.1 ECOSYSTEM ThEORY APPLiED TO RESERVOIRS 

In Chapter 4 we demonstrated that a reservoir can he treated as a managcd ecosystem. Thus it 
is useful to review the basic principles, which govern ecosystems functions. These principles 
along with short descriptions are provided in Tab. 7.1. 

Tab. 7.1 Basic principles that govern ecosystems (Following Straikraba 1993). 

* ECOSYSTEMS CONSERVE ENERCY AND MATTER. Neither energy or matter is created or destroyed, 
however, one form can be converted to another. 
* ECOSYSTEMS STORE INII'ORMA'J'LON. In nature information is stored in physical, chemical and 
biological structures. In organisms, this information is coded in gene pools. 
* ECOSYSTEMS ARE DISSIPATIVE. Dissipation means that continuous degradation of energy and matter 
takes place from more to lets organized forms. Dissipation provides the force needed to maintain order and 
structures. An example of dissipation is the formation of detritus from dead organisms. 
* ECOSYSTEMS ARE OPEN SYSTEMS. They are open to energy, matter and information. Ecosystem 
functioning depends not only on contusuous inputs of energy, but also ois input of niatter from the erth's crust. 
Therefore, ecosystems are vulnerable to external inputs. 
* ECOSYSTEMS GROW, Growth it the process in which new structures are created from less structured 
materials. Biological growth is a strictly regulated process and is driven by laws of genetics. 
* ECOSYSTEMS ARE CONSTRAINED. They are externally constiairied by the physical environment, e.g. 
solar energy available for plant growth, temperature of the stirrotititliugs, and others. The individual oi'gaiiisni 
cannot grow for infinity, and organisns population densities are constrained. 
* ECOSYSTEMS ARE IMFFERENT1ATED. The differentiation of an ecosystem is in accordarcc with the 
mode of feeding (trophic net) and social status of the individual within a group. This type of organization is 
typically classified as luerarchic. 
* ECOSYSTEMS ARE MULTIPLE FEEDBACK SYSTEMS, This means that some feedback effects exist 
between neighboring elements and some are mediated through other elements. Indirect, mediated effects 
predominate over direct effects. Dtie to the eomplexsty of interrelations and iisdircct effects, ecosystems may 
behave in ways that are not yet understood. 
* ECOSYSTEMS ARE CAPABLE OF HOMEOSTASIS. This is maintenance of a hcaltlsy steady state over a 
wide range of conditions. However, there are limits beyond which an ecosystem cannot assimilate ciange. Once 
an ecosystem is forced beyond these limits, homeostasis breaks down and major damage may occur. 
* ECOSYSTEMS HAVE CAPACI'FY TO ADAPt' AND SELF-ORGANIZE. Adaptation to changing external 
conditioiss can be very rapid, both for individual organisms, and for populations and associations. The scIl-
organization capability means that restructtiring of species composition can occur when external or internal 
conditioiss are changing. The transfer of information within the ecosystems, its control is diffuse. 
* ECOSYSTEMS ARE COHERENT. Long term simuhlaiseous development of dil'fcrent species in their mutual 
interactions and interactions with the abiotic environineist produces a coherent system, With spcctes that are 
adapted to (heir environment. 

Ecosystem theory offers a number of pointers for the proper management of reservoirs and 
their watersheds (Tab. 7.2). In particular, ecological theory helps to solve water quality iroblems 
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with natural biological controls rather than using more environmentally damaging chemical 
controls. Therefore, ecosystem theory principles are applied to reservoir water quality 
management in order to attain optimization of practical actions. 

Tab. 7.2 PrincIples of theoretical ecology as applied to management of reservoirs and their respective watersheds 

PRiNCIPLE 	 EXAMPLES OF USAGE 

BOTTOM-UP EFFECTS * Chemical determination of biological production 
* Fish yield determination by natural food production 

TOP-DOWN EFFECTS * Biomanipulation 
LIMITING FACTORS CONCEPT * Eutrophication abatement 

* tipper limIts of production 
SUB-SYSTEM LNTERACrIONS Terrestrial/aquatic interactions 

* Watershedlreservoir interactions 
POSITIVE FEEDBACK * Exponential (siginokial) reactions 
NEGATIVE FEEDBACK * Nutrient concentration depends on utilization by 

phytoplankton 
INDIRECT EFFECTS * Water temperature affected by phytoplankton development 
CONNECTIVITY * Upstream 	downstream effects 
ECOSYSTEM ADAPTABILITY * Chemical pest management inactive after organisms 

adaptation 
ECOSYSTEM SELF-ORGANIZATION * Unforeseen reactions of reservoir ecosystems 
ECOSYSTEM SPATIAL * Conservation and management of riparlan 

HETEROGENEITY forests 
* Protection of headwaters 
* Protection of shoreline 

ECOLOGICAL SUCCESSION * Reservoir aging SLid evolution 
BIOLOGICAL l)IVERSI'IY * Reforestation by a variety of native species as means to 

retain diversity 
* Wetland maintenance (high diversity areas) 
* Preservation of ecotones 

COMPETITION * Stop introductions of exotic species without proper 
knowledge and consideration of effects 

PULSE EFFECTS THEORY * Maintenance of fuicsts and wetlands in the watershed 
minimize negative pulse effects 

* Regulation of algal blooms 
THEORY OF COLONIZATION * Few pelagic or lacustrine fish species in reservoirs 

In the following section, explanations of the theoretical principles in Tab. 7.2 and ways that they 
are applied to reservoir management are provided. 

Bottom up effects. In nature we recognize the trophic chain, which leads from the physical and 
chemical environment to plants (in water, these are mainly phytoplankton), animals that eat plants 
(grazers, in water these are often filter feeders), predators that eat grazers (like most fishes) and 
finally to top Foodchain predators (like fish that eat smaller fishes) and humans who eat 
predatory fishes (see Fig. 4.18). Development of biological communities is determined from the 
bottom part of this chain. Plant (phytoplankton) growth in the reservoir is determined by nutrients 
that enter the reservoir via inflows, or air. Therefore, if the amottnt of plants reaches undesirable 
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quantities, they can be reduced by alternation of the nutrient load using methods outlined in 
Chapter 10. 

Fish con-iniunitics are controlled by the amount of available oxygen; if oxygen conccnration is 
too low, fish cannot survive. Thus, the fish yield of the reservoir can be improved by increasing 
oxygen concentration using different mixing techniques discussed in Chapter lii. 

Top down effects. Simultaneously with bottom up effects, a top-down, or effect from above, 
takes place (see Fig. 4.18). Higher niembers in the trophic chain effect those below them. These 
effects are realized in both quantitative and qualitative ways. The quantitative effect is manifested, 
e.g., by grazing of phytoplankton by zooplankton, or by the decrease of non-predatory fish by 
predators. The amount of phytoplankton is continuously decreased by zooplankton. The 
qualitative effect consists of changes of species composition (not just quantity) at lower tropic 
levels. In the first above example, zooplankton not only decrease the amount of phytoplankton, 
but also change the zooplankton species composition. Because they feed selectively on larger 
phytoplankton, these may be eliminated, and smaller species may prevail. Predatory 9sh prey 
selectively on certain species of prey. Fish species that are not eaten increase in the reservoir. 
Qualitative effects are sometimes greater than quantitative effects. Management applications of 
the top-down effect are discussed in Chapter II .3. 

Lim!ting factor concept. Plants are limited by the amount of nutrients, but need only certain 
amounts of each nutrient, thus, the nutrient that is in shortest supply as related to a plants 
requirement is the limiting factor. In management, reduction of the limiting factor alone (in 
waters this is usually phosphorus, but is sometimes nitrogen, silica, or others) can cause changes 
in plant composition. Plants are able to grow up to a certain maximum rate and reach only 
maximum biornass. A large amount of excess nutrients will not enable plants to exceed this 
maximum. For the manager, this means that a reduction of nutrients, if it is down to a level that 
is still higher than the maximum needs of plants, will not lead to plant reduction. Reductions 
must fall below the upper limit of each plants needs in order to effect a reduction in biomass 
(Chapter 9). 

Sub-system interactions. Every system consists of sub-systems. The management system of a 
reservoir might be divided into the watershed subsystem, the reservoir inflow, the reservoir, the 
reservoir outflow, and the management subsystem. Among such subsystems, strong interactions 
take place. The terrestrial system that immediately surrounds the reservoir, effects water quantity 
because water is utilized for growth of terrestrial vegetation and the amount that reaches the 
reservoir can be reduced, by tree leaves falling into water and decaying there. The strong effect 
of the watershed on the reservoir is well known, however, here we are emphasizing inter-
relations; the reservoir and the watershed affect each other. The microclimate around the 
reservoirs is different, the human population on the shoi'es usually increases. 

Negative feedback. The description under the heading "Top-down Effects" is an example of a 
negative feedback. Feedback occurs when one component of a system influences a second one, 
and the second one simultaneously effects the first one. If the effect of the second one on the first 
is negative, we call this negative feedback. Nutrient concentration (component one) supports 
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phytoplanklon and is simultaneously decreased (negatively effected) during utilization by 
phytoplankton (component two). 

Positive feedback. If the effect of component two has a positive effect on component one, we 
call this positive feedback. For example, reservoir construction has a positive effect on regional 
development in some countries. 

Indirect effects. Increased water temperature encoul -ages phytoplankton development. However, 
recent studies show that dense phytoplankton populations indirectly cause increased water 
temperature, due to more intensive adsorption of solar radiation. The amount of detritus that 
originates from a large phytoplankton bloom produces large scale indirect effects in the reservoir. 

Connectivity. There is a connection between elements of systems. The watershed is connected 
with the reservoir and the reservoir is connected with the outflow river. The river above the 
reservoir could change because the reservoir is constructed - e.g., some fishes that reproduce in 
the reservoir can migrate upstream and change the invertebrate fauna of the reservoir inflow. 
Evidently, the reservoir markedly affects its outflow. 

Ecosystem adaptability. Chemical pest management becomes inactive after organisms become 
adapted to the chemicals that are used to combat them. 

Ecosystem self-organization. The structure (internal physical structure, stratification, biological 
assemblages, chemical compounds present and interactions) of a reservoir is not constant but is 
changing in response to various pressures in the environment. Management must respect this 
ability. For instance, selective intake of water from a given stratum reorganizes stratification. A 
management strategy that is directed toward selectively destroying certain species will result in 
domination by other organisms. The reservoir ecosystem often reacts in an unforeseen way. 

Ecosystem spatial heterogeneity. Ecosystem theory teaches about the values of heterogeneity. 
In terms of water quality, vegetated natural shorelines are more valuable than paved shores. They 
possess higher biological buffering capacities during high scouring of shores in wind-exposed 
sites. Protection of shorelines by planted vegetation combined with protective wire nets is a near-
natural ecotechnology (Chapter 11). Riparian forests serve to protect inflows against pollution and 
function as 'biological filters' that remove phosphorus, nitrogen and other pollutants from the 
inflows, retain suspended materials, and decrease sedimentation. 

Ecological succession. Ecology has shown that ecosystems evolve, and, during that evolution, 
a succession of vegetation and animals occurs and changes the appearance and function of the 
ecosystem. Lakes evolve naturally during very long time intervals that can last hundreds of 
thousands of years. A reservoir evolves at a much faster rate, and major changes take place 
during the first few years. This process called reservoir aging (or trophic upsurge) is described 
in greater detail in Chapter 4.7. The years that follow this period of poor water quality are 
followed by slow evolution cliaractermzed by continuing filling of the reservoir by sediments and 
other effects. 
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Biological diversity. Biological diversity within the reservoir is important in maintaining the self-
purification function of the reservoir, and for support of fishery resources. In the watershed, the 
importance of biodiversily is much broader, and includes the function of retention of pollutants 
in vegetated areas. Reforestation with native species as means of retaining watershed diversity 
has very positive effects, both in terms of water quantity and quality. Wetland areas near the 
reservoir and within the watershed form significant buffer zones in the landlwater ecotone and 
behave as a native aquatic species reserve. \Vettands can serve as epicenters for re-colonization 
of reservoir biota after large floods, toxic spills and other catastrophic events. 

Competition among organisms. Complex relationships exist in nature and these have extensive 
consequences for the whole system. Introductions are successful only if they are analyzed in 
terms of competition between organisms, adaptability and ecosystem self-organization capabilities. 
For instance, introductions of the fish species Scfrpion squamosisshnus (corvina) into reservoirs 
in the Southern Brazil was very successful because this species inhabits the pelagic region, in 
difference to local species. Fantastic growth of this species in recent years resulted in fisheries 
revival in Barra Bonita Reservoir, where it was introduced. 

Pulse effects theory. This theory asserts that destructive reactions to high pulses sometimes occur 
in ecosystems. Maintenance of forests and wetlands in the watershed serve to delay or suppress 
negative pulse effects. Pulses are sometimes positive, such as those used during the management 
technique of intermittent mixing (Chapter II). 

Theory of colonization. Colonization of lakes originated from rivers, which are much more 
ancient ecosystems. Therefore, very few truly pelagic (lacustrine) fish species exist in reservoirs. 
The introduction of pelagic species produced profit in many large reservoirs. Investigations of 
local waterbodies prior to reservoir construction with the hope of determining the eventual 
plankton composition of the reservoir is futile, because algae and invertebrates are transported 
long distances by birds. Conditions that develop within the reservoir are decisive. 

7.2 PRINCIPLES OF ECOTECI-INOLOGICAL MANAGEMENT 

General ecotechnological rules were derived by Strakraba (1993) and Tundisi & Strakraba 
(1995) from theoretical principles of ecosystems, which were recognized earlier by Jørgensen et 
al. (1992). These general rules are translated below into more detailed operational prir.ciples for 
management of reservoir water quality. 

Because the positive consequences of managing the reservoir by treating it as an ecosystem were 
discussed in the preceeding section, we will now concentrate on negative consequences that result 
when these principles are not respected. 

Manage the reservoir as a component of the watershed system. Any change in the watershed 
may have considerable effects on the reservoirs. Negative effects commonly result from certain 
agricultural practices. The effects of watershed activities on the reservoir are related to both water 
quality and quantity. Decreased flow due to mass irrigation has changed a very large lake, the 
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Aral Sea in the former USSR, to a dust bowl with fishery trawlers rusting in the sand. l-Iealth 
problems of populations in villages and towns around the lake are far greater than those of the 
average Russian. Integrated river basin management provides further background on this topic 
(Chapter 2). 

Manage reservoir ecosystems as interconnected sets of subsystems. Human society is a very 
important subsystem and insufficient collaboration with local population during formation of 
management decisions highly reduces the probability of their successful realization. Any 
management option directed at one component of the ecosystem, e.g., phytoplankton, has to take 
the other components into consideration. Mass destruction of algae can lead to fish kills resulting 
from a corresponding drop in oxygen levels. Consequently zooplankton, which controls 
phytoplanklon growth, may change composition in subsequent periods, with a positive effect on 
phytoplankton development (Chapter 11), 

Considerable feedback between the reservoir and the watershed is apparent during reservoir 
construction. Complete social changes take place within the whole territory. 

Evaluate global environmental effects of management options. The use of brute-force 
technology, e.g., heavy machinery and tons of chemicals for environmental management, have 
negative consequences for the global environment. The environmental cost of energy prodiction 
needed to run this machinery and the necessary construction of access roads is high. More 
important in terms of environmental deterioration are the costs of mining for metals and 
chemicals, treating these raw materials and finally, construction of the machinery. This usually 
occurs at different areas of the world and is, therefore, not obvious to the local user. However, 
local improvements are meaningless if they resulL in global degradation. 

Evaluate long-term effects of options. Using only curative (end of pipe) water quality 
management practices increases treatment costs enormously. Management options that have 
positive short-term effects often lead to long-term negative effects. A typical exaniple of this is 
the use of copper compounds to decrease algal blooms. This method acts almost instantaneously 
to reduce algal crops, however, if repeated several limes, accumulation of copper in the sediments 
and subsequent release to the water column degrades water usage for man and arimals and the 
reservoir is no longer suitable for a drinking water supply. 

Emphasize management based on prevention of pollution. The economic success of the 'clean 
production" demonstrates that preventing pollution saves not only costs for water treatment, but 
increases factory profit simultaneously. 

Save good water quality. As mentioned above the cost of treating polluted waters is often far 
greater than the cost of treating clean sources. This difference affects the public sector, which is 
usually responsible for water distribution. Thus, conservation and protection of headwaters is 
more cost-effective in the long run. 

Evaluate a broad spectrum of management options. Very often local tradition dictates that 
only a I muted number of potential management options are considered for a particular problem. 
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Neglect of other classical and innovative options leads to improper use of techniques, much 
higher costs than necessary and potential harm to the global environment (Chapters 10 and 11). 

Respect development sustainability. One question that should be asked regarding the water 
quality management of a reservoir is how long the present mode and degree of use can be 
guaranteed? The likelihood that a reservoir will fill with sediment in a short time is an obvious 
problem, and illustrates the need to consider sediment load prevention measures. An example of 
a less obvious potential issue is the ever-increasing demand for water; we must think not only 
about the immediate satisfaction of society demands, but must take measures to ensure water 
availability in the future (Chapter 2). 

Consider reservoir sensitivity to inputs. Reservoir construction must account for input of solai -
radiation, which represents the force of evaporation, as well as Inputs of water. This basic 
principle was neglected during construction of Aswan Reservoir at the exact geographical latitude 
of maximal negative water budget, and evaporation that greatly exceeded precipitation led to 
disasters in downstream agriculture and fisheries as far as the shores of the Mediterranean. If all 
major point sources of Pollution are not treated, safe use of drinking waler cannot be guaranteed. 
The same is true if the input of sediments, dissolved nutrient salts and toxic chemicals of any 
from non-point sources is not minimized. Corresponding management methods that include the 
use of pre-impoundinents are provided in Chapter 10. 

Eniphasize management options based on mutual interactions between biotic components 
and their interrelations with abiotic ones. Ecoteclinotogy strives to make use of those options 
that best use nature's capabilities. Procedures such as wetland recovery, hiomanipulalion or 
epilimnetic mixing are not only very inexpensive, but also do not entail additional enviionniental 
deterioration associated with the use of large amounts of energy and chemicals, transportation of 
goods and machinery, and support materials. however, a high level of knowledge is necessary 
for successful use of ecotechnology. 

Coiisider reservoir ecosystem dynamics. The importance of reservoir dynamics in the ecosystem 
was previously discussed. if respect to these dynamics is lacking, changes intended to improve 
water quality may erroneously lead to deterioration. Management costs increase, if they are not 
based on prediction of water quality dynamics which enables early actions that can prevent water 
quality difficulties. 

Confront conflicting uses. Dynamic interactions exist in both the nattiral domain and the social 
sphere. One use of water can preclude or restricts oilier uses. This fact must be taken into account 
during the planning stage and sound and environmentally safe compromises must be forged 
between different incentives. Economic evaluation of management options with respect to 
different uses is necessary. 

Retain natural structures such as shores, forests, wetlands, individuals and groups of trees, 
and landscape heterogeneities. Steps must he taken to protect and improve spatial heterogeneity 
by ensuring the existence of riparian forests, wetlands and natural vegetation mosaic. Loss of 
river meanders, wetlands and riparian forests lead to deterioration of water quality in inflow rivers 
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and, consequently, in the reservoir. A recent estimate of Chinese lakes in one region showed that 
their number had decreased from 1066 in 1950 to just 326 recently, resulting in a 600 km 2  
decrease of lake area. Data on reservoirs in China show that if practices do not change, they will 
be eliminated due to sedimentation. In Sweden, rivers that were channelized and paved are 
presently being returned to natural shapes and with vegetation and wetlands at high costs, because 
negative effects were found to exceed the costs of previous management practices. Costs 
associated with flooding are ever increasing (see Fig. 6.4), due to continuing landscape 
mismanagement. 

Retain biodiversity. The destruction, lack of protection and insufficient recovery of natural 
wetlands does more than impoverish local flora and fauna. Nitrogen problens rise as the 
denitrification function of wetlands is lost. Of particular importance, destructic•n of wetlands 
results in decreased water retention and water quality deterioration in the territory. 

Colonization of introduced species is a dangerous endeavor, because the intricate relationships 
of native fauna and flora are not known a priori. When organisms are introduced into new 
environments, they may behave quite differently than they did in their iutive habitats. 
Introduction of foreign species that possess positive qualities in their native regions often result 
in disasters in other regions because the competition with local organisms in the new environment 
is completely different. Thus, introductions of exotic species without thorough knowledge should 
be stopped. The neglecting of cultivation of local species due to the facility to deal with 
introduced species whose biology and cultivation is sufficiently known has negative consequences. 
A good example of this tendency is evident in South America. Instead of cultivating local, useful 
species, Tilapia spp. were favored because of their case of cultivation. This resulted in a setback 
in research on local species, their biology, reproduction, etc. Only now are these studies 
undertaken with the aim of cultivation of local, native fish. 

Along with introduced tish species, a host of aquatic plants and animals are also :ntroduced and 
these can harm the environment and, in some cases, human health. For example, along with the 
introduction of Tilapia spp. to Brazil, a number of non-native invertebrates were also introduced. 
The introduction of a South American species, Ciclilci ace/loris (tucunaré in local terminology), 
from Northern Brazit into southern reservoirs was unsuccessful. This predator species caused 
complete disruption of the natural food chain. Introduction of the same species to Lake Gatun in 
Panama also had harmful consequences in the food chain. 

Determine assimilation capacity for various pollutants and do not exceed it. Ecosystems, 
including waterbodies, are capable of assimilating specific amounts of various pollutants. After 
exceeding this capacity, considerable increases in respective concentrations occur and can cause 
eventual breakdown of the ecosystems structure. Moreover, the capacity for varioLls pollutants is 
enormously different, and also depends upon the physical nature and chcmistry of the 
environment, as well as the ecosystem composition. Figure 7.1 shows that no significant 
degradation of water quality is evident in waler bodies until a certain threshold is reached, but 
then rapid rise in certain undesirable water quality parameters occurs. 
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Fig. 7.1 Time changes of several water quality variables in a water body. Note the slow changes at the beginning 
of observations and rapid exponential inclease afteiwai -ds. Lake Sempacliersee, Switzerland. Modified fram Gticliter 
etal. (1983). 

Tyson (1995), an upper-level watershed manager, recognized the following management rules: 
* develop methodologies of integrated river basin management which include land-usc 
management and water planning; 
• improve the volume and accuracy of national and global assessments of waler resol:rces; 
• develop, promulgate and implement new, innovative approaches to water supply and sewage 
treatment; 
• develop, proniulgate and implement waste minimization and recovery techniques; 
• develop low-lech, low-cost treatment options; 
• increase the application of use-related waste receiving standards; 
• develop and apply economic evaluation tools to both environmental costs and benefits; and 
• inform, educate, and train both professionals and the public. 
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ChAPTER 8 

RESERVOIR WATER QUALITY AND HOW IT IS DETERMINED 

8.1 APPLICATION OF RESERVOIR LIMNOLOGY AND ECOTECHNOLOGY TO 
WATER QUALiTY MANAGEMENT 

Knowledge of basic linmological features that are found in reservoirs and functioning 
mechanisms within the ecosystem is an important management tool, especially for use in 
formulating ecotecbiiological actions. Management of reservoirs that supply drinking water 
require detailed information because stringent water quality standai-ds must be net. A list of 
norms according to WHO is given in Tab. 8.1. 

Tab. LI List of variables relevant for assessnient of drinking water supply. 

Color (TCU) Ammonia 
Odor Nittate/ititrite 
Suspended solids Phosphorus/phosphate 
Total dissolved solids (TDS) Total organic carbon 
Turbidity (NTU) BOD 
Conductivity Sodium 
phi Magnesiuns 
l)issolved oxygen (DO) Chloride 
Hardness (as CaCO) Sulphate 
Chlorophyll-a (Ct-IA) Fluoride 
Total cohifoims Pailiogens 

Cyanide 
Heavy metals 
Alunsinom 
Arsenic & selenium 

Oil and hydrocarbons 
Organic solvents 
Phenols 
Pesticides 
S iii fac (ants 

Fecal coliforms 

For every reservoir, we need an understanding of the hypsographic curves that relate water 
volumes and surface areas to water levels. We also need to know (he outlet elevations and their 
size. Usually, information about the watershed is collected during pre-investigations. 

The following basic groups of lirnuological reservoir characteristics must be considered: 
Flow rates of major inliows. We consider major inflows those that collectively represent 

90% or more of the total inflow. Flow rates are important in estimating the load of particular 
substances In the reservoir and in predicting the flow patterns through the reservoir. Higher flows 
may disproportionately increase the load due to flushing of substances from soil and increased 
erosion (Chapter 10). During high flows, the riverine zone of the reservoir relocates and short-cut 
currents can be produced (Chapter 4). Outflow rates and the location of inflows at any particular 
time must be known. 

Water level fluctuations in the reservoir. When water levels rise, (lse water from the main 
reservoir body enters the bays, whereas during decreasing levels, material in the slsores and bays 
is removed. Water level fluctuations enhance sediment-water interactions and increase the amount 
of suspended solids and dissolved nutrient concentrations. 

Retention time. The theoretical retention time of water in the reservoir, R, determines a 
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number of reservoir features including the following: loading decreases with increasing R; 
reservoir stratification increases with increasing R, retention of nutrients increases with increasing 
R, phytoplankton is flushed from the reservoir when R is low and amounts of sediments and 
bottom fauna are higher at lower R. Reservoirs that have retention times below about 300 days 
have less developed stratification, obtain higher nutrient loads and retain much less phosphorLis 
(Chapter 4). Reservoirs with long retention times have a greater tendency to become eutrophic 
and the fi-equency of cyanobacteria blooms is higher. Hypolimnetic anoxia occurs at tower levels 
of pollution in reservoirs that have long retention times and eutrophication occurs more often than 
in ihroughflowing reservoirs. 

Outlet location. Stratification in the reservoir and consequent changes in chemistry and 
biology, the quality of outflow, sedimentation within the reservoir, and the potential retention of 
different pollutants by the reservoir are all affected by the placement of outlet structures. 

Vertical and horiiontal circulation. If the vertical stratification results in a hypoliinnetic 
anoxic zone, one or more of the following harmful effects may result: increased release of 
nutrients from the sediments can result in eutrophication; increased concentrations of manganese 
and iron as well as unpleasant tastes and smells that can decrease drinldng water quality and 
increase treatment costs; fisheries and fish growth in the reservoir can be degraded by elimination 
of valued species; abolition of gases can produce unpleasant smells; and; increased corrosion can 
decrease the life span of turbines and degrade concrete. Also, depending on the spill water 
discharge system, the downstream river may be seriously affected and mass fish mortality may 
result. The turbulence of a reservoir affects photosynthesis of phytoplankton in several ways, and 
can either enhance or depress pliotosymitlietic efficiency. Florizontal circulation also affects the 
horizontal distribution of organisms, producing in some cases aggregation of phybplankton 
(cyanobacteria) or floating macrophytes. Vertical circulation may affect also the light transmission 
and correspond i ngly the phytoplankton, periphytic and macrophyte productivity. 

0 Chemical composition of the water. Reservoir water quality responds to the 
hydrochcmistry of the region, reservoir retention time, and input resulting from human activities 
in the watershed. The chemical composition of the water affects aquatic life within the reservoir. 
Nutrient inputs can increase the hiomass of some phytoplankton species and simultaneously 
decrease diversity. high salinity and low p1-I interfere with the overall integrity of the food chain. 
Therefore, management of the chemical composition of the water is an important consideration. 

g) Biological characteristics of the reservoir. The flora and fauna of a reservoir are 
combining the result of recruitment from the watershed and life conditions within the reservoir. 
Colonization of the reservoir by organisms from remote localities including other watersheds is 
possible by several mechanisms such as transportation by birds, wind, ram, and invertebrates may 
be transported by large vertebrates. 

Management of aquatic hiota is of fundamental importance in reservoir management. Interactions 
and successions of organisms must be taken into account. Management of different reservoir 
zones introduces several possibilities that enable control of plankton growth, niacrophytes and 
fish, and development of alternative aquaculture. Bionianiptilation of reservoirs is a powerful 
management tool. Table 8.2 relates the use of lininological characteristics found in reservoirs to 
ecotechnological management options. 
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Tab. 8.2 The relationship of litnoologicat characteristics to management options. 

LIMNOLOGICAL CHARACTERISTICS MANAGEMENT ACTIONS 

Vertical and horizontal water circulation 	Produce vertical water movements to reduce euphotic 
zone. Induce more intensive horizontal circulation to 
avoid aggregation of organisms and suspended 
material, 

Retention time 	 Regulate retention time to meet required waler quality 
needs upstreamldownstream and achieve multiple 
uses 

Chemical composition of water 	Regulate and control reservoir inputs. Regulate 
retention time. Preserve gallery threats and wetlands. 

Biological characteristics 	 Regulate the reservoir biomass. Introduce 
biomanipulation techniques to control growth of 
important organisms. 

8.2 VARIABLES OF WATER QUALITY AND THEIR INTERRELATIONS 

The variables for basic assessment of reservoir water quality can be divided into the fof lowing 
categories: 

flow rate at the time of sampling and information on the regulation of oufflow and offtake 
by watcrworks; 

water quality variables indicative of stratification which include temperature, dissolved 
oxygen, p!-I, sulfides, hydrogen sulfide, iron and manganese; 

water quality variables that indicate eutrophication, which include phosphorus, nitrogen, 
transparency, chiorophyl la (Cl IA), primary production, and composition of phytoplankton, 
zooplankton, and fish stock; 

variables that characterize the organic matter content (COD, BOD, color), 
microbtological variables, and 

(1) mineral budget (condttctivity, alkalinity, sulfates, chlorides). 

Ilydromcteorological measurements can also be valuable in evaluating water quality. In the 
following discussion, more detail is provided regarding the importance of the variables belonging 
to the above groups. 

Measurement of temperattu res at different depths provides an indication of mixing, stratification 
and flow patterns within the reservoir. In Chapter 48 basic stratification types were discussed. 

Transparency is primarily determined by the combined effects of water color (due to dissolved 
substances), mineral turbidity, and the presence of algae. Pronounced seasona' variation is 
characteristic of phytoplankton. In temperate regions, turbidity due to flooding usually disappears 
shortly a1er the event, whereas in semiarid and arid regions, the fine structure of suspended 
solids prevents rapid sedimentation and consequently affects nutrient availability to phytoptankton, 
decreases light peneiration and phytoplankton photosynthesis, interferes with zooplankton 
filtration and affects prey visibility. 
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Nutrients. Only nitrogen and phosphorus are considered, because they are the major factors that 
limit primary production of phytoplanklon in reservoirs, however, silica is also important for the 
development of diatoms. In industrial countries, the likelihood of microelements limitation is low 
because microelcment levels are ofien increased by human activity. A conspicuous decrease of 
nitrogen and/or phosphorus concentration in the upper layers of reservoirs during the 
phytoplankton growth indicates intensive utilization, and may eventually limit phytoplankton 
biomass. Very low concentrations, often only a few result during balanced consumption 
and supply, and are regulated by the processes taking place in the reservoir, which include 
excretion of ammonia and phosphates by zooplankton and fish, transport of nutrients from the 
hypot minion, and many others. 

Ammonia enters streams from sewage treatment plants, largescale breeding farms an'i industry 
such as gasworks, food industry and viscose rayon manu fact u rers. Ammonia is effectively 
retained in soil and water. It is preferred to other nitrogen compounds by phytoplankton. 
Concentration of ammonia in the surface layer of reservoirs is highest in late winter and early 
spring and may reach up to 500 ig.1 1  NH4 . An average annual concentration that exceeds 150 
jsg.l in the surface layer indicates a high supply from the watershed or, more often, 
decomposition of nitrogenous organic compounds (autochihonous as well as allochthonous) and 
the release of ammonia in the reservoir. Anm]onia concentrations higher than 250 Lg.l' are 
chronically toxic to fish and invertebrates at a pl I -=~t9. 

Nitrates are extremely detrimental to human health. Toxic nitrites result from nitrate reduction. 
In the presence of organic nitrogenous compounds, nitrites can become pi -ecursors of carcinogenic 
nitrosamines. Nitrates are produced in soil by niti'ification of ammonia and, mediately, organic 
nitrogen as well. Nitrates easily leach from soils, especially during heavy rains and thaws when 
soil cohesion has been impaired. Nitrates fiom precipitation are retained in forested watersheds. 
If forests are dying or dead because of the impact of emissions or acid rain, nitrates are released 
rather than retained. Nitrates also are released from ibrcsts for several years after timber cutting. 

Nitrites are especially toxic to organisms with haemoglobin. Nitrites can arise from nitrate 
reduction in anoxic environments, e.g., groundwater, reservoir hypolimnia, human intetmes with 
unstabilized bacterial flora (e.g., in intestines of babies), or as an intermediate product of 
nitrilication. 

Phosphorus is the element that most frequently limits primary production. In unlimited 
populations of phytoplankton, the N:P weight ratio in biomass is approximately (10)16(20):1. 
Phosphorus fertilization applied to barren soil or snow is easily flushed into waterbodies, but 
vegetated soil efficiently retains phosphorus, as long as the soil particles themselves are not 
washed away. It follows that soil erosion increases P input into waters. Total phosphorus 
concentrations in forested drainage and properly cultivated fields usually do not exceed an annual 
average of 50 P. Phosphates in detergents that reach sewerage systems and large-scale 
breeding farms are the main sources of P in water. Phosphorus concentrations are usually much 
lower in the downstream ends of reservoirs due to uptake by algae and sedimentation, which is 
greater in the upstream end. During the growing season, phosphorus can decrease to a few ig.l', 
especially in the surface layer. This value represents a balance between the consumption of 
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phosphorus, particularly by phytoplaukton, and supply from various sources. Reservoirs can retain 
phosphorus efficiently, depending on their retention time. Accumulated phosphorus in reservoir 
sediments can be released during hypolininetic anoxia. 

The contents of organic compounds in reservoirs is evaluated by measuring the chemical 
consumption of oxygen, using either the permanganatc (COD M ) or dichrornate (CODe ,) method. 
Only a small proportion of measured organic compounds is easily biologically decomposed in 
surface water. A measurc of the amount of biochemical consumption of oxygen in 5 days at 20°C 
(BOD5 ) is used to estimate decomposable organic compounds. The proportion of essilydegraded 
compounds (BOD 5 ) in COD. 1  usually ranges between 0. 10 - 0. 15. Values lower than 0.10 are 
found in waters with a high amount of slowly decomposing organic substances of either natural 
origin or from human activities. Values over 0. 15 indicate the presence of large amounts of algae 
or recent pollution. When algae are abundant, the BOD, value is not only indicative of the 
amount of dissolved organic compounds, but is also affected by respiration and lecomposition 
of algae. 
Water color depends in part on organic compounds. Unpolluted surface water is mainly colored 
by huniins and ferrocompounds. Water color in reservoirs is darker in peat bog regions, and is 
increased by pollution from paper mills. Color usually does not change significantly in the course 
of a year, except during flood events. 

Absence of oxygen (anoxia) near the bottom is one of the most serious phenomena that affects 
reservoir water quality. Under anoxic conditions, some substances, including phosphorus, iron, 
and manganese are rapidly released from bottom sediments. Sulfidcs (hydrogen sulfide) can also 
develop. When the oxygen content of bottom waters decreases to zero, iron and manganese occur 
in higher concentrations than under oxic conditions. Oxygen concentration is of critical 
importance to aquatic organisms; fish and other organisms die at very low concentrations. The 
oxygen content at the reservoir bottom also affects the composition of benthos. Metalinnietjc 
oxygen minima can result in degradation of water quality in middle water layers. Such layers 
must be avoided when water is diverted to the waterworks. The occurrence of anaerobic zones 
in the inflow portion of a reservoir usually indicates an oversupply of biologically decomposable 
organic compounds from the watershed. 

In anaerobic waters, iron and manganese are released from complexes that do not otherwise 
easily dissolve. Concentrations can sometimes increase to 200 mgI' Fe and 100 mg.l' Mn. These 
are the approximate limits of normal concentrations. Any further increase can cause difficulties 
in water treatment processes. 

Hydrogen sulfide is easily recognized by its smell. This indication of presence is more sensitive 
than analytical methods. Hydrogen sulfide is usually in balance with other sulfides that are 
regulated by p1-I and concentrations of individual cations. The presence of sulides indicates 
anoxic water conditions and signals water treatment difficulties due to the coi -responding presence 
of iron and manganese. 

All standard bacteriological variables are indicative of allochthonous pollution (from tributaries 
and banks). They can also be used to trace the location of inflow water mass within the reservoir, 
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however are of little value in assessing autochthonous bacterial flora resulting from production 
processes in the reservoir. The following groups are recognized: psychrophilic bacteria, 
mesophilic bacteria, coliform bacteria, and fecal streptococci. 

Higher psychrophilic bacteria counts are not necessarily of fecal origin. Decomposing organic 
matter can make water treatment difficult because undesirable odors are produced. High 
psychrophilic bacteria counts are found in polluted inflow streams and during high flow rates. 
These levels are slowly decreased in reservoirs as a result of sedimentation and elimination by 
zoop lankton. 

MesophiLic bacteria counts in surface waters are usually by 1-2 orders of magnitude lower than 
psychrophilic bacterial counts. Mesopliilic bacteria originate exclusively from allochthonous 
sources, and their numbers in reservoirs also diminish as a result of sedimentation and elimination 
by zooplankton. 

Coliform bacteria originate exclusively from fecal origins (from humans and other 
warm-blooded animals), and enter reservoirs from allochthonous sources. Their numbers decrease 
in reservoirs as a result of dying, sedimentation, and elimination by zooplankton. These processes 
are slower during cold seasons (sedimentation is the least affected by temperature), however, also 
depend on flow, concentration of organic compounds, content of suspended flatter (which may 
reduce the bacterial counts) and other factors. Fecal bacteria counts are always lower in the 
surface layers of reservoirs than in time inflow waters. In deep, stratified reservoirs with retention 
times that are one month or more, inflow concentrations decrease by two or more orders of 
magnitude. Concentrations near the dam are usually so low that measurements are not accurate 
and, therefore, are not useful. Alternatively, shallow unstratified reservoirs that have short 
retention times and polluted inflows are characterized by high concentrations of coliform bacteria 
in some layers near the dam, especially after sediment perturbation (swimming). h: shallow 
reservoirs, the difference of coliform concentrations between the inflow and the reservoir is 
negligible. In deep, stratified reservoirs, high concentrations of coliformn bacteria near the dam 
are very rare. 

Fecal streptococci originate exclusively from fecal origin, do not grow in external environments, 
and die more rapidly than coliform bacteria, thus, they are good indicators of very fresh pollution. 
In the inflows, they usually reach numbers that are one order of magnitude lower than colifomi 
bacteria. In the reservoirs, their counts decrease most rapidly towards the dam - they are two 
orders of magnitude lower than coliform bacteria near the dam. Their other characteristics are 
identical to those of coliform bacteria. 

Fhytoplaiikton is an autotrophic constituent of bioseston. 1)etermination of composition and 
density of phytoplankton is essential in evaluation of the trophic conditions within reservoirs. 
Measurements are expressed either as the concentration of chlorophyll-a or as biomass, which is 
determined by microscopic counting and sizing. The species composition of phytoplankton 
contains other information valuable (e.g., eva lust ion of predominant components or saprobme 
index). Phytoplankton are only able to photosynthesize in the clear euphotic layer. Dead 
phytoplankton settle to deeper dark layers during sedimentation, and also by circulation rhiring 
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homothermy. Phytoplankton contribute to the content of organic matter in raw water, and can 
impair organoleptic qualities of drinking water at high concentrations. Algal blooms sometimes 
also produce allergens. 

Zooplankton can directly affect the composition and quantity of phytoplankton in a reservoir. 
Zooplankton size and species composition are naturally determined by fish-feedi:ig pressures, a 
factor that is indicative of the long-term character of a reservoir's biology. Zooplmkton can also 
be artificially regulated. The size structure of zooplankton is an important water quality variable. 
Fish which feed on plankton can select large individuals with great precision. Size structure is 
the most important characteristic of zooplankton because of this selective pressure by predators. 
Reservoirs that differ in terms of the size and species of zooplankton also differ in phytoplankton 
development. The proportion of large water fleas in the total zooplankton bioinass is critical 
(Hrbáek et cii. 1986). This informalion can be obtained relatively easily during biomass 
determinations in a sample that has been divided into size fractions. Nets of 0.7 mm mesh are 
sLmilable for separating large and small zooplankton. 

Species composition of beiitlios can indicate the presence of long-term oxygen availability at the 
bottom of a reservoir. Samples are best taken from the deepest portion of the reservoir during the 
warmest season. Benthos can be used to assess the saprobic situation in reservoirs. 

The presence of fish that feed on zooplank(on and predatory fish is significant, both in evaluation 
of the water quality of supply reservoirs and in formulating biomanipulation tools Chapter 11.3). 
Temperate fish species that have significant undesirable effects on zooplankton populations 
include roach, bream, silver bream, bleak, rudd, whitefish, perch (body length up to about 17 cm) 
and pop. In the tropics, fish species are much more geographically differentiated than in 
temperate regions (Chapter 5). 

8.3 RELATIONSIIIVS BETWEEN WATER QUALITY AND QUANTITY 

In the present, quantitative aspects predominate over engineering praxis regarding reservoir 
management. Reservoirs have been predominantly built with respect to water q.mantity and the 
guarantee of sufficient water quantity is still the basic requirement of reservoir operation. 
However, water quality aspects are of increasing concern, because a growing number of reservoirs 
are used for water supply purposes, water quality is of legislative concern. Because water quality 
is closely correlated with water quantity, new approaches are needed to meet water quantity and 
water quality demands that are sometimes mutually exclusive or conflicting. 

Several kinds of the interrelations exist between water quantity and water quality. These are 
treated separately below. 

a) Within the watershed. Clean water for use by humankind is taken from rivers and 
groundwater and polluted portions are returned to these sources. Evapotranspiration, which is 
connected with crop cultivation and natural vegetative cover not only decrease the quantity of 
flow, but also concentrate the chemical composition of flowing waters. Intensive irrigation (e.g., 
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Australia) produces high levels of salinization in whole regions, particularly in groundwater. The 
concentration of chemical species changes with flow, and this relationship is dependent upon 
pollution sources, which include diffuse sources, point sources, farm fields, runoff of heavy rains 
following drought periods, etc. Wetlands have positive effects on the water retention capacity of 
a region and are also capable of considerable waler quality improvements because they retain 
large amounts of many kinds of pollutants. An increase of the water retention capacity created 
by construction of trenches and pre-reservoirs can enormously increase retention of phosphorus, 
which is a critical nutrient in development of massive algal populations (eutrophication). 

Because of the strong relationship between flow and chemical concentration, short temi floods 
can contribute most of the annual pollution load to reservoirs. Three basic types of pollution 
concentration - flow relationships are provided in Fig. 8.1. In cases where one source clearly 
dominates, different relationships exist. In most rivers, no clear-cut relationships such as those 
shown in the figure exist, due to the mixed character of pollution sources in the watershed. 
During a given season, concentration - flow relationships change in an hysteresis fashion 
dependent on increasing or decreasing flows (Fig. 8.2). Similar changes can also be observed 
during floods; concentrations are higher when water rises than they are in decreasing phases. 

TYPE I 	 TYPE TI 	 TYPE III 
FOR HEAVILY POLLUTED RIVERS 	FOR CLEAN RIVERS 	FOR INTERMEDIATELY 

POLLUTED RIVERS 

y 	b 

+ b y ox i  b 
I 	a 
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\ 	\ 	'be.°5 

0 	 0 
Fig. 8.1 Three types of dependencies between the concentration of chemical water quality variables and flow rates 
in rivers, in dependence on the type of pollution sources and their intensity. Type I is characteristic for rivers with 
a strong point source, while type II for rivers with diffuse sources, where the increase of concentration with the 
intensity of the sources might be steeper than given in the figure. Redrawn from Jolánkai (1983). 

Within the reservoir. Changes of inflow quantity and associated changes of quality have 
direct consequences on reservoir water quality. Inflow quantity also affects mixing among 
different layers of the reservoir waterbody, and, thus, may have both positive and negative effects 
on quality of these layers. Water quality changes in a reservoir are closely connected with 
retention time. Water level fluctuations create water quality changes due to increased washout 
from the shores and degradation of higher vegetation in these areas and a loss of associated 
protective functions. 

At the reservoir outflow (to the river) and outlet (to the plant). Changes in water quality 
in different depths of the reservoir depend on the depth at which water is released and the amount 
of water released. Outflow water quality can he modified by changing the layer floin which water 
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Fig. 8.2 Hysteresis effects of the concentrations of ctiemicil water quality variables, exemplified by total hardness. 
The numbers in the graph indicate months of obseivation. 

wtltdrawn, however, removal of water has a feedback effect on the layer from which it was 
taken. Users downstream of the reservoir must be supplied with a minimum amount of water, and 
also water that meets specific quality standards. There are many possible conflicts between water 
quantity and water quality demands. Flushing of the reservoir to improve water quality may be 
limited by quantitative needs. Maintaining minimum downstream flows of specific water quality 
standards is legally guaranteed in many countries. 

Selection of the outflow level allows the manager several means to improve reservoir water 
quality. 
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CHAPTER 9 

SAMPLING, MONITORING AND WATER QUALITY EVALUATION 

9.1 WATER QUALITY DETERMINATION AS A SYSTEM 

Any water quality investigation, whether focused on reservoirs or other waterbodies, must 
begin with a defined goat and proposed optimal methodology for meeting this goal. Past 
experience has denionstralcd that it is easy to accumulate water quality data, but without 
analysis, interpretation of results and application of information, the effort is meaningless. 
Monitoring lends to be 'data rich but information poor" (Ward et al. 1986). 

One approach is to treat the investigation as a system with subsystems that represent the 
stages in analysis of the problem. The subject locality, methods of data collection, and 
methods of data evaluation all must he considered in relation to the defined goals of the 
investigation. Figure 9.1 outlines this systems approach. 
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Fig. 9.1 Waler quahty invcstigatori as a system, leading to the selection of appropriate management sllalegtes. 

The following stages are recognized: 
(I) Definition of goals preferably formulated as a list ofquestions and types of desired results. 
(2) Plans for data collection such as a sampling schedule (time, place and frequency of 
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sampling), and sample handling (transportation, preservation, variables to be measured and 
analysis methods). 

Data analysis - types of statistical data distribution, and character of the relationships 
between variables and the nature of the final outcomes (e.g., which method of analysis or 
mathematical models will he used) determines the procedures to be used. 

Interpretation of results, presentation of conclusions, and recommendations. 

The following comments must be followed carefully: 
Although the schedule of the investigation above has been outlined in stages, each stage 

forms part of a whole and is not a separate entity. 
It is preferable that all stages are decided as much as possible, beforehand, because the 

lack of measurements of a variable that is necessary for interpretation of the inve;tigation may 
greatly hinder the success of the objectives. 

The data selected for collection must depend on the objectives of the investigation. 
Definition of the objectives depends upon the level of prior knowledge of the subject and 

the locality, as well as the abilities of the investigators (level of education, experience, and 
knowledge of local problems). Collection of prior inftrmation related to the subject is therefore, 
imperative in the early stages of investigation. Education of staff (e.g., learning skills in new 
methods) may often be necessary. 

Special attention should be focused on feedback effects between steps in the above 
procedure. Any sampling schedule depends on the type of statistical and spatial data distribution 
and on the relationships between variables. The data analysis methods depend on the expected 
evaluation and goals. 

(I) For measurements of each variable, three characteristics that can be summarized as 
'precision have to be taken into account. These are: levels of sensitivity (the lowest difference 
the procedure is able to detect), the lower limit of detectability (some methods do not give 
reliable estimates for the low values encountered in reservoirs, although they are very accurate 
for higher concentrations) and the level of accuracy (e.g., modern electronic instruments are very 
sensitive, but very inaccurate if not carefully calibrated). 

(g) When selecting among methods with different degrees of precision, the information content 
of results desired must be considered. Deterrnniing the concentration of specific variables in one 
location with a time-consuming, expensive method that is very highly sensitive and accurate, may 
be wasted effort if the value changes considerably from spot to spot or changes rapidly during 
transport of the sample to the laboratory. 

(11) In this case, it is often more profitable to sample at multiple locations or measure multiple 
variables. If the evaluation will examine relationships between variables, e.g., chlorophyll and 
phosphorus, it is preferable that both variables are measured from the same samples and with the 
same accuracy. For instance, precise determination of reactive phosphorus (phosphate) is only 
possible if completed immediately (within minutes) after sample collection. This is because 
organisms in the sample utilize and release phosphorus at rates that do not correspond to natural 
conditions. Also, sensitive organisms that die in the sample change the values consilerably. Such 
immediate determioation is not possible within most schedules, Thus, an easier means of total 
phosphorus rmination, although less directly related to phytoplanktori activity, is 
advantageous. 
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It is a common error in 'data rich information poor" investigations to find uneven levels of 
precision among different determinants. II is a better use of time, money and effort to establish 
a common level of accuracy and precision during the initial stages of the investigation. 

9.2 SAMPLING BEFORE THE RESERVOIR IS CONSTRUCTED 

Prior to reservoir construction waler quality investigations are part of a larger watershed and 
reservoir site investigation. The goal of a site investigation is to determine the state of the 
environment, its potential effect on the reservoir, and the potential effect of reservoir construction 
on the site and its respective populations. In many countries, an Environmental Inipact 
Assessment (ETA) is a prerequisite for any large construction project. EIA brings together 
available information and knowledge of local conditions and ecology (Chapter 2.4). 

In terms of water quality, the goal of the investigation is to estimate the possible water quality 
of the future reservoir and suggest steps necessary to reach desired water quality standards for 
designated reservoir uses or to help make selections between reservoir construction alternatives. 
These may include alternative dam locations, dam heights, potential construction of pre-
impoundments in the watershed, installation of purification plants at major pollution sources, and 
many other water quality related alternative design features. 

The site selection for this kind of analysis has to be based on the recognition of local situation 
in the watershed including land use patterns, location of industry and communities, degree of 
purification of industry effluents, and areas of increased diffuse pollution sources. The expected 
future development in the watershed, such as anticipated construction of new factories, population 
relocations and expected centers of recreation must be considered. All inflows that collectively 
represent 90% or more of the total inflow should be followed. In a case in which a very strong 
source of pollution in a small creek is anticipated due to the location of industry, this source is 
significant and cannot be neglected because of the small size of the creek. In the case of point 
sources, sampling sites should be located both above and below the source to enable estimation 
of the pollution contribution of this source. 

9.3 OPTIMIZATION OF DISTRIBUTION AND TIMING OF SAMPLING 

It is well known from theory, that to a certain point, more results can be obtained from more 
information, however, this increase in information eventually loses value and eventually more 
confusion than clarification can be obtained after the amount of information exceeds some critical 
value. Although a priori determination of the optimum level of information for a particular task 
is difficult, we must consider this general trend and seek ways to optimize data collection. 

In general, the selected number of sampling stations on horizontal and vertical scales are, by 
necessity, a compromise between costs of time, money, manpower and objectives, including 
consideration of the reservoir size, seasonality and thermal structure. It is best to begin such an 
investigation with a detailed sampling event of a few easily-measured variables such as 
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temperature, pIT or conductivity. This will help determine the areas where the largest changes are 
located. However, changes also occur in specific locations due to alternative inflow intensities, 
water levels and seasons and these must be considered. 

Often, the differences between closely spaced sampling stations can be quite high. Therefore, the 
use of integrated, mixed samples is preferable to isolated spot samples. Water from a selected 
number of sampling locations, e.g., across the reservoir width can be combined into a large 
container, and subsamples taken after proper homogenization from this composite sample can be 
used for analysis. The use of a sampling tube or pump enables integration over depth. However, 
this kind of integration cannot be used for the determination of gaseous components like oxygen 
and pH. 

The timing of sampling should depend on the expected degree of variability with time. Regular 
sampling intervals are easier to analyze statistically, but more frequent sampling in periods of 
great changes will yield an increase in the precision of time dependent values. Less frequent 
intervals may be appropriate during periods of low biological activity, such as colder seasons in 
the temperate region. Frequent sampling during flooding will greatly increase the estimates of 
annual loads. Floods might, indeed, be responsible for a large fraction of the loads. This is 
particularly true for the inflows, where pollutant concentrations strongly depend on flow rates. 
Because the organization of sampling in accordance with rapid changes during floods might not 
be easy, time integrated sampling is recommended. This is accomplished by use of several types 
of automatic samplers. A simple sampler that does not need a power supply can continuously 
divert a small fraction of flow to a container. More complicated pump operated samplers are able 
to automatically adjust the amount of water sampled to the flow rate, so that samples are both 
time-integrated and weighted by flow intensity. 

FLOWCHART OF THE RESERVOIR 
WATER-QUALITY 

INVESTIGATION AND EVALUATION 

INVESTIGATION SCHEMES 

SY5TEMATIC 

SAMPLING SITES 

I INFLOW 	 RESERVOIR 

1 OLJTUT FLOW 

RECORDING-PROC ESSING- EVALUATION 

I 	FLOW 	MATERIAL ISTATIFIC- 
IRECORDING ISTATISTICS 	TRENDS 	EPENOENCE1 OUTSET I ATION 

CONCLUSIONS 

Fig. 9.2 Schematic representation of the orientation and systematic schense of reservoir investigation and the sequence 
leading from water quality data recording through data processing to water quality evaluation and drawing 
conclusions. 

For standard water quality control, two schemes are suggested: an orientative scheme used in 
small reservoirs in which there are no serious water quality problems, and a systematic scheme 
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used elsewhere. For investigations directed to incrcase limnological knowledge specific schedules 
corresponding to the problem to be solved must be selecled. 

In the orientative scheme, waler samples are collected at only one site, within the reservoir 
proper, during the period of maximum stratification and full mixing. In the systematic scheme, 
samples are collected at the inflows, the main body of the reservoir, and point at which water is 
diverted to waterworks or outflows (Fig. 9.2). Examination of water quality at these three sites 
is necessary for accurate management assessments. In larger reservoirs, particularly tlose with 
more complicated shapes and several major inflows that possess different characteristics, more 
sampling locations must be monitored. Sampling is clone at least in monthly intervals. 

INFLOW: The tributary sampling site(s) must be located above potential maximum flood stage 
below the closest point source of pollutants. The sample collection should encompass the entire 
cross-section of the inflow tributary, because side releases located upstream can create large 
differences between conditions at opposite shores. Water that flows directly into the reservoir 
from a major pollutant source must be sampled separately. As pointed Out above, if several 
tributaries enter the reservoir, each tributary that supplies more than I 0% of the total inflow 
should be sampled for quantity and quality measurements. 

MAIN BODY OF THE RESERVOIR: The reservoir must at least be sampled at its deepest spot, 
usually located near the dam. If intakes are not located near the dam, sites close to the location 
of these intakes must also he sampled. When the intakes are large, as is the case in hydroelectric 
reservoirs, sampling sites must be located a specific minimum distance from the intakes so that 
the region affected by the suction of the intakes is avoided. The number and distance between 
sampling depths will depend upon the reservoir depth and degree of stratification. The use of an 
automatic device (e.g., a thermistor) is recommended to estimate the degree of stratification on 
the sampling date, sampling depths can then be selected accordingly. Samples that are consistently 
collected at the same depths over the year are easier to analyze statistically, but important 
additional information can be obtained if samples are collected from depths where major changes 
occur. An indication of the depth of the epihimnion can be obtained by first determining the 
Secchi disc depth and assuming that the epilimnion depth is equal to three tinies the Secchi disc 
depth. The surface' is sampled 20 - 30 cm below the water surface, 10 avoid part:cles that 
accumulate at the surface and the microstructure of the surface water mass. The 'surface layer 
should not be sampled near the shoreline because wind-blown scum often accumulates there. The 
"bottom" is sampled 1 -2 m above the floor of the reservoir. In a stratified waterhody, individual 
vertical sampling depths should not be separated by more than 10 in. 

One depth profile is usually sufficient for small to medium depth reservoirs. However, this profile 
should at least be complemented by samples collected from the inflow zone of the reservoir. In 
large reservoirs, which possess bays that can be of a size of a small to medium sized reservoir, 
differentiation in these bays may be great enough to warrant more sampling localities. In shallow, 
non-stratified and non-throughf]owing reservoirs, horizontal difkrenees are predoniinantly wind 
driven, thus, samples should be taken along several vertical profiles. 

OUTFLOW: The quantities of water that is diverted or discharged from a csei -voir, as well as 
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the layers from which water is withdrawn, should he determined for all outflows and outlets. 
Water quality sampling at the outflow is necessary to monitor the effect of the reservoir on 
downstream use. 

9.4 MANUAL SAMPLING 

One general problem in analysis of sampling of variables that can make evaluation of the results 
misleading or difficult is the inconsistency of procedures between various laboratories. A 
suggested procedure for checking the comparability of values obtained by different laboratories 
acting within the same watershed, state or geographical region is laboratory iner-calibratioii, 
which is accomplished by sending the identical samples to different laboratories and comparing 
the results. In marine samples basic variables with fairly simple sampling and determination 
methods were found to vary considerably when samples were processed by different experienced 
teams. Similar situation is to be expected for freshwater determinations. 

• 1 

L: A 
Fig. 9.3 Instruments for manual water quality sampling A - Schindler zooplaukion sampler, B - boliom sediments 
and bentlios grab, C - Apstein type plankton lid, II) - Ruttner's water sampler, E VanDorn water sampler, F - 
Clake-Burnpus zooplankton sampler, G - winch for loweung the above instruments. 

Instruments used in manual water quality sampling are depicted in Fig. 9.3. A winch is necessary 
for such instruments, as shown in Fig. 9.3G. Measurement of temperature changes at different 
depths is easily accomplished with use of a thermistor, resistance or other electric thermometer. 
1-lowever, values obtained with such devices should he confirmed with an accurate (calibrated) 
mercury thermometer duttng each sampling event. 

Zonal sampling bottles (samplers) of any available type can be used (Fig. 9.3D,E). The 
construction of the sampler must allow water to flow freely through the open descending bottle 
to ensure that samples are collected from the requited depth. The sampler must be equipped with 
a discharge tube that is long enough to touch the bottom of the bottle that is used to determine 
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dissolved oxygen concentrahon and pIT. Reagents used in determination of dissolved oxygen are 
added to the bottle and the p1-I is measured immediately. For chemical analyses, it is advisable 
to flush the sample bottle at least twice its full volume before collecting the sample. If the water 
sample makes contact with air, or if reagents are not added immediately, analytic results can be 
biased, especially at oxygen concentrations lower than 2 mg. l. 

Because some determinations are very time consuming and expensive, and samples location and 
depth often do not produce a representative valuc, it is advisable to collect represeiltative samples. 

Samples must be protected from sunlight, overheating and undercooling during transportation and 
handling. Portable polystyrene boxes (or polystyrene - insulated boxes) or battery operated 
refrigerators are suitable for this purpose. Specific requirements for preservation of samples 
depend on the variables to be determined. For instance, samples collected for total phosphorus 
determination can be preserved by acidification. Whenever possible, samples should be preserved 
immediately after collection because considerable changes can take place during sample transport 
and storage. 

Bacteria. Direct sampling and cultivation methods are distinguished. Direct method saniples are 
preserved at the time of collection with formol. Cullivation methods require extreme sterility, and 
surface samples are best collected with the sample bottle fastened on a firm wire so that 
contamination is prevented. 

Samples for measurement ofphytoplankton (including CIlA) are either collected zonally (which 
is time consuming), or with a simple tube that can sample the entire production layer at one time. 
A 3 - 5 mm diameter plastic tube that is 4 6 m long is equipped with a simple closing 
mechanism. Several samples collected with the tubc, preferably at several locations across the 
reservoir, are combined in a container and, after mixing, subsamples are removed for different 
purposes. A pump can also be used to obtain integrated samples that encompass the production 
layer. In this case water collected from different depths is combined in a large containcr and the 
sample is withdrawn from this composite. Because most pumps have a high capacity, the outflow 
stream to the containers might need to be divided. Lugol solution is the preferred preservation 
for phytoplankton saniple. Because iodine is the main component of Lugol solution, it is fairly 
unstable and the samples will need addition of fresh solution after some time. Narmo- and 
picoplankton cannot be measured in the manner we have discussed. Quantitative determination 
of larger colonial phytoplankton species like Volvo.i can better be obtained from quantitative net 
samples such as those used for zooplankton, because densities of these organisms are much lower 
than most phytoplankton. Sampling for chlorophyll requires that samples are filtered immediately 
after collection and the filtrate is kept dry in an exhustor, in darkness and refrigerated, or at least 
in cold, during transport. 

Zooplankton can be sampled with Apstein-type nets (Fig. 9.3C). For dcterniinationi of 
zooplankton zonation, a large sampler, preferably the Schindler type (Fig. 93A) or a p.imp with 
a high sucking speed which zooplankton cannot avoid is required. The Clarke-Bumpus sampler 
(Fig. 93F) has a meter that deterniines the filtered vol time and is operated from a running boat. 
Layered samples or oblique hauls produce samples that are integrated over certain depth intervals. 
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The lowest level of the sampler can be determined by a predetermined boat speed and line length 
and by using a simple inclinometer to indicate the slope of the line. Using a triangular rule the 
desired inclination, corresponding to the desired depth, is calculated. Microzooplankton are not 
quantitatively sampled by nets because fine dense nets that can retain even the larger of these 
organisms are easily clogged and standard nets have far too large openings to retain them. 
Moreover, concentrations of rotifers and prolozoans are large enough so that large volume 
samples are not necessary. Samples that range from a few hundred milliliters up to 1-2 liters 
require specific preservatives, because many protozoan species lose integrity if standard 
preservatives are used. 

A recent method for quantitative characterization of plankton is the use of apparatuses that enable 
automatic sizing, such as a Coulter counter or cytofluorometers (for phytoplankton only). Sizing 
appears to be a good substitute for cumbersome quantitative taxonomic determinations (Sprules, 
1984). Sizing is also an important measure for water quality evaluation. 

Bottom samples are taken with a grab (Fig. 9311). The height of the grab must exceed that of 
the soft mud layer, otherwise the top layer where benthos is most concentrated can be lost. 

9.5 AUTOMATIC MONITORING 

Two methods of automatic monitoring are distinguished: (I) monitoring by lowering a probe into 
different depths, and (ii) monitoring by recording measurements in time. In some instances it is 
possible to combine the two approaches. 

Many types of recording instruments are now available for use of both methods. Data storage is 
automated by use of a special storing device (data logger) or by attaching the iiistrurnents to a 
computer. The second alternative has the advantage that very plastic data processing is allowed 
immediately. This can be in the form of statistical elaboration of data (recalculations to selected 
kind of units, averages, integral over periods, etc.) or as graphical representations. Data from 
specialized loggers have only a limited range of data elaboration functions. For frill analysis, the 
data must first be entered into a computer. The advantage of data loggers is that they are much 
more rigid, less weather sensitive and require less energy to operate. Some loggers can operate 
unattended for months while they record several variables in hourly or shorter intervals. 

Two basic kinds of data records can be obtained: analog and digital. An analog record (in the 
form of a time or depth graph) is very useful for rapid analysis of changes, while the digital 
records provide more exact individual values. Storage of digital values and s:multaneous 
presentation in the form of analogues is the optimum combination. Instantaneous records of 
variables that change rapidly is of low utility, and it is preferable to obtain values integrated over 
time periods of certain length. For instance, wind speed varies within seconds, and integral 
(=average) over some interval provide information that is more useful and easier to interpret. 

Depth profile instruments can he classified into two types: (I) those that are lowered to a certain 
depth which is recorded manually, and (ii) free falling probes. The reaction time of the first type 



must be considered. Free falling probes are capable of automatically recording the profile with 
a resolution within millimeters. 

Monitoring of certain indicators over time provides the manager with exact information, however, 
interpretation of this information may not be easy. Therefore, some monitoring systems offer 
simple forms of interpretation. For lnstancc, a warning signal is emitted if some predetermined 
absolute value is exceeded. In more advanced systems, a warning signal is emitted if a pre-
determined rate of change of a critical variable is exceeded. Thus, the manager is notified that 
a management option may be needed to improve the situation. 

Data may be transmitted to management headquarters over large distances by use of radios. 
Figure 14.3 demonstrates how an automatic water quality control can he installed if water quality 
variables that are critical for the system are recorded, such as chlorophyll-a concentrations in 
eutrophic drinking supply reservoirs. If chlorophyll increases its rate of change above a certain 
limit, the control indicates that water quality problems will soon start to appear, and some 
corrective aclion may automatically he triggered. Another example is the triggering of mixing 
devices such as the epilininetic mixing described in Chapter 11 .1. The use of monitoring 
combined with other mathematicaL modelling applications is described in Chapter 14.8. 

With all kinds of automatic instruments available, two qualities must be carefully distinguished; 
these are the sensitivity and accuracy of the instruments. While the sensitivity oftlie instruments 
is usually very high, their accuracy is highly dependent on the accuracy of calibration. Automatic 
instruments that are used prior to careful calibration can produce completely erroneous results. 
Although many recently developed instruments include provisions for automatic calibration, a 
periodic check with a classic chemical or oilier determinant is greatly recommended. Usually the 
control of only one value is insufficient. Calibration of exireme values produces the highest 
determination accuracy. 

9.6 SATEI.LITE IMAGING 

The use of satellite imagery in reservoir water quality moniloring is mainly useful for large 
reservoirs. Satellite images can he combined with aerial photographs, which are another useful 
tool. The need for a reservoir sampling scheme that permits control and calibration of the satellite 
images or aera) photographs is fundaniental to the success of this method. Therefore, both high 
altitude (satellite) and low altitude (aeroplane) images have to be permanently calibrated with 
classic ground level sampling and/or monitoring data. Usually, the vat iables that ccii be followed 
and are useful include chlorophyll-a, suspended materials, turbidity and temperature. One pitfall 
of this technique is that it does not allow recognition of the vertical distribution of variables. 
When vertical measurements of water quality are available and a satellite image of the reservoir 
is provided (recorded simultaneously with the sampling), the average concentration per unit 
surface can be calculated by integration. 

Satellite images also offer an overview of the plume of water as it enters the reservoir. Vertical 
sampling at discrete depths can provide a quantitative measurement of such variables as 

112 



suspended materials and chlorophyll-a. By coupling the surface image with the vertical sampling 
an estimation of the average concentration of material entering the reservoir and location of the 
entering plume may be obtained. 

The use of satellite and aerial imaginery can help in formulation of management decisions. The 
following information can he obtained; 

I) horizontal distribution of Cyanobacteria blooms; 
areas of concentration of suspended inorganic and organic flintIer; 
areas of high and low turbidity; 
horizontal displacement of river plumes that may carry pollutants and suspended material 

into the reservoir; 
horizontal distribution of chlorophyll-a and location of low and high concentrations of 

phytoplankton; 
location of mass fish kills in the reservoir; 
distribution of total phosphonts and nitrogen can be depicted with some careful analysis and 

reservoir specific correlations with other variables such as chlorophyll-a, temperature and 
transparency or adsorption coefficients; and 

detection of macropbyle concentrations. 

In Barra Bonita Reservoir (Brazil), Novo Ci ol. (1993) described the horizontal distribution of 
chlorophyll-a, suspended inorganic matter, nitrogen and phosphorus by the use of LANDSAT 
imagery and horizontal sampling conducted simultaneously with the satellite image at 30 stations. 

9.7 DATA STORAGE AND HANDLING 

Data obtained by determining individual water quality variables must be processed before they 
can serve as a basis for further assessments. Tabulation of data is the first step. Entering records 
into a software database will further simplify data analyses. One basic data processing technique 
is calculation of annual or seasonal averages, and determination of minimal and niaxinial values. 
Temporal trends are also determined, in order to determine if water quality is improving or 
deteriorating. This requires that observations are recorded over numerous years because many 
water quality variables display dramatic seasonal variations. Another factor that ccmplicates the 
evaluation of water quality changes is the dependence of variables on the flow rate. Changes due 
to the effect of storage, measured as the difference between the quality of inflow aid outflow or 
diverted waters, are affected by stratification and processes that cause horizontal water quality 
gradients along a reservoir. Assessment of changes is facilitated by estimating the budget of 
chemical substances in the reservoir (i.e., differences beLwcen their inflow and outflow quantities). 
This difference is affected by long-term trends, as well as flow rates and stratification in the 
reservoir. 

Water quantity and quality data in the inflow, outflow and the reservoir body m,mst be stored. 
Modern PC spreadsheets and/or databases (LOTUS 1-2-3, QUATRO, EXCEL, PARADOX, 
FRAMEWORK - for review see Neethling 1986) are best suited for this purpose, with rows that 
can represent variables and columns that can represent dates. Special tables can be prepared for 
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the stratification of each variable, with rows that represent individual depths, and columns that 
represent sampling dates. All depth measurenients are recorded, even ilthey were measured only 
once in a given period. When a depth is not measured, the corresponding cell should be left 
blank. The advantages of this storage method are easy calculation of basic statistics, 
pseudographic expression of results, and an easy transfer for use in graphic representation 
software packages. 

9.8 WATER QUALITY EVALUATION 

9.8.1 Reservoir water quality evaluation indices 
Due to the large number of water quality variables and their high variation, a waler quality index 
may help to describe the overall situation (Thanh & 13iswas 1990). However, these authors state: 
"Unfortunately, the number of water quality indices used in different countries and slates of USA 
is as high as the number of variables themselves". Several index and classification systems exist 
for takes. They are very local, and are based on specific conditions in the given country or 
region. The only reservoir classification system is one that is based on Texas fish assemblages 
by Dolman (1990). There is no generally accepted classification system. 

Fig. 9.4 lSxainples of characiet iAi, LKfpfll piohies ol 'yen 

As an example, we give here the General Lake Water Quality Index (GLWQI) which was 
formulated by Malin 1984) for Finnish deepwater lakes. His index is based on the following 
variables, chosen by means of principal component and cluster analysis: oxygen, conductivity, 
pH, color, manganese and TP. The index is represented by a dimensionless number, regarded as 
a relative measure of water quality. For each variable a value function (0 to 1) is graphically 
depicted, after derivation by means of the regression analysis, The value functions shouid iiidicate 

how individual measurements compare with data fioni the whole country. These value functions 
are shown in Fig. 9.4 The GLWQI is then calculated, based on the volume-weighted mean of 
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all variables, and therefore ranges from 0 to 1. No attempt was made to delineate any classes 
according the values of the index. 

A recent trend in biosurveys is based on the concept of ecoregions. Ecoregions are defined as 
mapped regions of relative homogeneity within land surface form, soil, potential natural 
vegetation, and general land use. In aquatic ecoregions waterbodies are groupee that would he 
similar in the absence of permanent human settlements; such regions are substantially less diverse 
than an entire nation or state (Hughes et al. 1992). Although ecoregions have sometimes been 
considered 'an objective basis for establishing regional criteria that are feasible and protective of 
aquatic systems' (Biggs et al. 1990) it is difficult to use in reservoir management except, perhaps, 
in regions that have large reservoir concentrations. The reason is that almost all reservoirs will 
belong to another ecoregion. 

Because very few general classification and evaluation systems that are based on water quality 
indexes or ecoregions exist for reservoirs, the following evaluations are based on individual 
variables. Another reason to base an evaluation on individual variables is because these variables 
characterize water quality standards, which define the waler quality goals of waterhodies. 

9.8.2 Evaluation according to individual variables 
In this section, we present evaluation considerations for a selected number of water quality 
variables that are most important in reservoir water quality evaluation. However, more variables 
exist, particularly chemical attributes, that must also he observed. New chemical compounds are 
added to the market daily, and their environmental effects are often unknown. Many such 
compounds are known to be hanriful in higher concentrations, particularly if they enter water that 
will eventually be used for public consumption. Those that are considered in water quality norms 
are listed in Chapter 8. We have attempted to discuss the variables in approximae order of their 
importance in general water quality characterization. This is also somewhat paralleled by ease of 
detcrniiiiation of the respective variables. First the most general and easily determined variables 
are discussed and are followed by more specific variables. For each variable, evaluation in respect 
to different targeted watei-  uses is mentioned and remarks regarding different reservoir classes are 
inckided. Our main considerations are drinking water supply, recreation, irrigation and fisheries. 
For other uses (hydropower generation, navigation, flood protection and flow augmentation) water 
quality is of less importance, although hydropowei' generation can also be negatively affected by 
the hypolirnnetic anoxia. 

For most variables a i'elationship exists between river flow and concentration (Chapter 8.3). For 
this reason, seasonal watei' quality changes in the reservoir must he evaluated in relation to 
changes of inflow rates. In a large reservoir, side inflows characterized by precipitation conditions 
in their respective watershed il'iay differ from those of the i'naiu inflow and may cause spatial and 
seasonal irregulari tics in water quality. 

Transparency. Each of three components mentioned in Chapter 8.2 (color, mineral turbidity and 
algae) has a different effect on transparency, as measured by the Secehi Disc, and also on water 
usage. Mineral turbidity, which is most simply expressed by means of the concentration of total 
suspended solids or nephclonielric turbidity units (N'FU), normally ranges from I - 1000 NTU. 
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However, the measure of total suspended solids is only very loosely related to transparency. 
Important is the size (the same concentration ofsmall particles produce higher transparency than 
that of large ones) and character of the particles. Medium and high mineral turbidities create 
difficulties in treatment ofdrinking water. Turbidity also leads to reservoir infilling and decreased 
reservoir age. Fishes are hindered in highly turbid waters because mineral matter has a negative 
effect on the development of planktonic fish food and because visibility of food and p:edators 
is reduced. Pliytoplanktonic turbidity, which is turbidity caused by algal biomass, can be 
estimated only after separation of algae from mineral and color turbidity. In territories with 
balanced hydrologic budgets and relatively regular distribution of precipitation events, fLirbidity 
is usually restricted to periods of heavy rains and increased erosion. The duration of such periods 
is usually short, commonly lasting several days. In this case, it is possible to USC the transparency 
measured during a period of low flow as a background level from which to calculate transparency 
due to phytoplanklon. Table 9.1 presents helpful parameters for the evaluation of background 
transparency. 

Tab. 9.1 Classification of reservoirs by phyfoplankion caused transparency. 

P1IYTOPLANKTON CAUSED TRANSPARENCY [o] 	RESERVOIR 	 TROPHY 

KO. 3 	 not transparent hyperiropliie 
I - 2 	 pOor transparency cutlophic 
3 - 6 	 scoli-transparenc mesotiopluc 

>6 	 dear oii5otrophic 

Oxygen. Background oxygen concentration in water is largely a result of the solubility of oxygen 
in water at different temperatures. An estimate of the amount of oxygen at saturation can be 
obtained by using this equation: 

DO [mg.] - ' I = 14.624 - 0.40776 T + 0.00811362 12 - 0.000078765 T 3  T in °C] 
The difference between the oxygen concentration calculated by using the equation and actual 
concentration is the percent of oxygen saturation. An increase of oxygen in waler results from 
photosynthetic processes by phytoplankton, whereas a decrease is due to decomposition processes, 
which include bacterial and algal respiration and decay of organisms and organic matter. 
Decomposition is sometimes of allochihonous origin, from decomposition of organic pollution 
brought by the inflows, and is otherwise autochtlionous, predominantly due to respiration and 
decay of organisms. The actual oxygen concentration in water is a result of the ratio between 
oxygen production and utilization. At the reservoir surface, low oxygen saturation is an indicator 
of allocbthonous organic pollution, because decomposition of organic matter brought in by the 
inflows prevails over photosynthetic production. High oxygen concentrations during the cold 
periods and somewhat lower concentrations during warm periods suggest oligotrophy, i.e., 
prevalence of physical control over biological control of oxygen. This is also accompmied by 
high oxygen saturation in the Itypohimnion. Oxygen saturation during warm periods that is Ingfter 
than saturation during cold periods is a sign of meso- to hypertrophy. It is accompanied by low 
hypol ininetic oxygen concentrations. It igh daily oxygen variations signal eutrophy or liypertrophy, 
because during the day photosynthesis prevails whereas respiration prevails at night. 1-ugh 
oscillations in concentrations of the surface layer around a low saturation level indicate that the 
reservoir is both polluted and cutropliied. 
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A good general indicator of oxygen conditions in a reservoir is the oxygen conceitration in the 
hypohmnion. For temperate reservoirs, the values given in Tab. 9.2 are considered critical in 
terms of the suitability of the reservoir for drinking water supply. 

Tab. 9.2 Indication of the siutability of kmperate reservoirs for drinking water supply by a critical concentration 
of oxygen in the hypolirnnion. Atler Dillon & Rigler (1975). 

CONCENTRATION OF 0, 	 SUITABiLITY OF RESERVOIR 
[mg.i] 	 - 

> 5 	 excellent 
< 5 	 suitable 
< 2 briefly 	 not very suitable 
< 2 for a long time 	 uiisuitsbfe 

The development of low oxygen and anoxia is much more common in tropical reservoirs than 
in temperate reservoirs. Although the indicators in Tab. 9.2 are also valid for tropical reservoirs, 
it is often necessary to produce drinking water under low hypolimnetic oxygen conditions. 

 

so27Ji 
075 

OL  0 	00 	00 	100 0,.120) [2. 
Fig. 9.5 Value functions for the General Lake Water QusIiy Index for Finnish deepwater lakes (MaIm 1984). 

Depth profiles of oxygen are often similar to the depth distribution of other variables. The 
density difference between different layers is decisive, therefore, temperature stratification is a 
good indicator of the depth at which major changes are expected. Basic types of depth profiles 
of oxygen and related variables are shown in Fig. 9.5. They are distinguished by the following 
characteristics: 

(a) A marked change in the mixed zone. This type of curve denotes the effects of biological 
production processes in the surface layers. The change is caused by production of organic matter, 
incorporation of nutrients, carbon dioxide consumption (changes in pH and alkalinity), and 
oxygen production by phytopiankton. The change can be caused by variables increasing by 
production (like oxygen), or decreasing by consumption (e.g., phosphorus). The decree of change 
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depends on the intensity of production processes and density differences in the ihermocline layer. 
A marked change at the bottom. This indicates a strong decomposition effect. Diminished 

oxygen or enhanced carbon dioxide concentrations can be the result of either direct cr indirect 
causes. Direct causes are oxygen consumption and CO 2  production during the decomposition 
process. The indirect cause is the anaerobic environment at the bottom of the reservoir, which 
results in an increased rate of release of various substances (e.g., Fe, Mn, sulfides, ammonia, 
phosphorus). In anox ic sediments precursors of carcinogenic components (e.g., dissolved methane, 
lignin and humic compounds) are also formed. 1'liese compounds form during contact with 
chlorine that is used during drinking water treatment trihaloniethanes, THM, (e.g., chloroform). 
The potential for THM formation is related to the concentration of organic carbon. 

A pronounced change in middle depths. This indicates either decomposition effects in the 
metalimnion (metalimnetic minima) or inflow of water layers with differing concentrations. 
Physical processes play a major role in the latter case. 

These main types of curves should only be regarded as those that are most frequently observed. 
Because three principal processes, production, decomposition and oxygen deficit, can affect most 
parameters simultaneously, there are many modifications and combinations of these curves. 

Phosphorus. The evaluation of phosphorus concentrations in the sutface layers of a reservoir is 
related to the amounts of CIIA produced in the waterbody. As discussed in Chapter 14.4, the 
relationship is nonlinear and has a saturation character (Fig. 14.1). We can distinguish the critical 
values of PO 4-P and TP given in Tab. 9.3. 

Tab. 9.3 Critical averaearniva1 valucs of PO 4 -P and F1' (.ig.l') at the reservoirsuiface. Modified and extended horn 
Ryding & Rast (1989). 

TEMPERATP REGION 	TROPICAL REGtON 

Otigotrophic 	 > 10 	 > 10 
Mesotrophic 	 10 - 35 	 > 20 
Eutrophic 	 35 -100 	 > 50 
Ilypertrophic 	 > 100 	 > 200 

In the hypolimnion, there is a linear relationship between the concentration of oxygen and 
concentration of phosphate phosphorus; e.g., in the temperate dimictic Lake Gersau in 
Switzerland, the phosphorus concentration increased from about 10 ig.l' at 6 to 8 mg.1 1  02  to 
50 1g.l 1  when oxygen concentration decreased to 1-2 mgI 1 . These figures correspond to a 
decrease of about 7 .tg.r' PO 4-P for a 1 mgi' increase of oxygen (Stuinm & Baccini 1978). 
Similar relations are seen in Fig. 7.1 and other observations in the temperate region, so this 
relationship can generally be consideied valid. In connection with the relationship between 
phosphorus and CHA, it is evident that an increase of oxygen concentrations in the hypolimnion 
and or prevention of low oxygen levels that lead to anoxia by use of ecotecimological methods 
has a very positive effect on reservoir water quality. 

Nitrogen. Natural background concentrations of nitrogen compounds are generally is follows: 
nitrate nitrogen less than 0.2 mg. it (corresponding to less than 1 mg.l) nitrates); ammonia 
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nitrogen 0.1 0.2 mg.! 1 ; and nitrites less than 0.002 mg.l* If observed values are higher than 
thcse, possible sources of pollution must be considered. Increased concentrations of nitrates 
indicate pollution by mineral fertilizers that are applied to fields in the watershed. 1,icreased 
ammonia is usually a sign of increased pollution from animal husbandry. Other sources of 
ammonia include sewage and industrial pollution e.g., ammonia used in p.ilp and paper 
production. Low concentrations of nitrogen in relation to phosphorus (Chapter 4.5) can result in 
nitrogen limitation of phytoplankton. A tropluc state index for nitrogen was elaborated by Katzer 
& Brezonik (1981). As discussed earlier, nitrogen is also of hygienic importance. Increased 
concentration of nitrogen compounds creates difficulties in treating drinking water (excecdance 
of local norms, which vary between 10 and 50 mg.1 1  nitrates, 0.5 to 2 mg.1 1  ammonia and 0.1 
to I ing. l' nitrites). 

Organic matter. Organic matter is measured as organic carbon, COD and BOO. While 
measurement of organic carbon does not distinguish between easily decomposable and refractory 
organic matter, BUD is an indicator of easily decomposable matter and COD is an indicator of 
the sum of easily decomposable and refractory OM. When evaluating BUD 5  in a reservoir, we 
must include the contribution of allochthonous organic production. This can be estimated from 
chlorophyll-a concentration. The HOD 5  equivalent of algal biomass that is expressed as 
chlorophyll-a is approximately 0.025 mg 1301) 5  per I .tg CHA (Straikrabová er (1!. 1983). An 
estimation of the BOD conditions in the reservoir can be obtained by using the nioclel of 
StrakrabovA (1976) - see Chapter 14. 

Mineral composition - hardness - salinity. Water that is used for some technical purposes may 
impose specific hardness and salinity requirements. Increased hardness and salinity may clog and 
corrode pipes and machines. Hardness and salinity are also critical factors in di'inktng water. 
Water that does not exceed minimum quality criteria may still be undesirable from the users' 
point of view. Food products vary when they are produced from raw water that is high or low 
in mineral content. Hard water is very good for preparation of coffee, whereas tea is not as good 
if prepared with the same water. Concentrations of sulphatcs that exceed 400 mg,! 1  make 
drinking water taste unpleasant. Natural concentrations of chlorides are usually between 2 and 10 
mg.l* Excessive amounts indicate industrial effluents, sewage, and large runoff from agriculture 
and roads. Chlorides and sulphates from agriculture originate in mineral fertilizers. Salting of 
roads in winter periods also contributes significant amount of chlorides. In and and semiarid 
regions, concentrations are significantly higher and vary more during the year than they do in wet 
territories. 

The value of pt-I. At the water surface, balanced p11 varies between 6.0 and 7.2 during periods 
of low photosynthetic activity. In the hypoliinnion, p11 values are usually lower. A pit value 
lower than 6.0 either indicates dystrophic character or consequences of acidification. Dystrophy 
is also indicated by brown colored water, whereas acidified waters are usually clear. The 
consequences of acidification in the reservoir were shown earlier in Fig. 6.8. 

Bacteria. The three groups mentioned in Chapters 4 and 8 have rather different indicator 
capabilities: Psychrophilic and niesophilic bacteria indicate the presence of easily decomposable 
organic matter, whereas coliforms and slrcptococci are of faecal origin. Concentrations that 
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indicate substantial pollution of the inflow streams are summarized in Tab. 94. When evaluating 
bacterial counts in reservoirs, we must consider the throughflow, mixing and trophic crtegories 
of the reservoir. In small, shallow, unstratified reservoirs the risk of high "inflow concentrations 
near the dam is always present. In deep reservoirs with intermediate and long retention times, this 
occurrence depends on the course of inflow through the reservoir. In density currents, 
concentrations can be much higher than in quiescent water. The occurrence of high concentrations 
near the dam, if not caused by a density current, may indicate contamination from a nearby 
tributary. Concentrations of psychrophilic bacteria as high as 10 or even higher may occur in 
eutrophic reservoirs when masses of phytoplankton are decomposing. Values of psychrophilic 
bacteria that are greater than I 4 per milliliter indicate allochthonous organic matter pollution 
from various sources. A high proportion of mesophilic bacteria as compared with psychrophilic 
bacteria indicates contamination from sources such as manure or silage. Cohiforms are exclusively 
of fecal origin, however, the source of these can include any warmblooded animals in the 
watershed as well as humans. Coliforrns are often undetected in the lacustrine zone of stratified 
reservoirs (due to their high sedimentation - see Chapter 4.6). Increased values in the lacustrine 
zone may indicate disturbance of the sediments during swimming and other activities. Fecat 
streptococci indicate very fresh pollution because they rapidly die in water. 

Tab. 9.4 Levels of bacterial Indicators ihat suggest substantial pollution of the inflow streams. 

INDICATOR 	 COUNTS per ml 

Psychrophilic 1 0 1 -10 6  
Mcsophilic 10-1O 
Coliforrn IO2 I0 
Fecal Streptococci >102  

heavy metals. Most cases of increased concentrations of heavy metals are connected with 
improper human activities. It is difficult to measure very low concentrations. A better irdication 
of the heavy metal burden in the reservoir is the chemical composition of sediments. Sedinienis 
accrue heavy metals for long Periods of time. The most contaminated of the sediments are those 
at the beginning of the intermediate zone in reservoirs where most of the alloclithonoLls 
particulate matter is deposited. If prereservoirs exist, most of the sediments are accumulated 
there. 

Toxic organics. The common and important classes of toxic organics are mineral oil, petroleum 
products, phenols, pesticides, polyclilorinated biphcnyls and surfactants. Toxic effects of phenols 
can be observed on fish at concentrations as low as 0.01 mg.l. Specific evaluation is needed for 
each class. 

Phytoplankton composition. Phytoplankton composition changes seasonally and is 
geographically dependent. The geographical dependence is due, not only to physical variables like 
radiation and teniperature, but also to biotic interrelations in the given waterhody. For these 
reasons, the only good systems oiphytoplankion composition evaluation are locally derived, not 
worldwide. Local systems are too numerous to he discussed here. Fvaluation requires detailed 
knowledge of phytoplankton species and such an evaluation is not possible by using general 
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phytoplankton atlas. As an example, Tab. 9.5 is a summary of the system, used for drinking water 
supply reservoirs in the Czech Republic, which combines species composit ion and CE-IA. A rough 
evaluation of water quality based on the mass appearance of different major groups of algae is 
possible. Cyanophyta, inainty colonial forms such as representatives of the genera 
Aphanizomenon, Microcj'stis and Oscillator/a, signal conditions that are eutrophic to hypertrophic. 
The predominance of diatoms signals lower trophy and better water quality, however, mass 
appearance of diatoms, in particular of the colonial species, may result in water treatment 
difficulties including clogged filters. The presence of small green algae in reservoirs, particularly 
when densities are low, is usually a sign of good water quality. 

Tab. 9.5 Assessment of qualitative coniposli ion of pliyioplanklori in drinking water reservoirs. Predominant genera 
and species and maximal concentrations of CIIA are listed. 

SPRING ASPECT (SAMPLING IN APRiL 	MAY) 
Composition suitable Chrysophyceae (Cliroinulina. Chi -ySOCOCCUS, A-Iallo;nonas Dhwbryon), Cryptophyceae 
for treatment with (Ciyptomonas Curvata, C. reJiein, C. ovata, R/iodouionus) not more than 50 ing.m 
standard technology Bacdlariophyeeae (.4sterionella, Mlosira, &ep)ianodlscus, Gyclotelici) not more 

than 40 ng.nv 3  

Unsuitable species Bacillariophyceae(same species) over 40 mg.m 
composition, requiring Chrysophyceae (Uroglena, Synura) over 50 ing.m 3  
special treatment Chlorophyceae (Volvocales 011a ,nvdo ,nonas, Chioroinonas) over 60 nsg.m 3  

SUMM ER ASPECT (SAMPLING TN J ii LY-SEP1EMBER) 
Composition suitable Bacillariophycese (Asterionello, Piagilaria, Stephanodiscus, Gyclotella, Mel osira) 
for treatment with Cryptophyceae (C reflexa, C. rnarssonhi, C. ovata) not more than 40 mg.m 3  
standard technology Dinophyceac (Ceraliuni, Peridiniuni), Ch]orophyceae (Chiorococcales; Scenedesinies, 

(7#ucrgeIu, Planklospliaeria, Pethaslriini, Coelastiuni) not more than 50 mg.m 

Unsuitable species Cyanophyceac (Aphalu2oine?ion, Microcystis, Anaboenci, Oscillcaoria) 
composition requiring IJinophyceae (Peridiniuni) over 40 rng.m 3 , Cliloropliyceae (Volvocales; Chiarnydonto- 
special treatment niis, Chioromonas, Ctitorocoecales) over 50 mg.rn 

Phytoplaiikton quantity and biomass. A specialist is necessary for proper determination and 
evaluation of phytoplankton b iomass, as determined by microscopic counts and sizing of different 
species. Evaluation systems that combine phytop]ankton bioniass in the manner just described 
with biomass data of dominant species and species groups provide good assessment of waterbody 
conditions. 1-lowever, the most generally applicable measure of the pliytoplankton bioniass is the 
quantification of chlorophyll-a. This is true in spite of the fact that the concentration of 
chloi'ophylh-a is not constant, but varies with differing algal groups and seasonal difference in 
both temperate and subtropical regions. Cyanophyta contain a low percentage of chlorophyll-a, 
whereas diatoms and green algae have generally the highest chlorophyll content. Seasonal changes 
of the chlorophyll-a content in algae are determined by differences in light availability for 
phytoplankton. When solar radiation is low and mixing is deep, the CITA content is higher than 
during seasons of high surface light and high light availability to the phytoplankton population 
concentrated in surface layers during distinct thermocline development. For this reason, it is 
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sometimes best to simply consider CHA a water quality variable and disregard its relation to 
biomass. In this case, CIIA Is a good measure and its evaluation in tropliic considerations can be 
based on Tab. 4.3 in Chapter 4. 

Nutrient addition tests. For evaluation of critical nutrients and measurement of trophic capacity 
of reservoirs, standard growth tests are conducted using selected Thytoplankton species that are 
easily cultivated. A commonly used alga is Selenastrwn capricornutuni. For the determination of 
limiting nutrient, phosphorus or nitrogen is added to the test culture and the growth response of 
the culture is noted. The algal growth reacts on nutrient concentration in an asymptotic manner. 
For evaluation of trophic character, the asymptote height of the growth curve is considered a 
comparative value of trophic potential. However, the reaction of the culture is not necessarily 
identical to the reaction of the natural phytoplankton assemblage. 

Periphyton. Microscopic examination of periphytic growth on glasses exposed at different 
reservoir depths can provide indication of the algal growth and water quality conditions at the 
respective depths. 

Zooplankton. Water quality evaluation by analysis of species composition of biological 
populations has been used with great success in flowing waters, however, is not as useful in 
reservoirs assessments. Even in flowing waters, major differences in the composition of 
communities in different geographical regions makes the analysis complicated. Although plankton 
species occupy large geographical areas, their relationship with the environment depend on the 
presence and composition of fish species, which have more restricted distributions. In Europe, 
zooplankton size composition provides a clear water quality clue (Tab. 9.6). The presence of large 
Daphnia species in plankton is a clear indicator of phytoplankton control by zooplankton 
populations, and the resulting low phytoplankton biomass is favorable for the reservoir. 

Tab. 9.6 The size structure of zooplankton in reservoirs with both overpopulated and balanced fish stocks. 

ANNUAL AVERAGES FOR RESERVOIRS WITH FISH STOCKS 
BALA1'CED 	OVERPOPULATED 

Proportion of large water fleas 	 > 20 % 	 .c 5 % 
not passing < 0.7 mm in the total 
biomnass of zooplanklon 	 (15 -40) 	 (1 - 10) 

Proportion of large water fleas 	 >40 % 	 < 15 % 
> 0.7 mm in the biomass 
of water fleas 	 (30 - 50) 	 (1 20) 

Toxicity tests with organisms. There are two basic types of toxicity tests and each has a specific 
goal: (i) short tenTs testing to detect the degree of toxicity present in a reservoir or its inflow, and 
(ii) continuous monitoring of short-term and acute toxicity by use of organisms such as Dap/mia 
or fishes. Often, easily cultivable species such as the aquarium fish, Jirackydanio rena, are used. 
In the U.S.A., rainbow trout Oneorhyncus nykiss are often used. Systems that continuously 
receive water from the reservoir serve as a warning if organisms within theirs begin to die. More 
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detailed observations include evaluations of the giowlh of Daplinia populations or behavior of 
fishes. Elaborate systems enable automatic measurements of species reactions to receiving waters. 

Biomarkers. This relatively new approach enables detection of toxic effects by determination of 
ihe levcl of some variable in the bodies of organisms that are exposed to a toxic environment. 
Chronic toxicity which is very difficult to detect by using classic methods, is determined by 
measurement of such effects in selected organisms. These measurements may include 
concentrations in the blood or selected organs. 

9.9 DRAWING MANAGEMENT CONCLUSIONS 

After evaluation of individual water quality variables, it is necessary to draw appropriate 
conclusions and formulate suggestions for use in management decisions. Conclusions can be 
divided into the following three groups (Fig. 9.6): (i) conclusions that concern the watershed; (ii) 
conclusions that concern management of the reservoir, and (iii) conclusions that concern water 
treatment plant. 

DRAWING CONCLUS1OS 
FOR THE WATERSHED 

IDII1CTtO1 

j

sruo.a J  MIC, 

FOR THE RESERVOIR 

E- 1L z  

r 
FOR THE WATERWORKS 

TECH NOLODY 

J 
r"no 

 

orrTAKr DEPTH SELECTION 

ClTfl 1ISM EN11T 1L' 	L:_:i:__j 	1o:E 
TION 

Fig. 9.6 Scheme of drawing conclusions from waler quality measurements for management. Concnsions are drawn 
separately for the walershed, for the reservoir and in case of druiking water reservoirs also for the waterworks. A 
specific problem is the selection of appropiiae oftlakes it the reservoir possesses niultilaycr outlets. From Strakraba 
et ciL (1993). 
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Conclusions that concern the watershed are based on detection and handling of pollution sources 
with methods provided in Chapter 10. Chapter 11 provides recommended options for 
improvement of water quality within the reservoir. Suggested options should always be evaluated 
in terms of their efficiency, possible harm to the environment and economic constderaton. 

In terms of design of the water treatment plant, Tab. 9.7 provides necessary criteria and 
appropriate technology. Principal criteria that can also be used in planning new reservoirs include 
the following characteristics of inflow water: (i) contents and composition of organic matter; (ii) 
potential development of phytoplankton as producer of autochihonous organic matter, which can 
exceed the allochtlionous input (depending on the quantity of the critical nutrient, which is 
usually phosphorus); and, (iii) turbidity and mineral composition. Dissolved organic compounds 
are the primary problem in treating water, because suspended compounds are usually easily 
removed. Naturally colored substances that originate in the watershed arc the easiest compounds 
to remove, especially macromolecul ar compounds. 

Tab. 9.7 Tentative criteria for the design of the technology required to treat reservoir water, based on the quality 
of the inflow. According to Stratkraba Cl nL (1993).  

CR1TRION APPROXIMATE RANGE TECITNOLOGY 

Dissolved organic carbon < 4 - 
1mg l 4 - 10 coagulation -1- filtration 

10 - 20 coagulation 	+ 	ozonation 	± 	activated 
carbon + adsorption + filtration 

> 20 unsuitable drinking water production 
Trophic status (load oligotrophic filtration 

of P or N less than niesotrophic (load of P coagulation + filtration 
I and 7 gin.y') and/or N 1-2 and 

7-15 grn 2 .y 3 ) 

eutrophic (load of P coagulaiion + ozonation -F activated caibon 
and/or N inore than 2 1 -  adsorption 	I filtration 
and 15 gm 2 .y') 

Non-settling colloids < 5 - 
[as turbidity] > 5 coagulation + filtration 

Alkalinity [mnsol.1'I < 0.2 deacidification, or coagulation wills a 
prepolymerized coagulant 

>0.2 - 
Contents of Ca1' M g> ions < 0.4 alkatinization, augmentation of the 

[mniol 1'I contents of Ca 2 ' and Mg>  tons 
0.4-5 - 
> 5 unsuitable for drinking water pruducttoil 
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CHAPTER 10 

AP1ROACHES AND METHODS OF WATERSHED MANAGEMENT 

Types of pollution and methods of water quality management do not differ between 
watersheds of lakes and reservoirs. However, the intensity with which the pollution of a 
watershed can affect a waterbody often differs. Pollution is much more intensive in reservoirs 
because there is a higher watershed input to reservoirs. When similar pollutant concentrations 
are present in rivers, the load that reaches the reservoir is generally higher than a lake, due to 
the higher hydraulic load (lower retention times) of reservoirs. Nevertheless, lakes often have 
several small inflows and the water quality of these might be more difficult to control than 
that of a dominant river that enters a reservoir. A method of concentrating tertiary water 
treatment at the inflow (The Wahnbach method) was designed for reservoirs with one 
dominant inflow. 

The two common types of pollution sources, point and diffuse sources, require separate 
methods of water quality management. The management of point sources is mainly a technical 
problem and is usually simpler than management of diffuse sources. Classical purification 
methods are broadly elaborated, however, unavailability of financial rsources strongly limits 
their application, particularly in poor or undeveloped countries. For this reason, solutions must 
be shifled from the end-of the pipe melhods to the initial manufacturing process. Nowadays 
several pollution types usually occur simultaneously, and management of these situations 
necessitates the use of combined approaches. Management of deleterious effluents from the 
watershed involves the development of ecotechnological "know-how' regarding soil types and 
processes, timing of agricultural and industrial activities, and drainage patterns. Table 10.1 
lists some ceo-technological methods that can be used to solve cerain problems that arise in 
watersheds. 

It is difficult to distinguish between management types, because one management method is 
often used to control several kinds of pollution and one kind of pollution may be managed by 
use of several methods. A typical example of this is the use of wetlands, which are effective 
in solving many problems. In the following discussion we have distinguished these groups of 
management methods; Clean production, classic organic pollution management, nutrients and 
eutrophication management, management of toxins, acidification management, siltation 
management, management of salinization, management measures at the reservoir inflow, and 
wetland management. 

10.1 CLEAN PRODUCTION 

The most important management method is usually not under the control of agencies that 
manage water. IL is summarized as "Clean Produetmon" (Misra 1996), and consists of making 
changes in the processes within a production plant, such that much less pollution results. 
Major advantages are inherent in this approach that can benefit the producer. Aside from 
saving the expense of fees imposed for creating pollution, considerable savings of energy, 
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Tab. 10.1 Ecotechnological methods applied to reservoir watershed management and recovery. After tratkraba 
ci al. (1993), modified. 

METHODS 

Clau proclticlioii 
Diveisiori of effluents 
Purification plants 
Wetlands 
Diversion of wastes 
Tertiary treatment plants 
Progressive agricultural practices 
Meadow and riparian forest zones on the vegelate.J banks 
Natural and constructed wetlands 
Prc-impoundments at the inflows 
Walinbacli P-reduction plant 
River restoration 
Re-oxygenation 
Lroiori control 
Rehabilitation of liver banks 
Reforestation 
Groundwater secharge 
Pre-inipoundment of inflows 
Reduction of polluted effluents 
Wetlands 
Liming 
Organic matter additioiss 
Improved irrigation practices 
Decreased fertilizer applications 
Decreased road salting 
Prohibit introduction of foreign species 
Reiit induction of native species 
Mainteisance of wetlands as nursery grounds 
Maintenance of preserved areas for native species 

PROBLEM TO BE SOLVED 

ORGANiC POLLUTION 

EXCESS NUTRIENTS AND 
EUTROPHICATION 

EUTROPHiCATION AND OXYGEN 
DEPLETION OF RIVERS 

RESERVOIRS SILTAT1ON 

hEAVY METAL CONTAMINATION 

ACIDIFICATION 

SALINIZATION 

DECREASED BIODIVERSITY DUE TO 
RESERVOiR CONSTRUCTION 

water and various materials used in the production process can be obtained. As an example, the 
introduction of the clean production approach in fifty galvanizing plants in The Netherlands 
resulted in a drop of pollution to 55% of original levels during the first year and, after gaining 
more experience, to 37% in the second year. In two large enterprises in the Czech Republic, 
primary savings attained by introduction of clean production techniques amounted to 50 million 
Czech Crowns, an aniount worthy of serious consideration by the producers. By focusing on this 
technology, activity shifts to the production area. Interest in this method is primarily created by 
the ability to save considerable amounts of money, but perhaps good will toward solving 
environmental problems also plays a role. Agencies that iianage waler nntst teach industry leaders 
to use this kind of approach and claim initiative for pollution abatement. An even wider approach 
analyzes the whole production process; the life cycle of a product is examined with the goal of 
minimizing wastes during the entire production, starting with raw material mining and following 
through to the decay of the final product after use (Chapter 2.5). This effort usually exceeds Ihe 
capabilities of one producer and demands synchronization of efforts by several enterprises. The 
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environment has profited greatly in recent efforts of this kind by wise and progressive industry 
leaders, who are also able to increase their competitive capabilities. 

10.2 ORGANIC POLLUTION MANAGElIENT 

The construction of purification plants with the most modern functions and operating procedures 
are described in Novotny & Somlyódy (1995). For plants that already exist, upgrading is a 
particularly appealing prospect, i.e., increasing efficiency of the existing units and successive 
addition of new ones, in order to extend the plant's functions. The amount of effluents received 
is a decisive factor in determining the organic iiiatter load of the effluents from the plant. 
Reductions in the amount of effluent l)roduced  by water savings in industry and homes results 
in considerable decreases. Other approaches are provided in Tab. 10.1 and are described in 
subsequent sections. 

10.3 NUTRIENT SOURCES AND EUTROPHICATION MANAGEMENT 

10.3.1 Tertiary treatment 
Classic purification plants with primary and secondary treatment units are higlly efficient at 
removing organic matter, but their ability to simultaneously decrease nutrients, particularly 
phospliorLis content, is low. Tertiary treatment entails reduction of nutrient concentrations in plant 
outflow. This is primarily achieved by chemical phosphonis precipitation. 

10.3.2 Agricultural practices 
The following agricultural practices (Best Management Practices - BMP) are useful in reducing 
washout of fertilizers from fields: 

avoid Ilie use of fertilizers and erosion inducing agricultural practices in a protective buffer 
strip surrounding the waterhody; 

protect ripalian forests and/or create protection zones with mosaics of meadows and 
forests; 

limit use of nitrogen fertilizers to quantities that do not exceed 100 kg.(ha farmlands) - '. 
y I; 

distribute fertilizers dosages primarily during periods of most rapid growth; 
use slow release fertilizer forms, e.g., pellets; 
leave natural organic matter in plowed fields to slow nitrate elution; 
minimize the time during which fields lack vegetation cover and use catch crops; and 
do not apply fertilizers to frozen soil or unvegelated or unsewn fields. 

Riparian forests and vegetated protective buffers prcvelt surface soil particles Irorii washing into 
streams and lakes/reservoirs. Nonetheless, they ale unable to prevent leaching of ITUIrjeiitS from 
distant, elevated locations. 

A future prospect in the effort to halt increasing nitrogen concentrations in watcrbodies is the use 
of crops that fix nitrogen and thus need little nitrogen fertilization, as researched in Brazil. 
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10.4 TOXINS, HEAVY METALS, PESTICIDES AND THE LIKE 

The only efficient management method for all toxins is to localize their sources and slop their 
distribution in the environment. This may not be easy, as some toxins are distributed by 
atmospheric processes over large distances. An example is the finding of increased concentrations 
of PCB in the Antarctic. 

From the review by Foster et al. (1996) discussed in Chapter 6 follows for heavy metals that the 
most efficient niethod, definitely, is to stop pollulion from industrial point sources. This means 
that they have to be located first by the analysis of sediments. The second major source appeared 
the urban drainage, which will be easy to disclose but much more difficult to manage. A method 
useful for decreasing the burden of the river with heavy metals is the passage of contaminated 
water through wetlands. It is clear that wetlands cannot take up heavy metals indefinitely as some 
saturation is inevitable, but the accumulation possibilities of vegetation seem to be for most heavy 
metals studied quite high. 

One method that was suggested to decrease the concentration of mercury appearing in some 
instances in newly filled reservoirs (particularly bioaccumulated in fish) in pristine conditions is 
to remove the topsoil from the reservoir bottom. This is not to be recommended not only for its 
very high costs. First the topsoil removal highly increases the nutrient (particularly phosphorus) 
and organic matter load of the reservoir. Second, this natural occurrence usually lasts lust for a 
period of few years and not to permit the consumption of fish might be a feasible solution. This 
is not possible in all instances, as the example of Subarctic Canada shows. The filling of Southern 
Indian Lake created such highly increased mercury concentrations in fish, which represent a very 
important diet for the local Indians. 

10.5 METHODS OF ACIDIFICATION MANAGEMENT 

The only sustainable management of acidification is in decreasing internationally the sulFur air 
pollution. In 1985 the Convention on Long-range Trarisboundary Air Pollution was signed 
requiring all signatories to reduce sulfur emissions by 30% of their 1980 levels. The Second 
Sulfur Protocol signed in 1994 takes the critical loads for sulfur deposition as the long-term 
objective, resulting in differentiated reduction needs of different countries. Countries also agreed 
to comply with emissions standards for new large combustion installations and to reduce the 
sulfur content of some fuels. 

Short-term management solutions are mostly confined to one procedure - liming of the 
waterbodies. It is to be noted that this is a typical unsustainable curative procedLire; very high 
amounts of lime are continuously used and cannot be supplied indefinitely. 

A recently proposed management advocated that addition of nutrients or sludge (organic matter) 
to acidified lakes may have a positive effect. The creation of artificial eutrophication in these 
nutrient poor waters helps to increase pH and revert unfavorable chemical processes, thcs creating 
positive feedback for support of aquatic life. In regions with highly eutrophic waterbodies that 
obtain the same amount of acid rain as highly acidified regions, no signs of acidifiation are 
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observed. This is mainly due to buffering capabilities of waters in more calcareous areas and/or 
regions of intensive agricultural cultivation. Fertilizers contain the necessary nutrients and 
minerals, and are also bound to salts and contain admixtures that further increase the buffering 
capacities of receptive waters. This does not just effect lake and reservoir water; the same is true 
for groundwater and surface streams and rivers. However, this does not hold true in low buffer 
regions, when only the lake is supplied with nutrients, while entering streams, groundwater and 
rainwater all have low buffer, low pIT waters. Therefore, use of this idea as a management 
strategy needs further investigation and consideration. 

10.6 SILTATION MANACEMNT 

Turbidity causes particularly pronounced problems in reservoirs, due to rapid filling associated 
with sedimentation. The lifetimes of some reservoirs that were constructed along turbid rivers are 
estimated to last only about 50 years, and many reservoirs consiructed earlier have already ceased 
to function due to intilling. Turbid water is not suitable for drinking, and treatment of drinking 
water with high amounts of sediment (sludge) which results increases the price of treatment. 

However, in eutrophic takes and reservoirs, a Positive effect may result from turbidity because 
decreased available light results in decreased algal production and biornass. Mineral or mixed 
mineral soil particles interfere with zooplankton feeding and also provide a location for 
phosphorus adherence. Some süil particles have a high oxygen consumption capability, and the 
lake and/or reservoir can rapidly switch to anoxia, with negative consequences for water treatment 
(undesirable odors, increased iron and manganese). Management of turbid inflows is realized in 
some reservoirs by means of hydraulic regulation (Chapter 11.4). ContrLiction of a 
Wahnbach-type plant at the inflow (Chapter 10.8.2) reduces inflow turbidity. This somewhat 
counteracts the positive effect of reduced phosphorus load which leads to decreased algal bionaass 
because improved light conditions support algal growth. 

10.7 SALINIZATION AND ITS MANAGEMENT 

Saliriization is not a problem that is specific to lakes and reservoirs, but includes groundwater, 
streams and other surface waters. It is mainly caused by soil sahinization in connection with 
irrigation in and and semi-arid regions, however, excessive fertilizer application in developed 
countries also leads to continuously increasing salt content. For example, in Czech Republic, the 
trend of increasing nitrate concentrations that appear to be primarily of agricultural origin is 
accompanied by a similar steady rise of total salts. Salty inflows change water density and 
subsequently affect flow and mixing conditions in lakes andlor reservoirs. 

10.8 MEASURES AT TUE RESERVOIR INFLOW 

Two basic types of measures are in use at the reservoir inflows: (i) construction of pre-reservoirs, 
and (ii) the Waliiibach system of Beruhardt. 
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10.8.1 Preimpoundments 
Pre-impoundments or pre-reservoirs are relatively small reservoirs located near the leservoir 
inflows and elsewhere in the territory that are designed to protect the main reservoir from 
excessive siltation and phosphorus loading. In Chapter 4, we discussed the enormous capacity of 
reservoirs for phosphorus retention and the relation of this to the theoretical retention time. This 
knowledge was used by Benndorf and Ulilmanii at the Technical University of Dresden 
(Germany) (Uhlmann et al. 1971, Benndorf 1973, Beimdorf et al. 1975, Uhlrnann ci al. 1977) 
to develop detailed steps and designate necessary parameters for the construction of reservoirs 
designed to optimize phosphorus retention (Fig. 4.15). This method was also successfully applied 
in South Africa (Twinch & Grobler 1986). The most recent verification of the validity of this 
procedure was by Piitz (1995) who challenged the prediction of average pre-reservoir phosphorus 
retention efficiency as calculated using the procedure outlined in Fig. 14.2. Piiiz observed 
excellent agreement in II pre-reservoirs in Saxony with different retention times. In the 
pre-reservoir to Eibenstock Reservoir in Germany, good agreement was also found for monthly 
averages during the annual cycle. In these temperate climates, phosphorus elimination was low 
in winter, but rose to 80% in summer (PUtz 1995). however, during detailed observations in the 
pre-reservoir to Kleine Kinzig Reservoir in Germany under similar climatic conditions, annual 
periodicity was not as pronounced and dropped to just 25 - 60% in winter. Exceptions were 
observed just twice during the two year study, both of which followed shortly after periods of 
flooding (Hoehn 1994). 

10.8.2 Wahnbach plant 
Bernhardt (1967) calculated the contribution of point and non-point sources in the watershed of 
Wahnbach Reservoir, a drinking supply reservoir in the industrial region around Bonn (Germany), 
and concluded that elimination of all point sources would not decrease phosphorus concentration 
at the inflow to a level sufficient for prevention of eutrophication. Moreover, it would be very 
costly to construct tertiary treatment facilities at all point sources. He concluded that the best 
solution was installation of a P- elimination facility directly at the reservoir inflow. This is now 
known as the Wahnbach procedure - an advanced facility that reduces concentrations of 
orthophosphate (soluble reactive) P by about 92%, and total phosphorus by more than 96%. 
Simultaneously, turbidity and organic matter are reduced. The resulting decrease of the 
chlorophyll-a content represents 95% (data given for 7 year averages). Individual processes 
involved in the procedure were quantified in papers by l3ernhardt & Schell (1979, 1993). 

10.9 DiVERSION OF EFFLUENTS 

The best example of diversion of effluents occurred at Lake Washington (Washington, USA). All 
effluents that originally flowed into the lakes were diverted to nearby Piiget Sound, 'which has 
much higher purification capacity. The success of the effort to save this lake is known worldwide 
(Edmondson 1991). The procedure was very costly and was only supported by citizens after 
informative campaigns by Edniondson and his group. The lake is alniost entirely urban, 
surrounded by inhabitants on all shores. On a smaller scale, partial diversions have been 
implemented in other places. In some cases, it is appropriate to divert the effluents of shore 
facilities to the outflow, particularly if the facilities located are close to the darn or when effluents 
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enter drinking supply reservoirs. 

10.10 WETLAND MANAGEMENT 

It is apparent from the many values of wetlands provided in Tab. 10.1 that the purification 
capacity of wetlands is multifaceted. They fimciion to trap silt, organic pollution, nutrients and 
toxic compounds. These functions were first recognized in natural wetlands and were used to 
create conditions that optimize these functions. Nowadays, at least two basic types of wetlands 
can be distinguished: natural, near-natural or restored wetlands such as the reedhed sewage 
treatment wetland depicted in Fig. 10.1 (lower part), and constructed wetlands such as the root-
zone sewage treatment wetland shown in the upper part of Fig. 10.1. These differ in their degree 

 SEWAGE 
TREATMENT 

ED 
SEWAGE 
TREATMENT 

Fig. 10.1 Representatives of the two basic types oh wetlands. According to Khapper(J 993). 

of artificiality. While the first group simulates natural wetlands, the second is an ecotechnological 
construct specifically intended for selected functions. This distinction is also valid for wetlands 
created artificially; they are designed either to recreate natural (extensive) function of wetlands 
in a territory, usually in places where wet]ands were once common, or they are structures 
designed to maximize vegetative uptake of certain effluents. In the first case, usually only 
conditions for water retention and natural plant growth are created. We will call these recreated 
wetlands, although the activity is not necessarily limited to places where natural wetlands once 
existed. Constructed wetlands, the latter type, are much more technically complex, with 
mechanical pretreatment of inflow, layering of substrates with special qualities, systems of tubing 
for regular distribution of polluted water, regulation of flow into different wetland units, and 
distribution of polluted water to certain substrate layers, etc. 

In the USA, wetland protection is legislatively regulated, and in many cases, wetlands that are 
impacted by development must be mitigated by creation of compensatory wetlands in the same 
ecoregion. It is required that these mitigative wetlands serve the same fimctions and values of the 
lost wetlands. 

An example of a large recreated wetland is the Kis-Balaton Reservoir in 1-lungary. It occupies a 
70 km 2  area of territory that was covered by wetland in ancient times, and was designed to 
decrease eutrophication in Lake Balaton (A 596 km2), which is a tourist resort that is 
economically important for the country (Szilágyi el al. 1990). Since construction of Kis-Balaton 
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Reservoir, the situation in Lake Balaton has improved markedly. In the USA, wetlands are often 
recreated, e.g., in Ohio in conjunction with research activities directed by Prof. Mitsch of the 
University of Ohio, Columbus. An experimental wetland is under construction in Italy on the 
River Po, with goals of recreating floodplain wetlands along the river (Prof. Bendoriccl:io of the 
University of Padua). In a natural wetland, both terrestrial and aquatic components are ofteii 
represented. These may be quite diverse and include meadows and cultivated fields, forests and 
swamps, shallow and open water and regions overgrown by emergent, submerged and floating 
vegetation, all of which may be tightly interwoven. These wetlands are bird-sanctuaries, and 
provide habitat for all kinds of aquatic life. Many species that are otherwise terrestrial require 
wetlands for reproduction. The landscape function of such areas for recreation, bird-watching, or 
simply aesthetic beauty is an additional value. 

The most common type of created wetlands are those created for primary purification of effluents 
from villages or for secondary purification of effluents from larger communities. An arm of 50-
500 m2  is sufficient to significantly decrease the organic and nutrient contetit of the effli;ent from 
a village populated by about 100 inhabitants (Zãková 1906, Magmedov 1996). The usual concern 
in the temperate region is that a created wetland will not function in winter when most vegetation 
has senesced, however, this is not supported by observations: it is evident that the roots of plants 
are the most active part in the purification process, and continue to function in winter months. 
Useful summaries of the use of constructed wetlands for water quality improvement are found 
in Anonymous (1988), Hanimer (1989), Fisk (1989) and Moshiri (1993). 
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Fig. 10.2 Different methods of the ILSC of aquatic and terestrial vegetation for water quality pEotectinI in rivers. 
According to Kiapper (1993). 
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10.11 MANAGEMENT OF STREAMSIDE VEGETATION FOR WATER QUALITY 
PROTECTION 

Vegetation is not only useful in the uptake of aquatic pollution in wetlands, but is also effective 
within and beside rivers. Vegetation that serves this purpose can be cultivated in different ways, 
ranging from maintenance of near-natural aquatic and bank vegetation (Fig. 10.2, parts D and F) 
to elaborate cultivated plantings. Fig. 10.2 depicts these different scenarios. In part A, the creation 
of bank bioplateaus was accomplished by using overgrown, shallow off-channel areas or created 
channel margins for intensive planting or support of naturally colonized vegetation. When 
vegetation is planted, isolated clumps of plants (left) can develop into a continuously vegetated 
margin in just a few years (right). This, of course, requires areas of low pollution, lecause normal 
growth will not be observed in highly polluted or turbid waters. Good conditions for development 
of riparian and emergent vegetation exist when water-levels are kept nearly constant and/or there 
is reduced flow within these plateaus for at least a significant part of the year. In part B of Fig. 
10.2, an outlet bioplateaii is depicted. These are used in areas of outflow from deeper river 
portions or nearby ponds. The displaced soil forms a sediment trap on the in]et side of the 
bioplateau and this soil accumulation represents additional area for vegetation. The vegetation 
functions as a pollution filter. In deeper rivers, the creation of raft hioplateaus is very effective 
in reducing pollution (part C). Part D illustrates a means of supporting plant growth by lowering 
the water level during spring. This serves to efficiently retain dissolved and suspended nutrients 
and harmful substances. The natural biofilter illustrated in part E also serves to shade the stream 
by supporting trees. Vegetated basins beside the river with groundwater flow between the bank 
and the stream (shown in part F) are more or less equivalent to the creation of small wetlands 
in suitable places along the river. 

10.12 SUMMARY OF WATERSHED MANAGEMENT TECHNIQUES 

All of the described consequences of improper watershed uses result in reservoir deterioration and 
severe economic losses. As previously mentioned in this book, it is much more complex and 
costly to remedy a problem than to prevent it. In order to improve preventive capabilities and 
provide adequate management approaches, the following measures should be taken: 

Good agricultural practices should he designed to slow erosion and silt input into 
reservoirs. Decreased uses of pesticides and herbicides and strict control of toxic substances 
should be required. Fertilizers should be applied in ways that maximize their utilization by plants 
and, thus, prevent introduction to water. 

Sewage should be treated by traditional or new (ecotechnological) methods. Tertiary 
treatment should be used to reduce phosphorus loads. 

Strict control of industrial effluents should be enforced, in parlicular by encouraging 
industry to use clean technology. 

The utilization of in-lake management techniques should be mastered, particularly 
inexpensive ecotechnological techniques. 

Foster water savings and environmental management that increases the water retention 
capacity of the watershed (and also pollution). 

Conduct continuous surveys and monitor the system, including satellite surveillance. 
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Provide permanent training of technicians that operate reservoirs, which will enable optimal 
water quantity and quality management. 

Foster continuous interaction between planners, managers and scientists in order to address 
changes and update planning and management s(rategies. 

Develop partnerships in public and private sectors in oider to improve watershed 
management strategies. 

Initiate awareness campaigns and community involvement to produce cultural changes and 
improve attitudes regarding environmental issues. 

Encourage environmental education of school children in the value of the watershed. 

Application of these basic principles of watershed management are fundamental in the success 
of the endeavor to improve the current situation: 

Take steps to protect and improve spatial heterogeneity by ensuring the existence of 
riparian forests and natural vegetative mosaics. An important element in ensuring qualitative and 
quantitative forest recovery is the planting of native tree species rather than quick-growing non-
native species. Riparian forests are capable of functioning as a 'biological filter', which can 
remove phosphorus and nitrogen from the inflows and retain suspended materials, thus decreasing 
reservoir inputs. 

Take steps to maintain, protect and encourage the recovery of natural wetlands so that 
biological diversity is enhanced and denitrification is encouraged. Wetland areas near the reservoir 
and within the watershed provide significant buffer zones in the land/water ecotone and serve as 
a native aquatic species reserve which can provide seeds for use in colonization of the reservoir. 
Wetlands are epicenters for re-colonization of reservoir biota. 

All point sources of nutrient pollution must be treated, even if the use of pre-inipound-
ments is necessary to accomplish this task. 

Take steps to avoid the input from nonpoint sources of sediment, dissolved nutrient salts 
and any toxic compounds. This may involve: (i) changing agricultural practices within the 
watershed (what crops are grown; the nature and manner of fertilizer application, i.e., when and 
how applied), and/or (ii) protection of the reservoir shoreline with vegetation such as trees that 
are able to withstand flooding or floating, submergent and emergent macrophytes. 

Take steps to avoid sediment input by construction of pre-inipoundments along main river 
courses. A reservoir-specific protection procedure is the \Vahnbach-type phosphorus e.imination 
facility placed at the reservoir inflow (Bernhardt & Schell 1979). 
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CHAPTER 11 

IN-LAKE ECOTECHNOLOGICAL MANAGEMENT 

Many techniques are available for improvement of water quality within the body of the reservoir. 
These are listed in Tab. 11 I and discussed in detail within this chapter. 

Tab. 11.1 Management techniques for improving water quahty within the reservoir water body 

MEASURE MEANS REFERENCES 

ARTIFICIAL MIXING I. Destratification Syrnons eta! 1967 
AND OXYGENATION Ilypolinuietic aeration Bernhardt 1967 

Epilimnetic mixing Strakraba 1986 
Metalimoetic mixing Stefan ci al 1987 

S. Layer aeration Kortn1an ci al. 1994 
Speece cone Speece el al. 1982 
Propeller Isuxing Pay 1994 

SEDIMENT REMOVAL Dredging the sediments Bjork 1994 
SEDIMENT AERATION Sediment injection RipI 1976 
SEDIMENT COVERING Covering sediments with inert matter Petersoti 1982 
PHOSP}IORUS INACTIVATION Alum precipitation Cooke & Kennedy 1988 
BIOMANIPULATION Zooplankton control 
(FISH MANAGEMENT) -phytoplankton reduction Gulati ci of 1990 

HYDRAULIC REGULATION 1, Selective ofltake and 
withdrawal Straikraba 1986 
Hypolimnion siphoning Olszewiki 1967 
Curtains 

ALGICIDES Copper poisoning 
Other algicides 

LIGICI REDUCTION Shading, covering, Jorgensen 1980 
suspensions, colors 

MACROPFIYTE CONTROl. I. Harvest 
2. Phytophagotts fish 

Natural enemies 

11.1 MIXINC AND OXYC1NAT1ON 

The aim of artificial mixing procedures is oxidation of either a deoxygenated hypolimnion or the 
entire waterbody and/or inhibition of phytoplankton growth. Figure 11.1 illustrates these four 
basic mixing types: - destratification by mixing of the entire water column; re-aeration of the 
hypolimnion; 'epilirnnetic" mixing; and, the layer aeration. Additionally, a specitic metalimnetic 
aeration device was designed by Stefan et al. (1987) which oxygenates the metalimnion without 
disturbing the hypolirnnion or the epilimnion. Oxygenation without mixing is ach:eved by the use 
of the Speece cone. 
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Fig. 11.1 Four basic types of mixing. The top row shows schematically the mixing, the bottom row the actual 
arrangements. The hypolimnetic aerator is represented by the LIMNO partial air-lift hypolirn.netic aerator of the firma 
Aqua Techniques. 

11.1.1 flestratification - artificial circulation 
Destratification is accomplished by injection of compressed air from a diffuser into water at a 
reservoir bottom (Fig. 11 .2A). These three goals are simultaneously sought: 

destratification to prevent algae from remaining in the illuminated layer and causing a 
decrease in phytoplankton biomass formation; 

circulation to decrease pH and cause a shift from blue-greens to less noxious green algae; 
and 

aeration to oxidize the hypolimnion and consequently seal the bottom to prevent release 
of phosphorus, iron and manganese. 

Some of the complex consequences of destratification on aquatic ecosystems are shown in Fig. 
11.213. This complexity is one reason that success is difficult to achieve. Although d estrati fi cation 
is often considered a standard method, that can be accomplished by a mechanical engineer, 
knowledge of limnological processes is obviously necessary. 

Undesirable consequences may result in some cases. For example during the process of admixing, 
water from the hypolimnion may be brought to the surface and consequently result in higher 
phosphorus levels and increased algal growth. Early examples of practical use of destratification 
are summartzed by Pastorok el al. (1981) who reported that from out of 40 relatively full 
destratification attempts there was a significant change in bioniass in 65 of the cases, of which 
70% underwent a biomass decrease and 30% experienced an increase and were accompanied by 
changes in species composition. Figure 11.2C illustrates a model investigation, suggesting that 
insufficient mixing can have extremely negative effects. Therefore, successful application of 
destratification requires adherence to rules designated by Lorcnzen & Mitchel (1 973) and 
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Fig. 11.2 Destratification and its consequences. A - Destratilicalion with a compressor aid diffuser, B - 
Consequences of circulation for Waler quality according to Pastorok et aL (1981), C - Model investigation by Stefan 
and 1-lanson (1980) showing the chlorophyll -a concentrations foil owing different intensity of mixing (directed by the 
intensty of air injection) and different degree of siirniltaneous inflow phosphorus reduction. Note that weak mixing 
may produce much more harm than pwtit. 

Schladow (1993). An air flow of oxygen has to surpass 0.09 m 3 .ha', otherwise the mixing is 
inactive. Detailed model studies by Schiadow (1993) determined the realislic shape of rising 
plumes and allowed calculation of the necessary forces that will efficiently circulate the entire 
column. If these rules are not obeyed, water quality may become degraded rather than improved. 
In a wilderness region in Australia, solar panels were used to drive the compressor for a small 
reservoir instead of disturbing the environment by construction of an electrical line. Steinberg & 
Ztmmermann (1988) applied destratification method intermittently to cope with the growth and 
loss-rate responses of different algal species, thus the biomass of Cyanobacteria as well as other 
algal species has minimized. This approach is based on theoretical development (Reynolds ci (I!. 

1984) and requires that personnel are knowledgeable about phytoplankton and limsinology. 
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The advant a ggs of desiratification, in compliance with the conditions given by Lorenzen & 
Mitchel (1973) and Schladow (1993), are as follows: (i) hypolimnetic oxygen increases; (ii) there 
is no phosphorus release from the sediments; (iii) the amounts of iron and manganese remain 
low or absent; and, (iv) the amount of algae decreases. Negave environmental in1pcLs were 
documented by Fast & Flulquist (1982) when compressed air caused supersaturation of dissolved 
nitrogen and resulted in downstream fish kills. çt of the procedure is low, and is limited to the 
price of the compressor and corresponding energy demands and the installation cost of the pipe 
and diffuser. 

11.1.2 Ilypolimnetic aeration 
Several types of commercial aerators are now available that can aerate the hypolimnion withoul 
destroying the thermocline (Bernhardt 1967, Anonyiiius 1989). One type of hypolimnetic aerator 
is outlined in Fig. 11.3. 

"ig. 11.3 One type of hypolimnetic aerator. 

The advantage of this procedure is that aeration is accomplished without transferring 
concentrations of elements from the hypolimnion to the epiliuinion, thus, algae growth is not 
enhanced. Improved oxygen conditions in the itypolimnion permit cultivation of sensitive fish, 
improve water quality by decreasing iron, manganese, and taste and odor problems in drinking 
water supply, reduce damage by corrosion to turbines and other structures and improve 
downstream water quality. This type of aeration is appropriate as a corrective technique in cases 
of high hypolirnnetic oxygen deficits, but is not applicable for shallow lakes or narrow 
nearbottom anoxic layers. Possible ne&ative environiuentj impacts may be inflicted upon pristine 
areas during transportation and installation of large equipment and by installation and use of 
electricity. The investment cct in this technique is much higher than destratilication because of 
specialized equipment requirements. The operating costs depends on the area of hypolimnion to 
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be treated, rate of oxygen consumption in the reservoir and degree of thermal stratification. These 
costs can he estimated by a method devised by Cooke ci al. (1993). 

11.1.3 Epilimnetic mixing 
This method is strongly recommended because, as opposed to other mixing methods that consist 
of corrective actions, epilimnetic mixing seeks to prevent or reduce the formation of 
phytoplanktonic biomass. Using this method, surface water layers are mixed to an "optimum 
depth", ZmiXOPt.  The "optimum depth' is the mixing depth that results under given light conditions 
in phytoplankton column respiration which is identical with phytoplankton production. Some 
"impoundments" have been constructed with a depth that corresponds to ;,,opt; in this case the 
entire reservoir is mixed. This principle is illustrated in Fig. 4.6 and described in the discussion 
of depth distribution of light and mixing in waterbodies. Under natural conditions, photosynthesis 
integrated over the water column (striped area) exceeds respiration integrated over the mixed 
column (shaded area). When mixing reaches the depth ZmjXOPt,  production drops, because the 
hiomass is mixed to deeper strata and obtains less average light (dotted area). At this mixing 
depth the respiration is higher and is equal to production (shaded area = striped area). The 
method of calculating z,opt is given in Steel ci al. (1978). Two types of mixing systems are 
currently in use: some systems use compression units that discharge air bubbles through diffusers 
as described in destratification methods above (Symons ci al. 1967) and are located at the z,opt 
depth, and others physically transport water by the use of pumps (Cooley & Harris 1954, Ridley 
ci al. 1966 successful application in London reservoirs). 

Some of the many advantages of epilimnetic mixing include the following: (i) algal crops remain 
low, even during highly eutrophic conditions; and, (ii) impoundments constructed according to 

prevent the formation of a mid-summer hypolimnion and resulting decxygenation and 
release of nutrients from the sediments. No negative environmental impacts are evident, but if 
the technology fails, rapid growth of algae follows. Treatment of raw eutrophic rivcrine water 
is accomplished with overall costs that are greatly reduced. 
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Fig. 11.4 Two possible types of layer aeration according to Kortman etal. (1988). 
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11.1.4 Layer aeration 
This is a new approach that is based on detailed knowledge of stratification conditions in a given 
waterbody and the consequences of these in terms of water quality (Kortman et ci. 1988). Under 
this strategy, heat and oxygen in a stratified reservoir are redistributed into discrete layers. 
Manipulation of the thermal structure can create desirable physical and chemical (in particular 
oxygen) conditions. In this way the negative effects previously mentioned that often accompany 
destratification are avoided. Detailed limnological knowledge is necessary for successful 
implementation of this method. A special device is used to take water by air lifting from a 
desired depth by air lifting and release it at another depth (Fig. 11.4). The device is now 
commercially available from Ecosystem Consulting Service, Ltd. (1995). 

11.1.5 Speece cone 
Speece cone (Speece el at 1982, Speece 1994) is a highly technical device designed to oxygenate 
water with little mixing. The device works by releasing water supersaturated with oxygen into 
the reservoir hypolirnnion by means of diffusers. 

Fig. 11.5 is an illustration of the procedure. Kennedy ci ci. 1995 report the investment costs for 
a large reservoir (volume 1.29 10 m 3) are approximately 5 million US$ and operating costs are 
about 800,000 USS. 
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Fig. 11.5 The Speece cone for reservoir oxygenation with oxygen supeisalurated water. 

11.1.6 Propeller mixing and oxygenation 
Propeller mixing and oxygenation is a system that differs from all previously discussed methods 
in the manner in which mixing is accomplished. The others are based on mixing accor.iplished 
by raising air bubbles from below. This method entails mixing from above by use of a propeller. 
The propeller is attached to the bottom of a pontoon and can be used in many different 
applications. It is combined with a compressor that jets bubbles into the propeller region so that 
the surface layer becomes oxygenated. Technical specifications are given in Fay (1994). No 
information is available at the present time regarding results achieved with the use of this device. 
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I L2 METhODS OF TREATING SEDIMENTS 

Sediments accumulate phosphorus over long periods of time and the resulting concentration of 
phosphorus in the upper fv millimeters of the sediment can he much greater than the phosphorus 
content in the entire water column. The dissolved fraction of this large phosplorus store is 
constantly exchanged with the adjacent water. The dominant direction of exchange depends on, 
among other things, the differences in concentrations at the water - sediment boundary and on 
oxygen and redox conditions at the sediment surface. When water is deprived of phosphorus, e.g., 
by reduction in the reservoir load, phosphorus is released from the sediment to the water. Because 
of the large phosphorus storage in the sediments, eutrophic conditions may continue for several 
years after phosphorus supply to the reservoir is considerably reduced. Anoxia at the bottom is 
a condition that can enhance this exchange by a factor of 10 or more. Various procedures are 
used to decrease the release of phosphorus from the sediments. Methods that increase the 
near-bottom oxygen concentrations were discussed in section 11.1. Additionally, upper layers of 
sediment can be removed from the reservoir, sediment can be oxygenated by elaborate chemically 
based procedure and/or mechanical harriers can be used to terminate the transport of phosphorus 
in the sediments to water. 

11.2.1 Sediment removal 
This method consists of removing the upper layers of sediment that contain high phosphorus 
levels. Methods of sediment removal and their respective cost- effect iveness were reviewed by 
Peterson (1982). Several types of dredging equipment are used (Fig. 11.6). The sediment must 
be transported to a disposal area as a slurry containing 80-90 percent water. A mathematical 
model by Stefan & Hanson (1980) can be used to predict dredging depth to minimize internal 
nutrient recycling in shallow lakes. 

Fig. 11.6 Schematic representation of sediment removal. 1 - The bottom mud suction dredger, 2 - Settling pond for 
sedinient drynig up, 3 . run-off water to the aluminum sulphate automatic dosing instrument 4a arid its aeralion basin 
4b. The overlying water is returned from the sedimentation basin 4c to the lake through tube 5, while the dried 
treated scthmenr is used as fertilizer in agriculture. Redrawn from Eseltová (1994). 
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The advantage of this method is that the results are long-lasting. In Iake Trummen in Sweden, 
P concentration dropped from peaks as high as 900 tg.l' to a level less that 10 .tg and remained 
that low for the whole period of observations, which extended more than 9 years. Nggtjve 
impacts include the extensive area needed to stoic dredged slurry while it is drying and before 
it can be used as fertilizer (under the condition of low heavy metal contents) or be otherwise 
disposed. The cost of dredging is high; the estimate given by Peterson (1981) is between 0.23 and 
15.3 USS per rn2  for dredging, assuming that 1 meter of sediments iieed to be removed only for 
dredging, not including disposal and transport costs. 

11.2.2 Sediment aeration and oxidation 
Until the present time, the RIPLOX method of sediment aeration and oxidation (Fig. 11.7) has 
only been used in Scandinavia and Germany (Ripi 1994). The goal of this method is to decrease 
phosphorus release from sediments. Ferric chloride is applied to the sediments that are low in iron 
to decrease phosphorus release. Simultaneously, lime is added to create a pH level that is 
optimum for denitrification (7.0 <pFi < 7.5). Consequently, calcium nitrate is injected into the 
top 30 cm of sediments to oxidize and break down organic matter and denitrify the sediments. 
The procedure must be specilically adapted for each application in accordance with existing 
chemical conditions in the sediments. 

SLUDGE PUMP 

CHEMICALS 

Fig. 11.1 The RIPLOX procedureof Ripi. The harrow reaching the sediment, locakdon a boat, injects lie cheniicals 
into the sediment. The diluted chemicals are pumped by a sludge pump via a floating pipe to the boat. Redrawn from 
Eiseltová (1994). 

The advantage of this method is that no large space is required as described for sediment 
removal. The major limitation is that injection requires special equipment that can only be used 
on flat and shallow bottoms. The costs of this procedure in a very shallow Swedish lake (mean 
depth -2ni) was 112,000 US$ (1995 prices), most of which was spent on development of the 
equipment. The cost of chemicals used amounted to 1,650$. As opposed to mixing devices, the 
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equipment is appropriate for other uses and, thus, increases overall cost effectiveness of this 
procedure. 

11.2.3 Sediment capping 
An alternative to sediment aeration and oxidation that is less expensive is capping the sediments 
with foil, raw ash, crushed bricks, sand or other inert materials. A review of the properties, costs 
and effectiveness of matenals often used in sediment capping is contained in Cooke etal. (1993). 

11.2.4 In-lake phosphorus inactivation 
Spreading AlSO4  over the lake surface is a procedure used to precipitate phosphorus from the 
lake and seal the bottom against phosphorus release. Alum form gelatinous flocks that sorb 
dissolved phosphorus. Flocks accumulate on the bottom and sorb phosphorus that leaches out of 
sediments. Experience has shown that chemical coagulation of phosphorus is highly effective in 
takes and reservoirs for at least several years (usually 4-5, sometimes up to 14 years Cooke ci 
al. 1993). Long term positive effects have not been observed after treatment with Ca or Fe, which 
are theoretical substitutes for Al. No special equipment was used in most instances (Cooke ci al. 
1986). Quack etal. (1993) developed a technology using heavy machinery. Calculation models 
by Kennedy & Cooke (1982) and Kennedy etal. (1987) are used to determine the necessary dose 
of alum for a given lake. The reservoir C1-IA-TP models presented in Chapter 14 can be used to 
estimate chlorophyll-a levels at a given phosphorus concentration that is reached by the treatment. 

The advantage of this method is that no special equipment is needed, and the effect is long 
lasting. Limitations are that use of this method is not feasible in waterbodies that are overgrown 
by macrophytes, waterhodies with intensive resuspension or in watcrbodies with low pH. In 
reservoirs that have retention times shorter than one year, this management method is suitable for 
use only if the phosphorus load is low. This is because when phosphorus load is high, the 
capacity of alum flocks to bind phosphorus is rapidly exhausted. Phosphate phosphorus is 
removed more efficiently than organic fractions, and dissolved organic phosphorus is removed 
less efficiently than particle bound phosphorus. Possible gjye environmental impacts can 
occur in connection with toxicity of aluminum at p1-1 less than 6. Concentrations below 50 tg.1 
Al in the lake water are not considered harmful to organisms. Bioaccumulatior. of Al in fish 
occurs when Al Concentrations are high. Accumulation in plants can result in reduced ability for 
uptake by the roots. The cost of this method varies in dependence on the concentration needed 
and manpower cost. 

11.3 BIOMANEPULATION 

The theoretical basis for 'biomanipulation' a term coined by Shapiro ci al. (197), was already 
established during the 1960's by 1-Trbáek cial. (1961). The principle of the method is food chain 
manipulation by maintaining low feeding pressure on zooplankton by fish, so that large species 
of zooplankton predominate, that are capable to keep phytoplankton under control. This is 
accomplished when the number of zooplankton feeding fish is low. In reservoin with stunted, 
overcrowded fish populations these fishes grow very slowly, but, due to their high numbers and 
small size (small animals have relatively greater food requirements), decimate large zooplankton 
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species. Small zooplankton species are unable to control the algae (Fig. 11.8). 

Development of fish populations that lead to control of zooplankton and phytoplanktou can be 
achieved by the following three ways: 

temporary eradication of stunted fish populations by using rotenone poisoning and predator 
stocking (rotenone is not toxic for invertebrates and phytoplaiikton - Stensoti et al. 1978); 

continuous introduction of predatory fish and net-harvesting of non-predatory fish; 
collaboration with local sport fishery and use of commercial fishery methods is needed; and, 

reservoir drawdowns during reproduction periods of undesirable fish species by exposing 
eggs on shore vegetation. 

Winter fish kills in reservoirs that freeze may also cause modifications of species composition. 

Recent reviews of all aspects of biomartipulation (Gulati et ci. 1990, DeBernardi & Guissant 
1995, Shapiro 1995) show that this method is only successful under certain circumstances. A 
thorough evaluation of biomanipulation experiments published prior to 1992 (22 whole lake 
experiments and 10 enclosure experiments, with one exception all were performed in the wet 
region of north temperate zone) is summarized as follows: 
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Success, measured by decreased phytoplankton biomass, was achieved in 2/3 of the 25 
observations, whereas in 28% the results were ambiguous and, undesirable results were obtained 
only in two cases. 

When phosphorus concentrations were very high, no successes were observd. Therefore, 
in very eutrophic waterbodies, it is necessary to combine biomanipulation with nutrient reduction 
by using other methods. 

Success is generally more pronounced in shallow and small water bodies, more specifically 
because control of fish populations is easier under such conditions. 

A shallow waterbody or shallows of deeper waterbodies may switch to a macrophyte 
dominated state and it is to he decided which consequences this has for the respective use of the 
water body. 

Creation and stabilization of a strong population of piscivorous, predatory fish population 
is difficult and time consuming, unless achieved by commercial net fisheries. The use of rotenone 
poisoning is often required to start the conversion. 

The extent of planktivorous fish that must be removed depends considerably upon the 
species and size composition of the fish community. 

Due to very different organism turnover times, a stable new equilibrium may require 
several years to develop. However, this is also true for other eutrophication processes. 

Biomanipulation procedures cannot be considered a routine method because use of this 
method depends on a number of special circumstances and can only be performed with the 
participation of skilled limnologists. 

Criteria for successful application of hiomanipulation must be based upon local and 
watcrbody type specifics. 

Applications of biomanipulalion techniques are more complicated in subtropics and tropics due 
to high fish diversity, vast differences in species composition between sites, presence of 
omnivorous fish, and more complicated food chains. For information about application in 
reservoirs of the southern part of United States see Stein et al. (1995). Successful applications 
and experiments were reported with use of the grass carp JIypop!ith1michthys inolUhrix which 
feeds directly on large colonies of phytoplankton and macrophytes, in Israel (Lcventer & Teltsch 
1990) and Brazil (Starling 1993). However, as is true of all other fish introductions, care should 
he taken before introduction of foreign species. In israel, the introduction of grass carp affected 
populations of other species (Gophcn 1995). The first experimental results from tropics have 
begun to appear (e.g., Arcifa et al. 1986, Roche ci al. 1993), but more knowledge of the food 
webs is necessary. 

The advantage of this method, aside from the very low cost, is that it is fully natural, with no 
chemicals or machinery required; the only means used is manpower. This method also combines 
the requirements of fisheries with that of water quality, however, education of sport fishermen 
is required. The limitation is the required continuous control of fish populations, which tend to 
return to stunted populations, not by natural forces, but because of sport fisheries selectively 
removing predatory rather than zoop!ankton feeding fish. This method has no potential ngay 
environmental jcts if performed without rotenone poisoning. Rotenone poisoning is 
undesirable in drinking water reservoirs and may result in kills of rare or endangered species. The 
cost depends on the way the method is peiformed. Costs are low if combined with organized 
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fisheries efforts but increase when these efforts are not combined. The cost of rotenone is high. 

11.4 HYDRAULIC REGULATiON 

The goal of hydraulic regulation is selection and release of bad quality layers from the reservoir 
without considerable admixing with other layers or selection of good quality layers for 
consumption. This can be most easily accomplished by multiple outlets, if present. Thus, water 
with a high concentration of unwanted substances (phosphorus, toxins, radioactivity) can rapidly 
pass through the reservoir. The use of plastic curtains can also be useful in regulating mixing at 
the reservoir inflow. 

11.4.1 Use of selective offtakes 
'Dilution as a solution to pollution' is a useful technique in lakes and reservoirs (Welch & 
Patmont 1980) when sufficient water with low phosphorus and algae is available. A decrease of 
retention time to 10 or 5 days resulted in dramatic improvement in algal blooms in the successful 
case of Moses Lake, Washington. Because of high water volume and water quality demands, this 
method is rarely realized in the entire reservoir, rather it is best performed on selected layers. 
Figure 11.9 presents several possibilities and indicates the probable positive and negative effects 
of each alternative. Flushing of either the epilininioii or hypolimnion will depend on the goal: 
whether a decrease in algal mass or flushing of a deoxygenated hypolimnion with high nutrients 
and/or other troubleshooting ingredients is desired. The use of bottom outlets that removed 
hypohimnetic water and sediment proved to be a useful method in some South American 
reservoirs. Another possibility is the use of a shortcut current to pass nutrient or accidentally 
polluted inflow through the reservoir as rapidly as possible and with the least possible mixing 
with other layers. The cheapest way to improve the quality of offtakes for consumption involves 
hydraulic regulation by choosing the best timing and depth of outflow. 
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Fig. 11.9 Function of the selective offtakes. For each use the text on the right indicates in the top row the advantages 
and in the bottom row the possible negative effects. From above: Withdrawal through the surface outlet is used for 
flushing of excessive algae. Simultaneously, the phosphorus input to the surface layer increases. Hvpolimnion 
flushing is used to release oxygenless and Iron, manganese and phosphorus rich hypolimnetic waters. Simultaneously, 
stratification is decreased. By creating density currents a peak of phosphorus or pollution rich water (e.g., during 
floods) can rapidly pass the reservoir, Simultaneously, turbid layers may recti the raw drinkingwa(er intakes. 
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Several scenarios are possible provided the limnological situation of the reservoir is well 
understood. A simple, but rarely adopted, precaution is to ensure, during the planning stage, that 
the reservoir possesses a multiple outlet structure with the outlet pipes spaced vertically at about 
5m intervals. A minimum provision is to include a surface and a bottom water discharge. Much 
better control is afforded by reservoirs with niultiple offlake horizons so that good quality water 
can always be abstracted by selecting the appropriate outlet depth in relation to thermal 
stratification. 

The greatest advantage of this method is the negligible cost. The limitations include the required 
knowledge of inflow water quality and depth distribution within the reservoir. Dynamic changes 
in the quality of a specific water layer can take place when the inflow rate and outflow rate and 
elevation of offtake are changed and these are not easily understood unless hydrodynamic models 
such as the ones discussed in Chapter 14 are used. For some purposes, such as flushing the 
hypolininion, the supply of water can be limiting. Conflicts between different uses can also he 
a hindering factor. Possible negative downstream impacts caused by releases must be considered. 

11.4.2 Hypohimnion siphoning 
This simple method of eliminating accumulated phosphorus, iron and manganese in the anoxic 
hypolininion was introduced many years ago by a Polish limnologist (Olszewski 1948). The 
method consists of siphoning water from the hypolininion of the lake or reservoir, it is easier to 
perform in a reservoir than in a lake for which it was originally designed, because the siphon can 
simply hang over the dam wall and does not require any energy to operate other than initial start-
up. This method was recently performed in a small, shallow Swiss lake and produced some 
positive effects by decreasing the hypolimnic phosphorus concentration, but the effect on oxygen 
was offset by increased hypolimnetic teniperatures (Livingstone & Schanz 1994). This illustrates 
that an estimate of the character of the water that will replace that which is siphoned off is 
needed before using this method. This can only be determined if the stratification of the 
waterbody is well known. 
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Fig. 11.10 The possible use of submersible curtains. The inflow curtainplaced at the surface distributes the inflowing 
waler to deeper strata. If the inflow curtain will be placed at the bottom, the inflowing water will be diverled to the 
reservoir surface. Sinularly the outtlow curtain may direct the flow to outlets from the top, bottom, but also niiddle 
layers of the reservoir. 

147 



11.4.3 Curtains 
The use of plastic curtains to modify the outflow depth can substitute for multiple outlets to some 
degree. However, there are limits in the depth selection. The creation of near-surface and 
near-bottom outlets are more feasible and can be realized by anchoring a curtain of an appropriate 
height at the bottom and lifting it by use of floats, or by anchoring a curtain at a certain height 
above the bottom and lifting it to the surface (Fig. 11.10). Outlets at intermediate depths require 
a more elaborate arrangement. Materials must be strong enough to resist water movements, and, 
considerable leaking around the edges and bottom must be taken into account. 

At the inflow, curtains have been used in a few instances to direct flow into the hypolimnion or 
epilinmion (e.g., Aseada ci al. t996). Considerable mixing with the reservoir water occurs 
because water passing the curtain submerges or rises in accordance with density differences. 

11.5 OThER METhODS 

1 1.5.1 Algicide use (particularly copper poisoning) 
The addition of algicide such as siniazine or copper sulfate has long been used as an emergency 
nieasure to control excessive algal growths, usually when these are already well-advanced. The 
dosage of CuSO 4  application varies between 6 kg and 20 kg.ha', depending on the depth of the 
algal layer. A concentration of 1-2 mg.r' must be reached in order for the applica:ion to be 
e fleet lye. 

The only advantage of the method is that it works rapidly. The limitations include the short 
duration of the effects. Also, in alkaline waters with levels above 150 mg.l 1  CaCO or in waters 
with high organic matter content, a chelated form must be used; otherwise, Cu is rapidly lost 
from solution. The method is not advisable because of its negative environmental impacts. CuSO 4  
is toxic to fish, zooplankton and other organisms. In some instances the absence of zcoplankton 
control resulted in a phytoptaniton peak after detoxification, because zooplankton regenerates far 
slower than phytoplanktoim. The application of copper leads to its long-term accun:ulation in 
sediments. The negative side-effects observed during 58 years of copper sulfate treatment in 
Fairmont Lake (Minnesota) are described by Hanson & Stefan (1984). In the case of alicide use, 
addition of a toxic chemical to drinking water, even in low concentrations, is undesirable. The 
gps depend on the dosage and frequency of application. 

11.5.2 Manipulation of the underwater light regime 
This method is used to reduce algal column photosynthesis and corresponding capacity for algal 
biomass growth. Reduction of light availability can be achieved in two ways: either the light 
intensity that reaches the surface is decreased or the light absorption capacity of water is 
decreased. The first can, to some degree, he achieved in regions with low sun by shading the 
watembody by surrounding tree growth. The placement of soot on the water surface has been 
suggested for sonic very small watcrbodies, however, in larger waterbodies wind activity disturbs 
this cover. A decrease in light availability to the algal populations can be achieved by deep 
mixing of these populations with some of the techniques described in section 11.1. An additional 
manipulation might be possible by increasing the background light attenuation coefficient (Eq) by 
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suspension, as suggested by Ritiley & Steel (1975), or by use of artificial colors. Artificial 
coloring used in food products has been successfully applied in some Danish lakes (Jørgensen 
1980). In small ponds, a decrease in photosynthesis and subsequent decrease in pH (high pH 
causes amnioniac poisoning of fish fry) was achieved by use of this technique (Hartman & 
Kudr1ika 1980, Jirásek & Hetea 1980). Toxicity of some co]oring agents may be a limiting 
factor. 

11.5.3 Macrophyte control 
Macrophyle control can be directed to either support or to diminish macrophyte growth. An 
increase in niacrophyte growth is desirable when shore protection against wave erosion and a 
buffer zone against pollution. In reservoirs, shallows are usually not extensive and large and 
frequent water level fluctuations discourage the growth of rooted macrophytes. However, the 
situation is different in shallow reservoirs with less variable water levels. Macrophyte reduction 
techniques are based on macuophyte harvesting, the use of herbivorous organisms, and the use 
of pesticides. As discussed in Chapter 4, competition for light between phytoplankton and rooted 
macrophytes and the switching between niacrophyle and phytoplanklon dominated conditions in 
shallow reservoirs and reservoir shallows can be initiated by changes in turbidity. Reservoir 
drawdown can also reduce the growth of submerged vegetation. Winter drawdowns in regions 
that freeze are particularly effective. Some vegetation types regenerate very rapidly. 

Macrophyte harvest is accomplished by use of a number of specially adapted boats, one of which 
is shown in Fig. 11 .11. The best design depends on the type of plants to be harvested and 
whether the plants are floating, softly-rooted, submergents or tightly-fixed eniergenis. The area 
that needs to be treated determines the necessary size and capacity of the supporting boat. For 
more details it is referred to Anonymous (1979) and Moss (1995). 

lq 

Fig. 11.11 One elaborate type of macrophyte harvester. Redrawn from Moore & Thornton (1988). 

Mammals, fishes and invertebrates all feed on mactophytes. Support of the proliferation of the 
water cow, manatee (Haiwore dugong), which lives in Florida and the West Indies, is used in 
Florida to increase consumption of aquatic macrophytes and thus decrease the blockage of 
waterways. Among fishes, surprisingly efficient consumers of aquatic macrophytes have evolved 
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only in one region of the world. This is Eastern Asia, particularly China, where several species 
of phytophagous fish species exist. Some, like the grass carp Hypophthalnüchthys ,no!t/jrix are 
successfully used in other regions for the reduction of macrophyles. This fish thrives easily and 
is tasty, so it is useful for both macropliyte reduction and human consumption. In addition, the 
species is capable of feeding on large colonies of Cyanophyta, and thus can bring about another 
positive water quality effect. As discussed in section II .3, this fish is cultivated in some regions 
of subtropics and survives in tropical conditions and attempts to use are it have been undertaken 
in other parts of the world. 

Among invertebrates, considerable success in reduction of tropical floating vegetation was 
achieved with the use of grasshoppers. Other reported attempts are with the weevils (Neochetina 
eichhorniae, N. bruci) and the alligator flea beetle Agasicles hpdrophila. 

In regard to control of vegetation with herbicides, we refer to the handbook by Gangstad (1986) 
that also contains a review of other plant management methods. 

Emphasis should be placed on methods that do not require use of toxic chemicals, because 
negative environmental imcts of the use of these chemicals is widely understood. 
Ecotechnological advantages of methods based on the natural enemies of plants are obvious, 
however, extreme care and thorough investigation and evaluation is necessary before organisms 
are introduced in areas outside of their natural range. There is great danger that these species 
could resort to the eating of other plants such as agricultural crops, and they could become 
dangerously abundant and suppress native desirable species. The cost is highest for harvesting 
methods, and is affected by the utilization of the harvested plants. If they are used as green 
fertilizers or fodder for domestic animals, some costs expended during harvest can be recovered. 
The use of phytophagous organisms is inexpensive, and, in the case of phytophagous fishes, a 
quality food source can be obtained. 

11.5.4 Water level manipulation 
Decreasing water level may have consequences for macrophyte reduction and for reduction of 
reproduction of some undesirable fish species, laying eggs on vegetation. Rapidly overgrown 
shores are in some countries immediately grazed by animals. When shrubs start to grow, a 
negative effect on water quality can be expected. Drying of sediments causes their compaction 
and consolidation, increased oxidation of organic matter and decrease of the organic content of 
mud. After refilling the reactive phosphorus concentration can temporarily increase because 
mineralization processes in the mud take place. 

11.6 CONFRONTATION OF DIFFERENT ECOTECHNOLOGICAL APPROACHES 

In terms of ecotechnology (Chapter 7) the best approaches are those that are most natural and do 
not rely on the use of chemicals, equipment or energy. Of the procedures discussed, the following 
procedures best satisfy conditions: biomanipulation, selective withdrawal, epilimnetic mixing and 
layer aeration, Nonetheless, there is a need for higher knowledge about the efficiency of these 
techniques in particular reservoir ecosystem situations. The possible applications of any of the 

150 



in-lake methods must be evaluated in connection with the possibilities ofroanaging the watershed. 
It should be noled that all preventive methods should be preferential over curatke methods, to 
which most of the in-lake methods belong. The only truly preventive in-lake method is 
epilimnetic mixing. The most adverse method is the use of copper sulfate, which develop into 
a time bomb' when copper accumulates in sediments and is later released into the water. 
Similarly, the use of other algicides, particularly in drinking water reservoirs, is undesirable. 
Alum treatment is suspected to be involved in adverse long-term health effects. However, Lam 
et al. (1995) have shown that, of the chemicals commonly used for water quality control in 
drinking water reservoirs, alum (and lime) appears to be more suitable than either copper, other 
algicides or chlorine in combating toxic cyanobacterial blooms. In comparing the application of 
copper and alum, not just the toxicity is important, but also the amount and frequency of 
application of the chemical. In this respect, alum treatment is far better, because cne application 
lasts for several (up to 14) years, whereas copper must be added up to several times a year, 
particularly in the tropics. 
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ChAPTER 12 

MANAGEMENT OF RESERVOIR OUTFLOW 

River impoundments cause direct and indirect changes in environmental conditions 
downstream of the reservoir. This is a serious concern for the reservoir owners and managers, 
because the law in many countries mandates responsibility for water quality deteriorrlion, fish 
kills and other value losses. Possible downstream effects are outlined in Chapter 12.1. 
Management must consider these water quality and environmental effects as well as uses of 
the river below the reservoir (Chapter 12.2). 

12.1 ENVIRONMENTAL CHANGES IN THE RIVER BELOW A RESERVOIR 

In terms of river hydrology, three kinds of effects can be distinguished, depending upon 
specific reservoir uses. In water supply and irrigation reservoirs, water that is withdrawn is 
entirely lost to the downstream river reach and this results in severe water quality conse-
quences and impacts on river biota, especially if the reduction of river flows is great. As an 
example, a series of reservoirs on the Colorado River in western USA have reduced flows in 
the river to such an extent that flows into Mexico amount to minimal flows of poor quality 
water. Flow regulation reservoirs ameliorate extreme flow regimes, nevertheless, negative 
effects such as the disastrous changes in the Nile Delta that were caused by the Aswan High 
Dam by interruption of the conlinuity of sediment flows cart occur. The most damaging 
effects occur below hydroelectric reservoirs during peak operations, which cause enormous 
short-tenn fluctuations of river flow. To decrease flow variations below such reservoirs, a re-
regulation reservoir is often constructed with the purpose of retention of the peak flows and 
subsequent releases of water in a more even pattern to downstream areas. 

Tab. 12.1 Major water quality cilaractenislics of reservoirs that are deeisivc in changing downstream water 
quality and river coflditions. 

WATER QUAHTY 	 EFFECTS UPON DOWNSTREAM RIVER CHARACTERiSTIC 

hYDROLOGY. Greatest effect in semi-arid legions, considerable effect in temperate regions, and least effect in 
wet tropics. 
STREAM ORDER. Inverse with the lever of streans order - greatest effects in lowest stream order and vice versa. 
RESERVOIR DEPTH. None or minor effects in shallow reservoirs, but increasing effects occur witl: increasing 
depth of the reservoir. 
RESERVOIR OUTLET DEPTH. No outlel depth effects in shallow (unstratified, wind-mixed) reservoirs, but 
increasing effects occur with increasing outlet depth in stratified reservoirs, 
RETENTiON T1ME. Reservoirs with short retention times do not have much effect on downstream river, but effect 
increases with prolongation of ictentiuis time. 
1'ROPHIC DEGREE. Effeci on the downstream river increases with gieater reservoir biological proucEivity. 
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Limnological characteristics of the reservoirs themselves are very iniluentiat in the intensity of 
the reservoir effects on the downstream river. Some of these characteristics are outlined in Tab. 
12.1. The multivariate character of reservoir ecosystems should be borne in mind and that the 
listed effect of changing one variable is only valid in comparable conditions: for example, a 
deeper reservoir will only have a greater effect than a shallow one if it has the same retention 
time. 

Physical, chemical and biological variables in the downstream river are affected by the reservoir 
in vai-ious ways (Tab. 12.2). Factors listed in the table represent gross generalizations that do not 
account for multivariate effects. There are many possible combinations found within stratified 
reservoirs. The situation within the reservoir at the depth of outflow is decisive for outflow waler 
quality - the water that flows to the river below. Therefore, the rules for the development of 
reservoir water quality under different conditions described in Chapter 4 are decisive. 
Mathematical models of reservoir water quality discussed in Cha1)ter 14 can indicate the 
consequences of the reservoir on the outfiowing river. Some models also enable reservoir 
operation that results in optimal effects on downstream aquatic resources. Additional changes can 
be caused by gas saturation in spillgates (oxygen saturation but gaseous nitrogen supersaturation) 
and hydrological effects caused by instantaneous increases in outflow volume, such as those that 
occur in hydi -opower reservoirs. A study by Barrilier et al. (1993) on the Upper Seine River in 
France demonstrated the effects of the wave front: resuspension of sediments, deovygenation of 
water, increase of nutrients, and dissolved and particulate organic mailer. 

lab. 12.2 Downitreani water quality effects 

VARI/sI3LE 	 CHANGES IN DOWNSTREAM WATER QtJAL1TY 

PHYSICAL VARIAB1ES 
RIVER ChANNEL STRUCTURE. River channels that are located below dams can be substantially damaged 
by decreased, increased, and particularly by erratic flow rates. 
HYDROLOGY. Decreased flow rates result when usage of reservoir water is high, such as occurs in irrigation 
reservoirs or when evaporation rates are high. Periodic 110w increases, and increased variability and disruption of 
natural hydiological cycles occur, particularly below hydropower reservoirs. 
TIIERMICS. A decrease in average temperature occurs. The degree of temperature decrease escalates with 
greater reservoir retention time and outlet depth. Geograplucal distinctions: in temperate regions, temperatures 
below reservoirs are higher than in urtal lered river systems in winter but are lower in summer; in tropical 
regions, the temperatures are increased in both winter and suisinser. The annual temperature range is imsereased in 
surface outflow reservoirs but decreased in deep-water outflow reservoirs (Fig. 121). Vernal temperature rises 
are delayed in surface outlet reservoirs and even further delayed in deep-waler outflow reservoirs. 
SILT CONTENT (TURBtD1TY). Decreased silt loading occurs. This may cause a decrease iii floodplain soil 
fertility with correspondimig cooseqtmences on agricultural, wetland and forest pm -oductivity. 
DETRITUS. The composition of particles changes from abintic to biotic and particle size decreases. 
LIGHT. Light penetration is imscreased 	 - 

CHEMICAL VARIABLES 
OXYGEN, If the reservoir is eutrophic and the outICt depth is below the thermocline, DO cOnceOtrations in 
outflow water may drop to near-zero values 
11 2 S and CO 2 . Valties increase, especially in eutrophic, stratified reservoirs that have long retention times. 
pH. Values decrease, except whteis time misfiow pff is very low, suds as ilsose that uccur in blactiwrter reservoirs in 

153 



the Amazon. 
NITROGEN. Gaseous nitrogen Content increases its aerated reservoirs to supersaluration levels that cause fish kihli. 
This is not due to high gaseous nitrogen in the outflow depth of the reservoir, rather it is related to pracesses that 
occur during aeration at the sptllgates. 
ORGANIC MATTER. Organics decrease downstream wlsen there are no SOU[CCS of tn-lake organic production. 
Phytoplank ton production can result in overwhelming in-lake organic niatterproduction in highly eutropluc reservoirs 
that receive low organic matter input 
PHOSPHORUS. Phosphorus concentrations decrease, and the amount of deci'ease is higher when retentian time and 
trophic degree are greater. An exception occurs when buttons waters are released 11am eutropluc reservoirs that have 
anoxic hypohininia. Reduced phosphorus levels result in decreased biological productivity in the ou:flow river, 
NITRATES. Nitrate concentrations are usually nearly unchanged, but sometimes increase slightly. When strong 
reducing conditions exist In the reservoir, the concentration of nitrates downstream is decreased. 
NiTRITES. Conceistrations of nitrites are usually increased, particularly dining deep-water releases from reservoirs 
of higher trophie degree. 
T01'AL SOLIDS. Total solids concentrations remain nearly tinchanged. 

BIOLOGICAL VARIABLES 
PLANKTON. In general, plankton abundance increases downstream. 
PIIYTOPLANKTON COMPOSITION. The phiytoplankton composition changes downstream, In small rivers, 
there is a transition from riveriise (periphytic) species to pelagic species; in huge rivers, the number cf lacustrine 
species increases below a reservoir. 
PHYTOPLANKTON PROI)UCTION. Specific phrytoplankton production (per unit mass of phytoplsnktorr) can 
be extremely high if hypolinsnetic phytoplankton that are chlorophyll-a enriched are released to the river and 
reach high light conditions. 
PHVTOPI.ANKTON BIOMASS AND CHLOROPHYLL-A. Amounts depend on the location of the outtlow: 
surface outflow delivers more plsytoplankton, whereas hypolimisetic releases reduce transport of phytoplankton 
biomass. Phytupiankton from the hypolimnion has higher chlorophyll-a content. 
ZOOPLANKTON. A small river below a reservoir is highly enriched in zooplanktois. In a laige river or 
reservoir, a transition from potaniophanktonic composition to pelagic Composition takes place. Zooplanklon 
biomas usually increases in the outflow as compared With the inflow due to flushing from the lake. 
BENTIIOS. Increases below slightly entrophtc reservoirs, and usually decreases below highly cutrnphic 
reservoirs in cnnilectiOn with afloxia. Composition is usually luglily changed. T)etrimental effects or short-term 
water level fluctuations on henthos are high. 
WSH. The reservoir represents a barrier in fish migration, and spawning waters often cannot be i'eached. Feeding 
habitats are often reduced. Fish occurrence below resei'voirs varies greatly according to specific conditions: 
Changes can include fish kills due to gaseous nitrogen supersaturation, decline in fisheries, and improved oxygess 
and feeding conditions in some situations. 

1. 
U 

0 

C 

'U 

Fig, 12.1 Leveling of the long-term (average for 13 years) annual inflow temperature variations beow the dam 
(dashed line) confronted with the same locality before the din construction (lull line) in two Australian 
reservoirs. Redrawn from MeMahon & Findlayson (1995). 
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Situation is different in tropical and arid regions. Evaporative loss can have a significant effect 
in areas where hydrological budgets are negative and evaporation exceeds preciçitation. 

Biological consequences to the nature of rivers downstream of large reservoirs are very great, as 
has been demonstrated by many studies. If the reservoir causes a reduction in maximal flows and 
scouring effects, increased macrophyte growth can occur downstream. Below the reservoir, 
complete disruption of the river ecosystem is often observed and can result in fish kills and 
impoverishment of fish populations. Deterioration of the drinking water supply and loss of high 
value recreational sites can also occur. However, there can be also positive effects such as cases 
in which the outflow from deep oligotrophic reservoirs improves water quality in a polluted river 
to such an extent that trout or similar fish species are able to survive. Because reservoirs function 
as settling and biological oxidation basins and phosphorus trap (Chapter 4) a significant 
improvement in outflow water quality can occur under some circumstances. 

The reset distance discussed in Chapter 3 defines the extent of river length that is affected by the 
reservoir and the point at which conditions in the river return to normal in an undammed river. 
This distance can vary considerably and is determined by the position of the river in the 
watershed, geography of the area, and oilier variables. Inflows that enter the rLVer below the 
reservoir are also important. For example, below Balbina Reservoir (Brazil), deoxygenated waters 
persist for as far as 20 km from the outflow. The Eildon Darn outflow modifies conditions in the 
river for 138 km, and below flume Reservoir (both in Australia), the temperature effect ceases 
only after 200 km. The effect of large reservoirs can cxtcnd as far as rivcr deltas, and result in 
the loss of estuary ecosystems, reduction of fishery habitats, and saltwater intrcsion into delta 
farmlands. 

12.2 MANAGEMENT OF THE RESERVOIR OUTFLOWS 

The following three basic options are currently in use: 
management of the water quality in the reservoir watershed and the reservoir itself by use 

of various options; 
use of selective offtakes to withdraw water of (lie best possible quality; arid, 
use of additional means to improve the gas conditions of outflow water. 

12.2.1 Managing water quality within the reservoir and its watershed 
Water quality management of the entire reservoir watershed amid in the reservoir itself are the best 
options to achieve high quality outflow water. Methods to achieve this goal are provided in 
Chapters 10 and 11. 

122.2 Use of selective offtakes 
Selective offtakes use an outflow depth that corresponds to the layer of best water quality in the 
reservoir. This is particularly important in offtakes for drinking water treatment plants, but is also 
important for river outflow considerations. The use of selective offtakes in reservoir water quality 
management, as illustrated in Fig. 11.9, has important consequences on reservoir outflow. 
However, it must be noted that changing the omit [low depth for all reservoir water or a 
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considerable portion, such as during irrigation, has consequences on water quality at the outflow 
depth. This is because outfiowing water is replaced by water from surrounding strata and this 
water usually differs in terms of water quality. Thus, the dynamic nature of water quality must 
he acknowledged and respected. The use of iescrvoir water quality models that cover 
hydrodynamic conditions (Chapter 14), offer considerable help in attaining this goal. 

Use of selective offtakcs began fairly recently and during the construction of most existing 
reservoirs, water quality and environmental problems were not considered. McMahon & 
Findlayson (1995) point out the high costs that are incurred when selective offtakes must he 
constructed in existing reservoirs for environmental reasons. For example, they estimated that the 
cost of one recently constructed new outlet in the Upper Yarra Dam in Australia was 10 million 
US$. They also analyzed probable future changes in perspectives due to Global Changes (Chapter 
16). 

A new method designed to modify the outlet depth was recently developed, particularly for small 
and medii.ini size reservoirs. This method is based on the use of plastic curtains near the darn 
wall, as descrioed Section 11.4. These plastic ctii -tains, of course, have only limited potential in 
selection of offiake levels. Relatively easy is the selection of the surface or bottom water, 
however, selection of the intermediate levels creates more difficulties. Leakage of water around 
the curtain edges cannot thus far be avoided. Pressure exerted on the curtains from internal water 
movements is enormous and the subject material must be high quality and strong to endure. 
Certain private firms are capable of constructing such curtains for small reservoirs (e.g., 
Ecosystem Consulting Service, Inc. located in Coventry, Connecticut, USA). 

12.2.3 Management of reservoir outflows 
Possibilities of imp[oving water quality at the location of the dam are fairly limited, and consist 
mainly of modifications of the gas regime of the outilow. Tat). 12.4 lists alternative techniques 
that are used to manage outflows. Rather than discussing the details of each procedure, a 
significant reference is provided for each method. 

Tab. 12.4 Techniques for managementof reservoir outflows, Referencesprovided are either the inventor, a thorough 
suosmary of the usagc, or bulb. 

TECHNIQUE 	 REFERENCE 

Selective withdrawal (iathlamd 1984, Paizek 1984, 
litho ct al. 1990 

Aeration/oxygenation at hydropower outlet works ('assidy 1989 
Spill-water reaeration Cassidy 1989 
Czech method of oxygenatiols ilaindh 1973 
Epilimnelic pumps Quiniero & Carton 1973 

Mobley & 11ashbat'ger 1987 
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Fig. 12.2 Aeration near turbine intakes to improve downstream water quality. Redrawn from Mobley (unpublished), 

Management of total outflow coupled with reservoir operational systems produce changes in the 
upstream ecological system. For example, a 2-meter drawdown in the operational level of Porto 
Primavera Reservoir (Brazil) saved a 700 km 2  upstream wetland. 

Fig. 12.3 Conthinatiori of oxygenation and mixing with a surface water pump or propeller near turbine intakes to 
improve downstream water qualIty. Redrawn from Mobtey (unpublished). 

Several approaches regarding aeration/oxygenation that are discussed in Chapter 11.1 can be 
included in management of hydropower outlets. The use of destratification in the vicinity of the 
darn is shown in Fig. 12.2. Figure 12.3 illustrates the use of a combination of oxygenation from 
the bottom and mixing by a propeller or a water pump from the surface. An improvement is 
achieved in cases of deoxygenated water at the turbine intake levels. Outflow oxygen 
concentration can be increased to levels suitable for fish and other aquatic life and devoid of 
smells by using such approaches. Additionally, outflow temperatures can be increased in 
comparison with unmanaged situations and structures are protected against corrosion. 
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CHAPTER 13 

WATER QUALITY MANAGEMENT OF SPECIFIC RESERVOIR TYPES 

13,1 I1R1N1ING WATUR RESERVOIRS 

The strictest water quality requirements apply to di'inking water reservoirs. With increasing 
anthropogenic stress on the environment, World Health Organization slandards lists, in WHO 
Guidelines for Drinking Water Quality (1984), an ever-increasing number of variables that are 
recommended for regular monitoring in drinking water. This is related to the situation 
outlined in Fig. 6.1, in which an escalating number of new types of pollution are created. The 
chemical industry produces thousands of new chemicals annually, some of which leach into 
the environment and represent potential hazards to human health. 

Optimally, drinking water reservoirs are located in mountainous or hilly areas that are sparsely 
populated. Forested watersheds are optimal, but Eucalyptus forests that were introduced in 
many countries have a less positive effect than more natural forest assemblages. In regards to 
the reservoir type, deep stratified reservoirs are highly preferable. Oligotrophic to meotrophic 
conditions and a fairly well oxygenated hypolimnion must be maintained by use of all 
possible means. Anoxic hypolimnia are undesirable, due to potential release of manganese, 
iron and phosphorus. Release of these elements greatly increases treatment costs, and can 
cause odor and taste problems. The latter problems result from proliferation of a number of 
organisms that develop in anoxic conditions. After treatment with chlorine, organochiorides 
produce undesirable tastes in treated water. The only way to avoid such problems is to avoid 
anoxia. Management methods that can be used to reach this goal include a host of options 
provided in Chapters 10 and Ii. 

One management method that is specific to drinking water reservoirs is the use of automatic 
selection of the best water layer from which water is withdrawn for treatment. This can only 
be used if the whole reservoir is in the oligotiophiic or rnesolrophic slate and Dossesses 
multiple outlets that enable selection from densely spaced layers. A simple measure of best 
water is the horizontal transparency of individual layers. Layers with the most transparent 
water usually contain less dissolved and particulate organic matter and these layers are best 
suited for treatment. Transparency can be automatically measured by submersible 
illuniinometers at suitable time intervals (e.g., daily), and offtake for treatnient can be changed 
accordingly. 

Another management method that is particularly suitable for drinking water reservoirs is 
biomanipulation. Using biomanipulation, stricter requirements are more easily achieved and 
regulation of the fisheries is also Feasible. Conditions necessary for successful biomanipulaliort 
are discussed in Chapter 11.3. 

Many conflicts between requests for high water quality and large volume of water quantity are 
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resolvable. For improvement of drinking water, it is preferable to flush the reservoir during 
stratification periods by releasing undesirable strata to the river. Such Strata are usually at the 
reservoir bottom, but sometimes release of surface water with excess algae is desirable (Chapter 
11.4). Flushing may not be feasible because of water deficiencies or potential impacts to 
downstream uses. Recreational activities that take place on the liver below the reservoir can be 
adversely affected by hypolininetic cold water releases. Other conflicts arise with multiple uses. 
A typical example is the request to combine drinking water supply with recreation. Drinking 
waler reservoirs and their respective watersheds are often located in the most environmentally 
attractive areas. There is increasing pressure to make recreational use of these areas, both within 
the watershed and the reservoir itself. Considerable hygienic restrictions are necessary (Chapter 
13.4) to accommodate these additional uses. Conibination with power generation is another source 
of conflicts, whether performed according to the original plan for the reservoir use or as a 
supplemental use. Conflicts can arise over different requirements for the selection of the release 
depth, the need to produce energy even during times that will severely decrease pool levels and 
i -esult in degraded water quality and many specific use requirements. 

Reservoirs for drinking water are common in developing countries even in highly populated areas. 
However, because of increasing population growth and many sources of pollution, tLcse reservoirs 
are subject to enormous anthropogenic stress. Consequently, costs of water treatment are high and 
the danger of epidemic events related to poor water quality increases (e.g., intoxcation due to 
toxins from blue-greens, in particular Microcyslis strains). For example, Billings Reservoir in So 
Paulo, Brazil is a drinking water reservoir that is quite eutrophic because of heavy blue-green 
algae blooms. however, in addition to providing drinking water supply, the reservoir is also used 
for power generation. To achieve these purposes, water is pumped from the extremely polluted 
Tide River through town and receives enormous amounts of pollution and garbage. The water 
is pumped near the location of the drinking waler intake. Very toor water quality and many 
supply problems result. 

13.2 POWER GENERATION RESERVOiRS 

Reservoirs that are solely used for power generation have the least stringent water quality 
requirements, however, there are also limits that need to he guaranteed. Significant corrosion of 
the dam and the turbines can occur when hypolininic water is anoxic, and, in tropical conditions, 
the entire water profile can reach damaging levels of CO, H 2 S and methane saturation. For 
example, in Willow Creek Reservoir, USA, Strycker (198) reports serious leakage of the darn. 
In the Curua IJna Reservoir in the Amazon region of Brazil, turbines had to be :eplaced after 
only four years of service, in the El Cajon Reservoir in Honduras, interference with electrical 
transmission lines occurred over the reservoir because of gas abolition from sediments. 

Although hydroelectricity is now considered the cleanest method of power generation (aside from 
wind power generation, which has much more restricted use), it is not without environmental 
problems. Major power generation reservoirs require large areas of space and are often 
constructed in areas that are often highly populated. Relocation of large numbers of people can 
create a number of soeio-ccononiic problems (Chapter 2). Effects on the downstiam river are 
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mostly negative and result in long 'reset distances, mainly because of decreased temperatures 
and oxygen conditions. Intermittent deep water releases can cause damage to the river channel 
and degradation of river use (Chapter 12). 

Water quality requirements are emphasized by most present day power generation reservoirs 
because multiple uses dictate criteria. 

Due to typically short retention times, water quality in power generation reservoirs responds to 
flow variability between years (Chapter 4). In dry periods, large shore areas are exposed and 
water quality is degraded due to low pooi levels, consequently, downstream use is also degraded 
and fish populations in the river below the reservoir can be completely destroyed. In temperate 
regions, dangerous water quality situations are associated with low pool levels in winter. Ice on 
the surface of the reservoir prevents re-oxygenation and mass fish kills can occur, further 
deteriorating water quality to an extent that it is inappropriate for even non-consumptive uses. 

Reservoir cascades and pumping schemes that are typically used for power generation in several 
countries including Spain and Brazil (Chapter 2) have specific management problems that are 
discussed in Chapter 13.5. 

13.3 URBAN RESERVOIRS 

Urban reservoirs are usually restricted in size and range from very small pond-like waterbodies 
to impoundments of several million cubic meters. They are subject to very high anthropogenic 
pressure from surrounding communities and the condition of water quality within the reservoir 
is closely tied to the hygienic and economic conditions of the surrounding populations. Even if 
most pollution is removed from the water, there is often a high level of eutrophication, due to 
the use of washing powders that contain superphosphate. These reach the lake, particularly during 
heavy rain and storm events. For this reason, the use of detergents associated with car washing 
and similar activities around the lake should be restricted. Additionally, the use of chemicals in 
garden and lawn care can be a source of toxins that can poison aquatic life. 

The only management option that is specifically recommended for urban reservoirs is stormwater 
runoff prevention (Novotny & Olem 1994). Urban runoff collection is usually separated from 
standard effluent collection systems that are conveyed to the cleaning plant. This is because urban 
runoff consists of huge water masses with low organic matter but high turbidity and garbage. If 
this was all conveyed to the purification plant, the capacity of the plant would quickly be 
exceeded. Increases in treatment plant capacities to meet the demands of storm events are quite 
expensive. When stonriwater is collected and treated separately, water quality is improved at 
lower costs. The response of reservoir phytoplankton depends on the degree of turbidity and input 
of nutrients caused by the storm. The reaction consists of a phase of decreased phytoplankton 
biomass due to decreased photosynthesis during low light conditions caused by tuibithty input, 
followed by a phytoplankton bloom stimulated by increased nutrient inputs and improved light 
conditions following sedimentation of turbidity. 

160 



Most of the management options described in Chapters 10 and 11 are useful in management of 
urban reservoirs. Planting and protection of shore vegetation is highly recommended as it serves 
as a natural barrier to pollution. Fisheries that are regulated with respect to bicmanipulation 
principles are feasible, particularly in small waterbodies that primarily serve aesthetic purposes. 
Unregulated fisheries that favor extraction of predatory fish could result in water quality 
degradation. The presence of numerous aquatic birds is a sign of good water quality and proper 
regional management. However, if large flocks of ducks or geese are fed by people, considerable 
pollution can result. 

In larger urban reservoirs located in densely populated developing countries, the major problem 
is multiple use conflicts. For example, the Xuanwu Reservoir in Nanjing, China, which has a 
volume of 3.32 km2  but average depth of only 2 m and average theoretical retention time of 54 
days, is used as a tourist resort with swimming activities, but also serves as an aquatic farm, as 
a source for industrial and domestic water supply, and for irrigation of agriculture. Consequently, 
pollution and siltation levels are very high and dredging activities were necessary by 1954. 
Without dredging, the reservoir would become tilled with sediment in just a few decades. 

13.4 RECREATION AND TOURISM ON RESERVOIRS 

These three basic categories of recreation that affect reservoirs are distinguished: 
recreation in the reservoir watershed; 
recreation at the lake shore; and, 
recreation directly on the lake surface. 

13.4.1 Recreation in the reservoir watershed 
The same rules and management options that apply to human activity in ihe watershed also apply 
to recreational activities in reservoirs. In the watershed, the need for proper waste treatment in 
individual houses, hotels and other facilities is particularly important. Special care must be taken 
during use of fertmlizers and other chemicals. Soil erosion associated with road building and other 
construction must be strictly controlled, because this is a major source of siltation in the 
watershed. 

13.4.2 Recreation at the lake shore 
Recreational activities at the lake shore are closely connected with recreation that takes place 
directly on the lake. Any activity that takes place on the lake is linked to movements on the 
shore. These shore-based activities usually have a deeper impact on water quality and need more 
attention than activity on the lake. In general, more time is spent on the shore, and niore pollution 
is created and more destructive activities take place on the shore. 

The following include some of the many shore-based recreational activities: housing, camping, 
walking, fishing, picntcking, bird watching, and sunbathing. Shelters and campsites are often the 
location of most serious impacts, but the other activities cannot be ignored, especially because 
they are usually connected with construction of access roads, restaurant and hotel facilities, path 
construction and other amenities that destroy the natural character of the shores and their 
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associated environments. Road construction can create drastic changes in the hydrology of 
surrounding wetlands, and can result in increased erosion and non-point source pollutants. Dillon 
& Rigler (1975) designed a method of estimating the maximum housing capacity of a lake. 
However, the conditions under which this method of estimation is valid are specific to Canada 
and USA, and possibly some portions of Europe. The method is not appropriate for other 
conditions. 

The need for strict niles that govern placement and specifics of facilities, including hygienic 
issues, is evident. The capacity of the reservoir to accommodate recreation is not unlimited and 
certam restrictive rules must be in place. Among these, garbage collection should be facilitated 
and washing of cars should be strictly prohibited. 

Destruction of shore vegetation, which provides a buffer zone and ameliorates siltation and 
pollution, is often related to degraded water quality. 

13.4.3 Recreation on the lake surface 

There are many types of recreational activities that take place directly on the reservoir surface. 
Each represents some danger to water quality, depending on intensity. It is difficult to quantify 
a "safe" level of recreational intensity (such as the number of people days per unit area of lake). 
This is because the degree of impact is influenced by overall reservoir water quality and a vast 
combination of different activities. Activitics that are usually considered harmless may become 
serious after the level of use exceeds some limit. An individual Environmental Impact Assessment 
is necessary to estimate the potential impact of recreation to determine reasonable 

Tab. 13.1 Recreational activities that take place on the reservoir stirrace and potential water quality consequences. 

ACTIVITY 	 CONSEQUENCES 
Sport fishery 	 interference with biomanipulation procedures, pollution caused by 

improper disposal of fish remains arid fishing supplies, excess fish feeding, 
introductions of non-native fists 

Commercial fisheries 	 see (1) at the bottom of the table 
Swimming 	 stirring of sediments causes turbidity and increase in proliferatios of cnli 

bacteria, hygienic inspul inca, danger of lnteCtLOilS 
Scuba diving 	 rarely a source of pollution 
Canoeing, rowing, wiodsurfiug 	negligible problems within the lake, potential impacts by 

associated shore activities 
Sailing 	 large sailboats can introduce a major pollution source 
Houseboats 	 input from sanitary systems which can include sewage, detergents, excess 

organics and trasls 
Motor boating and water skiing 	shore erosion caused by waves, nil and fuel pollution 
Cniisers and large boat traffic 	danger is minimized by Isygienic arrangements (dry toilets, 

preservation of wastewatet and wastes) 
lee skating 	 no known problems 
(1) Impacts caused by commercial fisheries and squaculturc vary greatly depending on specific methods. Organic loads 
associated with (tab faniing in cages and mussel farming can be greater than the amount of organic matter :enioved horn 
the lake during fish or mussel harvest. 
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limits for various activities. Various activities and potential corresponding impact on the reservoir 
are listed in Tab. 13.1. 

Special management guidelines must be elaborated to regulate onshore and on-lake activities 
listed in Tab. 13.1. In particular, houseboats, large yachts and motorboats should be greatly 
limited or prohibited. 

Recreation and tourism in reservoirs can have an important economic impact in some 
communities. There is a strong relationship between recreation, tourism, water quality and human 
health. Therefore, when managing water quality for recreation, human health must also be 
considered. Research to determine early warning signals of ecosystem detericration that is 
accompanied by degradation in human health is needed. For example at Lobo (Broa) Reservoir, 
the high concentration of aquatic birds perpetuates fish parasitoses. The water quality remains 
adequate for swimming, but the fish are no longer suitable for consumption. 

13.5 RESERVOIR SYSTEMS 

Common types of reservoir systems were described in Chapter 3.3. Problems specific to the 
management of the four types described are provided in this chapter. 

13.5.1 Matiagement of reservoir cascades 
In Chapter 4.4 we have illustrated the positive effects that a reservoir has on water quality, and 
in Chapter 10.8 the positive water quality function of pre-reservoirs was explained. These 
concepts provide a basis for understanding the potential management problems and options 
involved in reservoir cascades. In a series of reservoirs, if no additional sources o pollution are 
introduced during their course, considerable water quality improvement is obtained, particularly 
if the reservoirs are stratified and their retention limes exceed specific limits. The observations 
documented in Chapter 4 suggest that, under such circumstances, the self-purification capacity 
of successive reservoirs diniinisli due to the lower degree of purification of organic matter and 
of phosphorus when their inflow concentrations are lower. Examples of water quality changes in 
cascade reservoirs include the Tennessee Valley Authority reservoir cascade on the Columbia 
River in USA, many reservoir cascades on rivers in Spain, the Vltava Reservoir Cascade in the 
Czech Republic and a miniber of cascades in Brazil. Successive improvement of water quality 
within a cascade is usually observed if additional, local pollLition sources do not exceed 
improvements due to reservoir functions. The primary management option that is specific for this 
type of reservoir system is the use of this cleaning capacity. The highest water quality is obtained 
from a cascade reservoir that obtains the least local pollution. This effect is maximized if 
selective offtakes are used to feed lower reservoirs. This is only feasible in certain countries 
where drinking water supply has been given political priority. Under such circumstances it is also 
useful to specify one or several reservoirs in the cascade for the sole purpose of high quality 
water and suspend oilier functions as appropriate. 

Complex management problems can arise in connection with desired multiple use and different 
uses of individual reservoirs in the cascade. It is iiecessary to find a balanced, optimized solution 
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that may require the sacrifice of some individual use requirements to the overall multi-goal 
performance of the system. A very detailed model for the whole system that addresses water 
quantity and water quality demands is needed to convince and enlist cooperation of the users. 
Often, the ability to meet the demands of individual users is dependent on the specific situation 
and timing (i.e., dependent of flow, water levels, pollution levels, stratification, etc.) and 
eventually most needs can be achieved. 

13.5.2 Reservoir multisysterns 
Reservoir multisystems differ from cascades in that the reservoirs are located on different rivers, 
but the water is used in one central location. This is often the case for water or energy supply 
of communities or regions (Fig. 13.1). This is particularly common in dry regions where an 
individual watershed does not produce sufficient water. Therefore, production of sufficient water 
quantity is the dominant management goal in these systems and water quality problems are of 
secondary importance. The methods of integrated management outlined in Chapter 2 are the only 
possible means of satisfying both water quantity and water quality goals. 

RESERVOIR A 	
RESERVOIR 0 

Fig. 13.1 An example of reservoir multisystem for water supply of a town. 

An approach to integrated management of a reservoir mullisystem is schematized in Fig. 13.2. 
Three levels or steps are distinguished. The first level takes different reservoirs within the system 
with their characteristics into consideration, in respect to both water quantity and to water quality. 
At the second level, different water uses that must be satisfied to some degree by the system are 
considered. Resulting management strategies for all reservoirs and all uses are represented in the 
third level. Different options, including the no control option, are considered on a daily and 
seasonal (monthly) basis. A specific method used to analyze this complex problem is Analytical 
Hierarchical Process (AHP) (Fig. 13.3). After definition of the problem and its structure (such 
as that provided in Fig. 13.2), a hierarchic graph is to separate the Problem into manageable units. 
The analysis consists mainly of pair-wise comparisons at different problem levels. Finally, the 
whole problem is examined altogether. 
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13.5,3 Puniping schemes 
Merrnel (1991) lists 326 pumping schemcs from all over the world, the majority (217) of which, 
are in Furope. There are two reasons to install pumping operations: 

LEVELI 

RESERVOIRS 

LEVEL 11 

USE 

LEVEL III 

MANAGEMENT 
STRATEGY 

Fig. 13.2 D erent hierarchical levels of the problem. 

AHP IS APPLICARLETO COMPLEX PROBLEMS 

RASED ON FACTUAL RELATIONSHIPS 

j 

uSiNG A rI1EF1AFICHIC GRAPH 

I'AIRWISE COMPARISONS 

PUTTING 5005111CR T5E DOCOMPOSED SYSTOM 
AND THE INr0RMATI0N OBTAINED 

Fig. 13.3 The analytical hicrarelucal process of analyziiig the ititegiated luanagemelut probtersi of a reservoir 

inultisystem. 

to provide energy generation in critical periods at the expense of energy losses in excess 
periods; and, 

to enable cooling of power generation plants (coal burning and atomic). 

An interesting case is represented by the Round Reservoir in New Jersey, USA with a volume 
of up to 210 106  cubic nieters that is used for flow augmentation of the Raritan River, which, in 
turn, pt-ovides water that is pumped to the reservoir during the high water stage (Owens et al. 
1986). 

This category does not include schemes of pumping water from a river into impoundments that 
are used for drinking water supply, as in the case of London's drinking water supply. 
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Pumping for energy generation. Because production of hydroelectricity can be started within 
minutes, it is often generated solely during periods of greatest need, mostly during the hours of 
sunrise and dusk. During periods of low electricity demand, water from a power generation 
reservoir is pumped to a smaller storage reservoir located at an elevation twenty to forty meters 
above the main reservoir elevation. In other situations, the order is reversed: the main reservoir 
is located upstream and water is pumped from a downstream reservoir. The world's largest 
pumping operalion moves waler from Lake Michigan into a holding reservoir. This water is then 
released during periods of high clectricily demands to accommodate peak demand. These peak 
operations are related to slow filling of the storage reservoir, stagnation for periods ]asLing from 
a few hours to days, and rapid release of large volume of water. Consequently, water quality 
changes occur, not only in the storage reservoir, but also in the main reservoir. Different daily 
and weekly cycles take place in different reservoirs. These range from a single night of pumping 
up to a several night cycle, and less regularly, weekly cycles of longer pumping during weekends. 
irregular cycles are also observed in accordance with electricity demands. Sometimes, two types 
of pumping operations are distinguished. The most common operation is designated as combined, 
or is perhaps better called supplementary, and is operated on a dam that also serves to generate 
power independently of pumping. Pure pumped storage is a sealed system and additicnaj water 
is only needed to compensate for losses due to leakage and evaporation. In the later operation, 
water quality is not a priority and often the reservoir is nearly completely emptied. 

The difference in sizes between the ulam reservoir and the pump storage reservoir is enormous, 
and so are the depths of ofitake and release of water. Therefore, effects on water quality are quite 
variable and no generalizations are possible. One exception is the statement that the effect is 
small in the main reservoir if the pumped volume is only a small portion of its volume and the 
water quality of a small, regularly operated pumped storage reservoir is identical to, or 
dominated by, the water quality of the main reservoir. Complete mixing occurs during pumping 
in small storage reservoirs but the effects on stratification in large water bodies is very low. Some 
positive effects on oxygen conditions occur in cases in which mixing occurs in the main reservoir. 
Pumping of low quality polluted water to the main reservoir also sonielimes occurs. Water quality 
changes can occur in relation to large water level fluctuations. The greatest adverse effect of 
pumping operations is the impact on fishes. Although some observations indicate (hat, under 
certain circumstances, damage to fish that pass the pumps is not great, other observatioi:s indicate 
that mortality occurs dUe to mechanical and pressure effects. A study by Robbins & Mathur 
(1976) indicates that fish have adapted their nest building habits in accot -dance with regular waler 
level fluctuations and (luring large drawdowns nests are exposed. 

Management of individual pumped storage operations totally depends on knowledge of local 
cotidilions. Attempts to develop crops that are resistant to temporal desiccation and niinimize 
negative aesthetic effects associated with large muddy areas during drawdowns l:ave been 
initiated, but no general recommendations have yet been established. 

Pumping water for cooling purposes is a specific case, primarily used by atomic power plants. 
Heated waters that are released create thermal pollution that is detrimental to plant and animal 
life. Additionally, the danger of radioactive contamination must he avoided. 
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13.5.4 Water transfers 
The most fully developed water transfer systems exist in semiarid regions of Australia. Water is 
transferred from mountainous watersheds that are characterized by high precipitation to satisfy 
water needs in arid watersheds that are up to 2000 km away. A similar situation is under 
development in other semiarid regions such as California and Southern Africa. Water quality 
problems that arise during this effort are primarily associated with the proliferation of recreation 
in previously pristine mountainous areas and increased agricultural ulilization ofwaLersheds. Plans 
for gigantic water transfers in the former Soviet Union were mostly unrealized, This is fortunate 
because environmental consequences of such large-scale activities cannot be adequately assessed 
with the current state of knowledge. In many cases where such large-scale transfers were realized, 
they led to enormous problems or disasters. Allanson ci al. (1990) warn against premature 
realization of such projects in their review of the limnology of South Africa because proper 
environmental management of such projects is not easily foreseeable. McMahon & Findlayson 
(1995), in their review of the situation in Australia, point out a number of environmental 
problems that are related to these systems and the high price of a posteriort soktions. 

Management of water quality in a heterogeneous system relies on detailed knowledge and 
availability of on-line information. Whether or not SUCh efforts will be elaborated by the use of 
automatic or semiautomatic water quality control systems is a question that can only be answered 
in the future. 
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CIJAPThR 14 

MATHEMATICAL MODELiNG OF WATER QUALITY MANAGEMENT 

14.1 COAL OF THE CHAPTER 

The goal of this chapter is to demonstrate to reservoir managers, limno]ogists, chemists, 
sanitary engineers and other interested parties the possibilities that mathematical modeling 
offers as a tool to help accomplish tasks and support decisions. The chapter is not intended to 
teach construction and solution of computer models. These technical topics are covered by 
books and specific chapters in hooks such as Jorgensen (1983), Orlob (1983), Straikraba & 
Gnauck (1985), Jorgensen & Gromiec (1989) and Jorgensen (1992). 

The main focus is a description of various water quality models and how they are used. 
Models are classified in terms of their usefulness in water quality management, not according 
to classical model categories. Methodological approaches used in different models will be 
mentioned only when an approach restricts their use. Existing models that have proved useFul 
in decision making processes will be emphasized. Many more research-oriented models exist 
and are listed in a publication regarding reservoirs by Strakraba (1994) and in a chapter 
regarding waler quality models of lakes, reservoirs and wetlands by Strakraba (199). Rather 
than present a broad review of existing mode's, a few models that are very useful in terms of 
management are presented. 

Mathematical models are now extensively used in water quality management. Some idea of 
the extent of their use can be obtained from the survey by Alasaarela et ol. (1993), who 
assembled questionnaires from 100 institutions. Ihe results document the use of 105 models 
(both produced in the institute and elsewhere) that were applied in 800 situations and required 
approximately 500 person work years. On the average, modeling teams consisted of 4 persons. 

Water quality is closely related to water quantity, however, water quantity modeling is simpler 
than water quality modeling and also has a longer tradition of use, therefore, is niore fully 
developed. Information on water quantity as related to reservoir problems is reviewed in 
Biswas ci al. (1993) and other similar sources. The use of weather radar and satellites is 
progressing, particularly in some countries like England and USA. The main use of these 
technologies is usually flood control, but information on flow conditions that are rclevaiit for 
water quality management is also obtainable. 

14.2 PROBLEMS FOR WHiCH TilE MATHEMATICAL MODELS ARE USEFUL 

Mathematical models are used in reservoir water quality management for the purposes 
outlined below. 
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In general: 
- to estimate pollution sources in the watershed by means of simple calculation models. 

Before reservoir construction: 
-to estimate budgets of major waler quality components of rivers that will enter the reservoir, 

of the reservoir, and of the reservoir outflows; 
to provide reasonable estimates between several alternate construction sites, darn heights, and 

outflow and outlet structures so that decisions are supported; and, 
- to predict conditions in future reservoirs and the consequences of different management 

options on water quality within the watershed. 
For existing reservoirs: 

- to predict possible future reservoir water quality conditions when environmental conditions 
in the watershed are altered by human activities; 

- to provide estimates for decisions between different water quality management options for 
use in long-term planning; 

- to support short-term operational management decisions regarding water quantity and quality; 
and, 

- to optimize sampling schedules investigations and controls of reservoir water quality. 

14.3 GENERATIONS OF MODELS 

In order to enable seleclion of the most appropriate niodel, a waler quality specialist must be 
acquainted with the terms that characterize major classes of models and approaches. 

Computers are classified into five generations of successively more powerful machines, and 
likewise, mathematical models are classified into five generations of usefulness in terms of 
management. The generations distinguished by Abbott et al. (cited according to SASR, 1992) 
from the perspective of hydraulics modeling (including water quality aspects) are characterized 
as follows: 

1st generation: computerized formulae of the early 1960's; 
2nd generation: one-off numerical models for iiidividiial specific sites, not generally applicable 

(since 1960's); 
3rd generation: generalized numerical modeling systems for compt.iters experienced 

mathematical specialists, usually mainframe based but also processed on PC's; 
4th generation: user-friendly software products, PC or work station based, widely applied by 

professionals; and, 
5th generation: "intelligent' modeling systems for technically skilled but non-expert users. 

The model groups useful for water quality management are as follows: 
Simple static calculation models consisting of algebraic equations or graphs; 
Complex dynamic models that provide analysis of timing aspects of water quality 

conditions; and, 
Geographical information systems (GIS) that provide computer software for problems that 

require spatial resolution. The basis of GIS is computerized maps and procedures for entry and 
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treatment of spatial data. For instance, a specific watershed can be included in the database and 
corresponding pollution sources can be indicated. Through the use of models, the expected 
pollution input can then be calculated. Recently, several attempts to apply GIS in watershed 
management (GEO-WAMS - DePinto 1994) or combine watershed models with reservoir models 
(LWWM Wool el al. 1994) have appeared. 

Prescriptive models calculate water quality conditions but do not directly indicate 
appropriate management options for a given situation. By means of scenario analysis, it is 
possible to test management alternatives and predict potential consequences for water quality. 
This can be useful in selection of the most appropriate management possibilities. 

Management or optimization models that incorporate selection procedures to choose the 
most suitable option according to a set of criteria that is appropriate for the given situation. Such 
models can allow simultaneous analysis of several management alternatives (inulliparameter 
models) or several goals (muItigoal models). 

Expert systems use qualitative and quantitative expressions to guide the user toward 
relevant answers to complex water quality questions. The most important advantage of expert 
systems is their ability to cover qualitative characteristics in addition to quantitative characteristics 
and to handle complex decision rules. The name of this model group originated fi -oin the basis 
in which these answers are obtained - the judgment of experts in the given field. An interactive 
mode is available in which the user interacts with the computer software during the session by 
selecting from questions offered by the Computer, obtaining answers, and answering questions 
offered by the computer. 

Decision suppoi-t systems (DSS) represent a fum -ther extension of expert systems. They 
incorporate other computer software products relevant for a specific water quality decision 
problem for which the system was constructed. A graphics package that generates explanatory 
drawings and texts can be an integral part of DSS and all of the model types mentioned above 
can he incorporated in the system. The entire decision support system is automatically driven 
based on questions by the computer and answers by the user. 

For practical purposes, fourth and fifth generation models are most useful for water quality 
management. In accordance with mathematical approaches, the degree of sophisttcation and 
purpose of fourth and fifth generation models can be classified into seven groups. Of these 
groups, groups 1 through 5 are predominantly fourth generation, whereas groups 6 and 7 are of 
the 5th generation. Some group 3 models can also be classified as 5th generation. Moreower, all 
models are either deterministic or stochastic. Deterministic models calculate one (average) value 
for each situation and/or unit of time. Stochastic models result in a range of values that can be 
expected for each situation and/or each unit of time. Often a deterministic model is first 
developed and later a stochastic formulation is constructed. Therefore, both deterministic and 
stochastic versions of the same model are possible. Stochastic runs are much more time 
consuming because the same model is calculated many times with slight variations in parameters 
so that the range of possible outputs, considering model parameter uncertainties is considered. 
Therefore, stochastic formulation provides a range of values (expressed, e.g., as the confidence 
intervals of predictions) that can be expected under given conditions for variables included in the 
model. 

The capability of every model to provide useful predictions and hints for management depends 
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on the degree of its testing. There are several approaches for testing, however, the most important 
in terms of application is validation. Validation is a procedure in which model output is compared 
with observations that are independent of those that were used during the construction of the 
model. The most simple validation Consists of using another series of observations from the same 
reservoir. However, this does not necessarily justify the expectation that the model will be useful 
for other reservoirs and situations. The most useful models are those that were tested with data 
from many different localities, including different parts of the world, and, optimally by different 
people. A model might be well-suited for one reservoir condition, but not necessarily suitable for 
other reservoirs with different conditions. Very often models that are suitable in one geographic 
territory are not as useful in others. A situation often encountered is that most models have been 
developed and tested under temperate Northern Hemisphere conditions and their application in 
tropics or in temperate Southern Hemisphere regions does not provide comparable results. 

144 SIMPLE CALCULATION MODELS 

Models in this group are predominantly based on statistical elaboration of large datasets. 
Therefore, they are limited by the extent of material covered in the analysis. Often, data are not 
adequately representative, particularly reservoir data. This is because the reservoir ecosystem is 
highly dependent on hydro-meteorological inputs with high variability. The applicability of these 
models can be very limited if the input data used for characterizing the environment were from 
a small number of seasons, localities, or from a restricted area. If several data sets are treated 
independently, the resulting statistical approximation often varies from one data set to another. 
However, not just the equation that represents the average relationships between different 
variables can be deduced from the data, but also time variability of this relationship. H this is taken 
into consideration, differences between individual approximations can either appear insignificant 
or may appear very important. Very often, the data set contains localities of different character, 
e.g., both lakes and reservoirs, shallow and deep lakes, calcareous and non-calcareoims localities, 
humic and nonhumic reservoirs, highly throughtlowing and stagnant reservoirs, etc. The 
proportion of localities of different character varies from one data set to another and this 
decreases the prediction capability of the simple models. It is particularly inappropriate to expect, 
from such generalized relationships, that each reservoir will behave according to the tesults of 
the model. It should be understood that only average behavior of a series of localities is obtained, 
and each locality behaves differently to some degree. 

Many empirical chlorophyll-a (CHA) vs. total phosphorus (TP) relationships that are represented 
in the literature servc as a good examples of this truism. In spite of individual differences, all 
have increasing concentrations of CHA with increasing TP and increasing levels of reactive 
(orthophosphate) phosphorus (UP) in common. However, these parallel increases are only valid 
lip to a certain concentration of TP and then terminates (Strakraba 1985, Prairie et al. 1989, 
McCauley et at. 1989). The average saturation limit is around 100 .ig I-I for '[P and about half 
that amount for 01 1 . These values are simply orientative, as individual lakes do not necessarily 
follow this average trend. Not only can the curve he shifted tip or down, but individual years can 
fluctuate due to the effect of variables other than phosphorus concentration. There is large 
variability in the responses of algae to OP and [P because large differences in the fraction oITP 
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available to algae can occur. From both theory and observations, we know the following: shallow 
localities can bear more CE-IA than deep localities; waterbodies with balanced fish populations 
have less CHA because fish control zooplankton by grazing; and, phosphorus in calcareous lakes, 
and likewise algae, are co-precipitated with calcium. 
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Fig. 14.1 A simple empirical model for the rough relation between the seasonal average phosphorus Concentration 
in the reservoir and seasonal average chlorophyll-a concentration. A and B - the same observations from England 
showing the whole range and the selected lower lange of PO-P conceiitraiions. C - difference between deep waters 
(lower line) and shallow waters (tipper line). D - I shows lie range of TP coucenu at jolts in which the concentration 
of Cl-IA is not affected. A decrease of concentration front 500 mg.In' to about 50 need not produce an decrease 
of C1IA, while a much smaller decrease, labeled 2, produces a very significant decrease. 

This also implies that maximum Cl-IA concentration, achieved during TP saturation, will differ 
in accordance with these effects. As shown in Fig. 14.1, this asymptotic character is very 
important in estimation of the response of a reservoir in decreasing TP (and/or OP) concentration. 
When the concentration is very high (above the saturation limit), reduction of TP by more than 
one half can still fail to effect CHA, whereas in TP concentrations that are below saturation 
limits, the response is dramatic. However, another complication must be considered; the decrease 
of external input of phosphorus to the reservoir is not neccssarily accompanied by a 
corresponding decrease in lake concentrations. This is because phosphorus can be accumulated 
in reservoir sediments to such a degree that continual release can result in saturation for years. 
In this case, the response of the reservoir to decreased phosphorus input by a corresponding 
decrease in CIJA levels is deferred. 

Another model of this category is the Henndorf - Uhlmann model (Uhlmann et 0!. 1971, 
Benndorf et al. 1975) which estimates the efficiency of pie-impoundments in reducing 
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phosphorus (OP) concentrations. This model was broadly applied following a technical norm in 
the former Last Germany (Pütz ci al. 1975). The model is graphic (Fig. 14.2) and enables 
estimations based on easily available data. The main goal is to calculate pre-reservoir phosphorus 
retention based on light availability at the given locality and theoretical retention time. The model 
specifies a critical retention time, below which phosphorus retention does not reach full 
capability. Pre-reservoirs that are constructed for phosphorus reduction should have a volume 
related to flow that yields an optimal critical retention time (taking seasonal variability of flows 
into account). This allows maximum phosphorus reduction for the lowest possible reservoir 
construction and maintenance costs. it is important to consider the limited lifetime of the pre-
reservoir (if no periodic cleaning is accomplished), during which phosphorus accumulates in the 
sediments. This model was extensively and successfully tested in several localities, including areas 
in Germany and South Africa (Twinch & Grohier 1986). 

BENNDORF'S GRAPHICAL MODEL FOR P-ELIMINATION 
BY PRE-RESERVOIRS 
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Fig. 14.2 Explanalion of l3enndorf's graphical model for 1 10-P-e1iminatioii by impoundments. We know the pre-
-eseivoir VOILLLIIc and discharge of its i11ow recalculated In m 3 .day. Pint we calculate in part (a) the critical 
rctenuion time, t. The numbers in three parentheses are for the function of light, of tire critical nutrient and mixing 
(lint explained in detail here). From t we calculate in part (b) the retention tilTie relative to the critical one, tI. From 
the graph (c) we can now read that the elimination efficiency will be in this case 90%. In the gi- aph (d) the dashed 
line representing the relative elimination curve is calculated, corresponding to the lull line giving the probability of 
not exceeding the given flow rate that we have to know for the given locality. 
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Many simple calculation models are successfully used in water quality management. Those with 
the broadest uses are models that estimate the load of various elements based on the land-use 
pattern. Examples are AGNPS by Young et at. (1989) for analysis of agricultural non -point 
source pollution, TETrans by Corwin & Waggoner (1991) for analysis of TP load in reservoirs, 
and Catchment Resource Assessment Model (CRAM) by Chapman et al. (1995). These models 
consist of specific load coefficients that correspoticl to different types and units of land use. The 
actual computation for a given locality is obtained by multiplying specific coefficients by the 
number of corresponding units (areas of various types of land cover, population numbers, number 
of domestic animals of different species, etc.). To assist in calculations of specific areas, GIS is 
included in some models. This is used to map various land uses, soil types, and other 
characteristics of the territory. We must bear in mind that individual specific coefficients differ 
between regions with different soil types, agricultural practices and other characteristics. The 
morphology of the landscape, distance of areas from water, mutual relationships, etc, are also 
important and variability can be observed in close-by localities. 

Some other more broadly applicable models are listed in Tab. 14.1. Each entry is supplied with 
information about the model use. This may help the user estimate the need for more verification 
before application and may help judge the degree of uncertainty involved in use of the model. 

Tab. 14.1 Sinipte models that are most useful for estimation of various reservoir featoresaud prediction of responses 
to management plans. 

MODEL 	 AU1IIOR 	 APPLJCAIILE REGION OF MODEL USE 

* Nitrogen retention 
by shallow reservoirs 
* Phosphorus retCntiOfl 
by stratified reservoirs 

Retention of Organic 
matter by reservoirs 
* Hypolimnetic oxygen 
demand by reservoirs 
* Lake Number Model - 
specification of stratification 
* Temperature stratification 
model RESTEMP 
* Model of DO and P in 
stratified lakes 
* Model of end-of summer 
oxygen profiles in lakes 
* Model of hypoiiinnion discharge 
scenarios 

Kelly et at. 1987, 
extended by ltowarth ef n! 1996 	N. Hemisphere 

Stiakraba ci ni. 1995 	 N. hemisphere 

Shrakrabová 1976 	 Central Europe 

Staufer 1987 	 United States 

Imberger & Patterson 1990 Australia 

Stratkraba & Giiauck 1985 Central Europe 

Chapra & Canale 1991 United States 

Molot ci at. 1992 	 United States 

Uorsiman ci al. 1983 	 Uuited States 

14.5 COMPLEX DYNAMIC MODELS 

For purposes of modeling rivers and reservoirs, Ambrose et al. (1982, according to McCulcheon 
1989) distinguished the following four levels based on criteria given below: 
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Lcvel I - Steady state solution, simple kinetics; 
Level 2 - Steady hydrodynamics, specified or handled empirically, steady or time variable 

water quality; 
Level 3 - Unsteady hydrodynamics, but simplified solutions, simplified reservoir solutions, 

dynamic water quality; and, 
Level 4 - Unsteady hydrodynamics with full equation routing, ability to handle backwater and 

strati fled reservoirs, dynamic water quality. 

In dynamic models, we distinguish state variables - those obtained by solving the model, site 
constants those that characterize fixed features of the waterbody such as morphometry, and 
forcing functions - those that describe inputs that change annually, such as solar radiation, flow, 
inflow phosphorus concentration, and parameters of the biological components of the system 
such as characteristics of light saturation of the phytoplankton. Model inputs consist of data that 
characterize the specific reservoir and situations for which the model calculation is to be 
performed. 

The question which level is appropriate for a particular application will depend on several 
circumstances. This topic is discussed in Chapter 14.9. 

For each level we have included a small selection of models that have been used fairly 
extensively and are recommended. 

Level I 
A typical level one model is LAKE, produced by ILEC (Jorgensen 1992). LAKE is not limited 
to use on reservoirs and is more of a teaching tool than an application model. For a sequence of 
n-years, LAKE calculates the following state variables: annual average concenLrations of TP, 
CLIA, biomass of zooplankton and fish, as well as average and maximum primary production and 
fish yield. The inputs that have to be entered are the annual phosphorus and nitrogen load and 
exchange coefficient for sediment phosphorus. Switchiiig between TP and N limitation of 
phytoplankton is included. However, only TP and N are calculated as dynamic state variables, 
the rest is based on empirical relations. 

Level 2 
Lung Phosphorus Model was produced by Lung & Canale (1977). Model input consists of lake 
loads of particulate and dissolved phosphorus, which are the only state variables of this model. 
Algal development is not modeled. Important processes include phosphorus sedimentation and 
exchange of phosphorus between water and sediments. 

A model by Jorgensen et al. (1978) has been very successful. It was first applied to Lyiigby Lake 
from 1952 to 1958 and later was applied to analyze changed conditions in the period from 1959 
to 1975. The model closely matched changed conditions caused by conveyance of wastewater to 
the sea and increased nutrient concentrations in tributaries. 

AQUAMOD 3 by Dvoáková & Kozerski (1980) and Strakraba & Gnauck (1985) is a three 
layer model with the mixing zone, hypoliinnion and sediment layer empiricaly specified. In 
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addition, it is possible to calculate the metalimnion thickness and exchange of phospharus and 
algae through the layer. The state variables are phosphorus, phytoplanklon and zooplankton. It 
is particularly appropriate for reservoirs because retention time is treated as an important driving 
function. 

SALMO (Benndorf & Recknagel 1982) is a model that includes schematic distinction between 
the epilimnion and hypolimnion to enable examination of interactions between phytoplankton 
bioniass and changing external nutrient load, temperature, light, mixing and zooplankion grazing. 
The model SALMOSED (Recknagel el aL 1995) is newly developed and enables input regarding 
two types of sediment layers and exchange of phosphorus between water and sediments. The 
original model was applied to reservoirs in Eastern Germany and SALMOSED was applied to 
a lake of medium depth, Lake Yunoko, Japan. 

CE-QIJAL-RIVI is a model appropriate for crude plaiining analysis of reservoir eutrophication 
(Bedford et al. 1983, Anonymous 1986 - manual for application) and was used fairly widely in 
U.S.A. 

WASP4 (Ambrose et al. 1988) covers hydrodynamics, conservative mass transport, 
eutrophication, dissolved oxygen kinetics and toxic chemical - sediment dynamics. It is mainly 
useful for rivers, but lakes can also be simulated. 

MINLAKE (Riley & Stefan 1988) is an extension of RESQUAL II, an earlier model, and was 
recently extensively modified to allow estimation of the effect of climate changes on USA lakes 
(Stefan & Fang 1994). 

BLOOMII by Los (1991), which was developed to examine eutrophication of shallow lakes, was 
elaborated to produce the model DELWAG-BLOOM-SWITCI1, a management model for 
eutrophication control in shallow lakes. The model is extensively used in The Netherlands. 

MIKE is a dynamic water quality model existing in a number of versions, of which MIKE12 
(Ecological Modelling Centre 1992) is a model with a simplified two-layer representation applied 
also to reservoirs. 

Canale & Sco (1996) and Seo S. Canale (1996) have estimated the prediction errors of eight total 
phosphorus lake models (i.e., models that l)rediCt only (or also) annual changes of total 
phosphorus concentrations) during seven years of observations in Shagawa Lake, Minnesota, and 
found that models that do not adequately account for sediment effects produce large eirars. Low 
errors were found for the two original models by Seo called CONSTANT SEDIMENT 
FEEDBACK PHOSPHORUS MODEL and MECHANISTIC WATER-SEDIMENT MODEL, 
Chapra & Canale's (1991) total phosphorus model which contains only one variable and one 
coefficient, and Lung & Canale's (1977) model described above. Seo & Canale stress that a non-
linear relationship exists between model complexity and prediction capability of phosphorus 
models; accuracy increases only up to a limited (low) model complexity and then decreases 
markedly. Stralcraba (1995) demonstrated that the prediction capability of chlorophyll-a models 
does not significantly increase in those that are more recently developed or more complex. 
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Similar to the phosphorus models, the standard error of prediction is approximately 50%. 

Level 3 
Hydrologic sinmlation program - Fortran (T-ISPF) is a model designed for detailed management 
analysis olwatersheds that incorporates the effect of watershed processes on stream water quality. 
The model enables input of data regarding stream rcaches, nonstratified reservoir reaches, and a 
choice of two overland runoff components. It predicts up to 22 variables and was used in several 
applications in USA. 

Level 4 
DYRESM is the most widely used reservoir hydrodynamics model and has been applied in a 
number of European, American and Asiatic localities, as well as a number of localities in 
Australia (Imberger & Patterson 1981, Imberger 1982). The model is continuously being 
improved. A recent version is two dimensional and enables simulation of the horizontal spread 
of inflow into different layers of the reservoir (Tiocking & Patterson 199). The recently derived 
DYRESM-WQ (Dynamic Reservoir Simulation Model for Water Quality) covers water quality 
variables (Hamilton & Schladow 1995) and is commercially available from the Water Research 
Centre of the University of Western Australia at Perth, Western Australia. The model simulates 
stratification and flow conditions, phytoplankton assemblages, nutrient levels (different forms of 
phosphorus and of nitrogen), dissolved oxygen, BOD, iron and manganese, and sedimentation of 
detritus. A version that is currently in preparation will include the processes of phosphorus 
exchange with sediments. 

The Finnish three dimensional water quality-transport model is a coupling of a hydrodynamic and 
ecological model. It was used for a number of Finnish lakes and reservoirs (Virtanen ci al. 1986) 
and is continuously updated. 

ASTER and MELODIA are models that were applied in France to models stratilication and 
biological conditions in the Reservoir Pareloup, which belongs to an extensive reservoir 
multisystem (Salencon & Ththault 1994). 

14.6 WATERSHED AND REGIONAL MODELS USING GIS 

ITASA and RAISON are two largely used information systems that were specifically developed 
for water quality problems. The system developed over years at IIASA (e.g., Fedra ci at. 1990) 
is applicable for different territories for which mapped or tabular data exists. The system is 
capable of processing data and then combining results for a particular purpose and is able to make 
management predictions. 

RAISON was developed by a group led by D. Lam of the National Water Research Institute in 
Canada (Lam ci al. 1994). The name is an abbreviation for "Regional Analysis by Intelligent 
System on a microcomputer. It is considered an expert system (Chapter 14.8). The knowledge 
base stores and manipulates information such as documents, rules, models and scanned 
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photographs. For example, one can browse the knowledge base, search for keywords or phrases 
in a document, and display a map of locations where the keywords are found. The inference 
engine, a part of any expert system, is used to discover and analyze patterns in data or knowledge 
records, i.e., constructing rules based on an induction model through generalization from specific 
examples. Also, rules or examples by experts can be entered directly into the system aiid thei -e 
is also a fuzzy logic OptiOn for those cases where the value of an attribute is not precisely 
definable. The system is extensively used for purposes such as analyzing regional drinking well 
data, analyzing satellite images to yield water quality data, and visualizing results of 
hydrodynaniic modeling of lake circulation and contaminant transport. A world-wide database of 
water quality characteristics in a number of lakes and reservoirs is available from 1LEC (Data 
Book of World Lake Environments, 1991). This allows examination of water quality in a given 
geographic region and selection of situations that closely resemble that which interests the user. 
It also enables input of new data from specific localities, including detailed geographical maps 
and maps provided by other relevant disciplines, SLICII as soil surveys, vegetation cover naps, and 
data regarding water use and demands. 

14.7 MANAGEMENT (PRESCRIPTIVE) MOflEI.S 

This category comprises fourth generation models that are very useful for management, however, 
they are very complicated and difficult to use. Practical use of these models by water quality 
specialists is very limited and cooperation with a computer center or research institution is usually 
necessary. These models are also known as optimization models because they use an optimization 
procedure to determine best performance of the study system under specified criteria. 

These models are either based on simple static calculations or dynamic simulations, depending 
on whether a time-independent or time-dependent solution is required. The difference between 
these is that, besides different parameters that characterize the given situation, parameters that can 
be manipulated are distinguished. Consider the case of a descriptive eutrophication nzodcl that 
predicts concentrations of chlorophyll and other important water quality variables like oxygen for 
a reservoir, based on parameters that characterize conditions in the inflow river and the :eservoir. 
The manipulation possibilities are expressed as parameters that can be changed by management. 
For instance, it is possible to decrease the critical nutrient load by constructing tertiary 
purification plants or other means. It is also possible to induce artificial mixing up to a given 
depth and apply biomanipulation techniques. These management options affect model parameters 
and the model is capable of calculating consequences on water quality that were caused by 
changes in these parameters. The major component of an optimization model is called a goal 
function. This is the function that the user seeks to minimize or maximize (mathematically, both 
maxima and minima represent optima). The goal function could be to maximize the oxygen or 
other critical water quality variable level, or to minimize the amount of money spent on attaining 
a specified level of water quality improvement. Optimization with constraints means that some 
or all of the management parameters are limited, i.e., they must reinain wiihiiii specified limits 
due to natural conditions, management limitations, etc. The following examples illust, -ate these 
kinds of constraints: 
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inflow phosphorus levels cannot be reduced more than the capabilities of treatment plants 
or other reduction methods enable; 

it is impossible to mix a waterbody beyond its greatest depth, and there is a natural depth 
of mixing; and, 

there is no feasible reason to reduce the level of chlorophyll or increase the concentration 
of oxygen above a certain limit. 

Another use is a query of the optimum combination of options to use in the given reservoir when 
limited funds are available for improvement of water quality. Of course, the same reservoir will 
behave differently in different years due to the effects of weather and associated differences in 
flow rates, phosphorus loads, etc. 

Today, multiparametric formulation is used most often because it offers many management 
options. Multi-goal formulation is even more complex because it allows several goals to be 
followed simultaneously. Examples of this type of formulation and its advantages will be 
provided in Chapter 14.8. 

It must be understood that optimization procedures only select among possibilities included in the 
model and are limited by the validity of the model, including its assumptions aiid formulations 
and the constraints imposed. Therefore, model conclusions should be used with caution and the 
user should consider the limitations of the model, possible inadequacies of its formhation, and 
possible insufficiency of input data. 
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Two basic types of management models are distinguished: prediction models and operational 
models. The first are intended for long-term horizons and off-line functions. By off-line function, 
we mean that the model is run before any decision is made and several alternatives are 
investigated. Operational models are intended for on-line use, while the computer is connected 
to automatic devices that provide information about the state of reservoir water quality and is also 
connected to devices that activate water quality management options. For instance, chlorophyll 
concentration and meteorological parameters can be automatically recorded and fed into the 
computer model. Short term predictions by the model can he used to switch mixing devices on 
or off, or to specify the intensity of phosphorus purification (Fig. 14.3). Examples of such on-line 
operational water quality management systems are provided in Tab. 14.2 together with planning 
optimization models that are useful for water quality specialists. 

Tab. 14.2 Models for use in water quality optiniization. 

* Dynantic optimization of cutiophication by phosphorus removal, Used for a Japanese lake (Matsumura & Yoslnuki 
198 1) 
* Optimal control by selective withdrawal (Fontane ci (4l. 1981) 

Optinuzing reservoir operation for downstream aquatic resources. Applied on Lake Shelbyville, Illinois (Sate ci 
al. 1982). 
* GIRL OLGA for cost minimization of eutropincation abatement using lime dependent selection from nyc 
management options (Schindler & Stratkraba 1982). Applied on several reservoirs its Else Czech Republic 
• Stochastic optinhizatmon of water quality (Iltis 1987) 
• COMMAS for prediction at cnvtuonnsntal mutti.agent system (Bouron 1991) 
* DFLWAG-I3LOOM-SWITCII for management of eutrophication control of shallow lakes (van der Molen et al. 
1994) 
* GFMOLP, a fuzzy multi-objective program for the optimal platuting of reservoir waterslieds(Cliang e mu'. 1996) 

14.8 EXPIiRT AND DECISION SUPPORT SYSTEMS 

Because these two model types are used for similar purposes and their handling by the user is 
similar, they are discussed together herein. Furthermore, expert systems are essentially portions 
of decision support systems (DSS). DSS were named for their ability to support decisions and 
are not intended to make decisions. Final decisions must always be niade by wise, experienced 
people, however, in order to make adequate decisions, people need varying amounts of 
information that is often not easily obtainable. For such complex systems as water quality 
systems, it is difficult to preview consequences of different options because there are many 
nonlinear relationships and complicated interactions. DSS is a tool that provides managers with 
necessary information regarding potential consequences of various decisions. DSS uses both the 
experiences of numerous experts and capabilities of the computer to rapidly calculate many 
complex relationships. The interactive DSS function allows the user to try various versions or  
decisions under different possible situations, etc. (Fig. 14.4). 

REH is an example of a water quality DSS and was prepared by a group of researchers associated 
with Prof. A. Gnauck at Brandenhurgian Technical University, Cottbus, Germany 
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(Gnanck et il. 1989). The system is intended to support the manager in multi-criUrial decisions 
(up to 10 criteria), by interactively searching for a compromise between different levels of criteria 
satisfaction. To a certain degree, the compromise is subjective and the user must rrnk the criteria 
and satisfactory levels of fulfillment. The system is very plastic, but for each application a 
specific subroutine needs to be constructed in FORTRAN to answer the question. Recently, a 
reservoir water quality model GIRL OLGA was combined with the DSS REM and is currently 
under investigation in the Biomatheniatical Laboratory, University of South Bohemia at Ceské 
Budëjovice, Czech Republic. 

Tab. 14.3 Decision support systems for water quality management 

MODEL NAME 	PURPOSE 	 AUThOR 

selection of control stracgy for lake eutrophication 	 Grohlci Cl ul. 1987 
DSS for environmental decisions 	 Fedia 1990 
analysis of environmental catclsnsent pohcies 	 Davis a at. 1991 

MASAS 	evalualion of micropollutants 	 Ulriclt et al. 1995 
AQUATOOI, water resources management 	 Aiidreu a W. 1991 
1IEC-3 	nsullipuipose quaittitalive operation of reservoir systems 	 Huesiad M.ihods 1993 

Only a few DSS are currently available for water quality management decisions. A review of 
these models is provided by Somlyódy & Vans (1992). Existing DSS are listed in Tab. 14.3. 
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14.9 SELECTION OF AN APPROPRIATE MODEL 

The first step in selecting a model is specification of the exact desired goal for which the model 
will be used. The selected model must be one that is intended to answer the questions of interest. 
The type of model is much less important than the designated purpose because each model is 
specifically designed to answer specific questions and may be incapable of addressing other 
concerns. 

Another selection consideration is the specific kind of data available for use with the model. Use 
of the most advanced models is impossible if the water quantities and qualities of reservoir 
inflows have not been measured. In some cases it may be possible to obtain data required to use 
the model, but this involves expenditures of money and time. Most water quality variables vary 
in accordance with seasons and flow rates. 

Availability of personnel that are skilled in the use of models could be a significant limitation. 
Learning the use of models can be difficult and time consuming. Appropriate model selection 
requires balance between the importance of the problem, money, time, people and avaiabi1ity of 
the adequate models. 

One warning bears repeating: models only produce a gross simplification of reality and caution 
is always necessary when considering model results. Moreower, three levels of uncertainties 
influence the use of even the best models (1-lilborn 1987). These are: 

noise - natural variability that occurs frequently enough to be routine (various sampling 
schemes and statistical analyses are required to accommodate this uncertainty); 

states of nature that are not well known; and, 
surprises - unanticipated events (flexible adaptive management strategies cope witi Surprise 

more effectively than rigid, dogmatic strategies). 
These uncertainties are inherent in any complex system and may occur in any specific case. 
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CHAPTER 15 

CASE STUDIES 

In this chapter we have limited our discussion to four reservoirs, two of which are located in 
Czech Republic and two of which are located in Brazil. These reservoirs are located in the 
countries with which tite authors are most experienced. The selection allows comparison 
between the temperate region and the tropical region; therefore, somewhal comparable 
reservoirs were selected from each region, namely, a cascade power generation reservoir and a 
drinking water reservoir. Of course, exact comparisons are not possible: e.g., the Brazilian 
reservoirs are shallower than the Czech reservoirs. The difference between temperate and 
tropical reservoirs is not only influenced by geography, but also by different land use patterns 
and economic and cultural differences. 

15.1 SLAPY RESERVOIR, A TEMPERATE CASCADE RESERVOIR 

Slapy Reservoir (Tab. 15.1) is an example of a temperate cascade reservoir with mtermediate 
retention time that is used for power generation. 

Tab. 15.1 l3asic data about Slapy Reservoir 

Location 
River 
Geographical coordinates 
Elevation 
Surface area 
Catchmeiit area (40% forest, 50% inlensive agriculture) 
Volume 
Maximum depth 
Mean depth 
Length 
Shape: riverme, average width 
Filled in the year 
Normal range of annual water level fluctuations 
Theoretical reteni ion time 
Primary use 
Other uses 
'Iropluc stalus 

Czech Republic 
Vltava 
49 6 37'N, 1420'E 

271 ni a.s1. 
13.1 km2  

12900 km 2  
270 106 in3 

53 in 
21 in 
44 km 

300 m 
1954 

5 05 
38 days 

power generation 
local water supply, recreation 
meso/eutropli ic 

Slapy Reservoir is one of the few localities in the world (both fi -eshwater and terrestrial) for 
which long-term detailed ecological observations exist. Observations have been recorded at Slapy 
Reservoir since it was filled in 1954. A long series of standard measurements of a few individual 
water quality variables have been recorded for many lakes and reservoirs, but the observations 
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of Slapy Reservoir are much more complete, and include physical, chemical, bacteriological, 
plankton and fish observations. This was accomplished by a team of experienced limnologists of 
what is now known as the Hydrobiological Institute of the Czech Academy of Sciences (during 
the first few years observations were recorded by a team at the Water Research lnsti:ute). The 
location of the reservoir on Vitava River ( Moldau of the composer Dvoiák) enables some 
comparisons with the ancient and recent status of the river. Climatic and daily water temperature 
data from several spots within the cascade were available from the database of standard 
measurements maintained by (he State Hydromcteorological Institute, From 1976 to 1982, 
detailed automatic recordings were collected at a site that is 9 km upstream the dam, and is the 
location of hydrobiological field station. 

The following three phases of development of Slapy Reservoir are differentiated: 
Period 1 - period 1954 1961, before upstream construction of Orlik Reservoir (Volume 722 

106 m 3 , length 75 km, maximum depth 70 in, completed 1960) with Karn'k Reservoir (13 1 0 
in 3), its re-regulation step; 

Period 2 - period 1962 - 1966, after the construction of Orlik and Kam9k reservoirs; and, 
Period 3 - period 1967 - today, since the operation of old paper mills in the upper reaches was 

stopped in 1966. 
Recent years, following political changes in the country, may represent another period, that 

is characterized by a decrease in nutrients and other pollutants due to decreased field fertilization 
and increased environmental awareness. 

In the first period, two important developments coincided: the processes of reservoir aging and 
high trophic development caused by the inflow from the Vltava River that was loaded with 
nutrients from the wide catelinient. In this period the reservoir was highly eutrophic, with dense 
sunirner blooms of Cyanophyla (predoniinanily Ap/mnizomenon flo.s aqreae and Microcyslis 
aeruginosa) that reached an annual average of more than 4 mg.l fresh weight, but maxima 
reaching up to 25 mg.l' for the top 3 meters. The reservoir water was very brown due to 
effluents from paper mills in the tipper reaches of the Vltava River (up to 200 kin upstream of 
the reservoir). There were also large bogs in the tipper reaches but their contribution to the color 
of Vitava River, some 150 km downstream was negligible, as was clearly demonstrated after the 
ppr mills were closed in the third period. The transparency was low due to both dissolved 
organic matter and eutrophic conditions. Primary production was hindered by the high color, 
which reduced light penetration, but phytoplankton bioniass was high, clue to the high piosphorus 
and nitrogen concen trat ions. Uenthos in the river reach of the reservoir was composed mainly of 
lubificids living in the deep anoxic sediment that accumulated. In winter, there was a layer of ice, 
that was thick and strong enough to support light vehicles. The shores of the reservoir were 
mostly uninhabited, hut slowly became a recreation site, including construction of summer huts. 
Temperature stratification corresponded with the dimictic type that is characteristic for the regiou, 
but was modi fled due to the short retention time. 

in the second period the trophic levels in the reservoir dropped dramaticatly, because large 
quantities of nutrient were trapped in OrlIk Reservoir, The average phytoplanktoii biomass 
dropped to about 2 mg.l" fresi1 weight. Instead of a free river with a natural temperature regime, 
inflow to Slapy Reservoir was now composed of cold hypohimnetic waters from Orlik, with 
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temperatures that were barely modified by passage through the Kani.'k re-regulation reservoir. 
Temperature stratification changed, and deepwater temperatures were lower than before. The ice 
was reduced during winter months but remained thick enough to support pedestrians and allow 
sample collection. The heavy blooms of Cyanophyta disappeared; they were shifted to Orlik 
Reservoir where they eventually resulted in degradation of tourism and recreation. The 
phytoplankton composition became more mesotrophic/slightly eutrophic in character. Spring 
phytoplankton was dominated by diatoms, whereas in summer, green algae with Cryptomonadina 
were dominant. Slight Cyanophyta blooms appeared every summer after 1980. Color decreased, 
but the decrease was minor due to the slow rate of decomposition of colored organic matter from 
paper mills. Recreation pressure on the reservoir increased, and by 1963 there were about 3000 
houseboats and many huts, recreation centers, hotels, and camping facilities on the reservoir 
shores. 

Budget calculations in the third period enabled demonstration that decreases in the organic 
matter after closure of old paper mills in the upper reaches corresponded with decreased effluent 
levels (new paper mills with insufficient water purification were still running). Water transparency 
increased by about twice the previous level, from 0.5 - 2 meters to 1.5 - four meters. There was 
a steady rise in concenirations of nitrate and total nitrogen, but ammonia remained consistently 
low. Since the beginning of detailed studies in 1960, the concentrations of nitrate nitrogen rose 
from about 0.5 mgi 1  to almost 5 mg.l' in the 1990's. The amounts of chlorides, sulfates and 
calcium increased simultaneously at nearly the same rate, and conductivity did likewise. There 
was no corresponding increase in phosphorus concentrations; a recent study demonstrated this is 
due to the phosphorus retention capacity of Orlik Reservoir. 

Comparison of detailed observations from all three periods enabled recognition of major 
differences between a solitary and cascade reservoir in the same locality. The longterm series 
of linmological measurements taken during a wide range of flow conditions enabled recognition 
of the influence of retention time on stratification and other water quality variables This became 
the basis for rcservoi r classification and management. Phosphorus 11 ulitation of phytoplankton 
production became apparent and the asymptotic character of the phosphorus - CLIA relationship 
was derived for the first time. The function of fish populations as controlling agents of trophic 
levels in the reservoir was recognized. 

Over the course of the three periods several management problems occurred. The high level of 
trophic development degraded recreational uses, recreation activities impaired water quality, 
sources of high levels of nitrates and other salt concentrations were introduced by agriculture, and 
high phosphorus concentrations that were input by untreated sewage resulted in the development 
of Cyanophycean water blooms. Since the 1 970's the capital of the Czech Republic, Praha (= 
Prague) began to experience water shortage and new sources were sought. One potential source 
that was investigated was treatment and distribution of Slapy Reservoir water. This instigated 
some restrictions on shoreline and water recreation, including prohibition of recreational 
houseboats and motorhoats. 

More detailed information about Slapy Reservoir is available in the ILEC 'Data Book of World 
Lake Environments (199 I)'. 
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15.2 BARRA BONITA - A SUBTROPICAIJTROPICAI, CASCADE POWER 
GENEHATION RESERVOIR 

The Barra Bonita Reservoir (Tab. 15.2) is an example of a subtropical/tropical cascade reservoir 
with an intennedlaic retention tinic, that is used foi power generation. 

lab. 15.2 Basic data about Barra Bonjia Reservoir 

Location Brazi] State São Paulo 
River Tide and Piracicaba 
Geographical coordinates 2229'S and 4834 'W 
Elevation 430m 
Surface area 
Cateliment area (30% forest, 50% intensive agricuttuiv, 20% pasture) 32484 km 2  
Volume 3.6 106  m3 
Maximum depth 25 in 
Mean depth 10 us 
Length 48 km 
Shape: riverine, average width 2 km 
Filled in the year 1963 
Normal range of annual water level fluctuations 5 in 
Theoretical retention time 90 days 
Primary USC power generation 
Oilier uses local water supp'y, recication, 

sport fisheries 
Tropisic status eutrophic 

The seasonal cycle of air temperature typically changes by only 15°C between winter and 
summer. Rainfall normally occurs between September and March, followed by a six months dry 
period. Yearly cumulative precipitation ranges between 1200 and 1500 mm. Maximum wind 
velocity of 20-25 km.h' occurs in the winter (JiLly - August). Rainfall, wind and flushing rates 
are the major forcing functions in this reservoir. 

The reservoir water volume and water level are related to both climatological factors such as 
rainfall or dry periods, and to water uses. In a typical year, the total flushing rate oscillates 
between 190 rn3 .s' to 570 rn 3 .s* The average yearly flushing rate is 344 t,s* Changes in the 
flushing rate are an important forcing function in this system, and they rapidly modify ecological 
conditions both within the reservoir and downstream. 

Two main rivers flow into the reservoir: Piracicaha and Tide. There are considerable differences 
in water quality when the water of two rivers mix in the main reservoir. This produces extensive 
spatial heterogeneity and other special conditions. Differences in the spectral composition result 
From varying concentrations of dissolved organic matter and particulate matter in the rivers and 
the reservoir. Other sources of spatial heterogeneity include small rivers that flow into the 
reservoir, and shallow bays or uther areas of luw circulation. Additional causes of spatial 
heterogeneity in the reservoir are rnacrophyte stands and gallery forests along the small 
tributaries. The reservoir has several compartments that were visible on a satellite image. These 
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compartments are characterized by different degrees of reflectance in the water masses resulting 
from various concentrations of dissolved organic matter, biomass, and other suspended material. 

Nutrient input into Barra Bonita Reservoir has two components: lion-point sources from 
agricultural activities such as sugar cane plantations and cattle production, and point sources that 
originate along the main rivers and tributaries (including sewage discharge). Geologic flux is 
related to soil use and contribute 658 tons of phosphorus and 12,175 tons of nitrogen per year. 
The hydrological flux of nitrogen is 25,389 tons.year 1  for the Tieté River and 26993 tons.year 1  
for the Piracicaba River. For the Tide River, the predominant form of nitrogen is ammonia and 
nitrite. In the Piracicaha River, nitrite is the predominant form of nitrogen. Total phosphorus 
contribution of both rivers amounts to 1,545 tonsyear. 

A particularly important source of impact to Barra Bonita Reservoir is suspended Lnaterlals that 
peak in the summer and produce drastic changes in the water quality, particularly in terms of 
dissolved oxygen concentration and light penetration. Mass fish kills are related to the high 
concentrations of suspended material. Overall sources of impacts to Barra Bonita Reservoir can 
be summarized as follows: 
* N and P inputs from lion-point and point sources (including sewage discharge); 
* Input of suspended niaterial from agricultural activities, and runoff during precpitation; 
* Navigation; 
* Tourism and recreation; 
* Deforestation in the watershed; and 
* Introduction of exotic species of fishes. 

The consequences of these impacts include the following: 
• Eutrophication; 
• Siltation; 
• Excessive growth of macrophytes; 
• Blooms of Cyanophyla (Microcvstis sp. in summer and Anabaena si).  in tropical winter); and 
• Loss of native fish species. 

The reservoir management plan is primarily based on watershed management. The watershed 
of the Barni Ronita Reservoir is used for agricultural activities such as sugar cane plantation. 
Thus one of the main objectives of the management plan is to control inflow of non-point sources 
of phosphorus, nitrogen, organic matter and other pollutants into the reservoir. This can be 
achieved through the use of proper agricultural practices and protection of the reservoir shore by 
use of native vegetation. The plan specifies the use of native species remaining in protected forest 
fragments near the reservoir, as a seed source for reforestation efforts. Another important 
component of the management plan is protection of riparian forests along the tributaries and 
protection of macrophyte stands in the upper reservoir that function as nutrent traps and 
denitrification sites. The management plan also includes intensive use of the pelagic zone by 
introduced fish species. in many reservoirs the pelagic zone is not efficiently used by the native 
fish community and management strategies oiler this possibility. Subdivision of the watershed 
into smaller units is another feature of the plan. This measure seeks to facilitate rapid 
implemneiitation and application of the plan. Controlled operation of the spill water to remove 
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Microcystis sp, blooms in the summer and Auibcwna sp. in the winter is another important 
nianagement component. 

Barra Bonita is intensively used for navigation by tourism and transportation vessels. Management 
will work to solve pollution problems related with these activities. A partnership between the 
public sector and the private companies responsible for navigation is being stimulated. The 
transportation vessels are also used for continuous water quality sampling. Survei!lance by 
satellite imagery enables that changes in water reflectance that could result from input of 
suspended material or Cyanophyta blooms to he rapidly detected thus immediate riitigative 
measures can be taken. Continuous environmental education regarding water quality, watershed 
protection and river management are among the management goals. This will help the general 
public, students, and schoolteachers to engage in management activities. A continuous monitoring 
program is in progress. 

153 IIMOV RESERVOIR - A TEMPERATE DRINKING WATER RESERVOIR 

kímov Reservoir (Tab. 15.3) is an example of a temperate drinking waler reservoir with an 
intermediate retention lime. 

Tab. 15.3 Basc data about ftirnov Reservoir 

Location Czech Republic 
River Mane 
Geographical coordinates 4908'N,1430 'F 
ElevatioLl 471 	in as.]. 
Surface area 2.1 km 2  
Catcbmem area (40% forest, 50% intensive agriculture) 444 km 2  
Volume 33.6 106 rn3  
Maximum depth 47 in 
Mean depth 17 in 
Length 13 km 
Shape: rivcrine, average width 161 m 
Filled in the year 1978 
Normal range of annual water level fluctuations 3 ns 
Theoretical retCntion time, long term average 96 days 
Primary use drinking water supply 
Other uses - 

Trophic Status nsesotruphic 

The long-term average theoretical retention time of this reservoir designates it as a transient type 
with stratification that is influenced by water flow. These effects are much less pronounced than 
in Slapy Reservoir which has a much shorter retention time. There is pronounced horizontal 
variability along the reservoir and phytoplankton peaks start in the inflow zone. Later, most of 
the phytoplankton shifts along the reservoir until it reaches the darn, so there is no correspon-
dence between the phytoplankton production and hiomass at the darn, because the hiomass comes 
from the inflow region. The critical nutrienL for phytoplanklon development is phosphorus, which 
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reaches mean levels between 16 and 30 pg.I at the reservoir surface in different summers. 
Phytoplanktori has a spring Cryptophyceae, and small centric diatom peak, followed by a clear 
water phase" resulting from overgrazing of phytoplankton by zooplankton. Summer composition 
of phytoplankton is primarily large-celled and colonial algae and Cyanobacleria species. 

Because this reservoir has been consistently monitored since construction, the data provide 
detailed observations on the aging process of reservoirs. The data support the new idea that aging 
is not just a consequence of increased nutrient and organic matter content during the first few 
years of existence. An important role is played by the differences in development rates of major 
groups of organisms and subsequent changes in biotic juteractions. Development of fish 
populations takes a few years and, during this time, there is no control of lower trophic elements 
by predators (feeble or lacking top-down control). 

Considerable attcnlion was focused on the effect of fish on plankton, with particular respect to 
hiomanipulation techniques. One condition for use of these techniques is complete knowledge of 
fish populations in the reservoir. According to data obtained by the classic capture - recapture 
method the hiomass of fish larger than 10 cm varied between about 140 and 440 kg.ha' but up 
to 850 kg were present in the aging period. Reproduction of the most common fish species, perch 
(Pcrcafiuii'iatilis), was intentionally reduced in some years by lowering the water level after egg-
laying, so eggs were dried out near the shore. Changes in plankton composition were observed 
in years with high and low fish bioiriass. Specific field experiments were conducted to examine 
the effect of fish on possible prolongation of the 'clear water phase" and lowering of 
phytoplaiikton concentrations, both of which are favorable for drinking water supply. An 
important function of the juvenile fishes was disclosed and a double beain echosounder was used 
to gain more exact data about their numbers and biomass. This modem technique provides 
accurate data about density and bioniass of all fish sizes in the reservoir, particularly if coupled 
with classic techniques (hat simultaneously survey species representation. It was discovered that 
phosphorus limitation plays a role in the clear water phase' in addition to zooplankton grazing, 
which is apparently the dominant force. 

[ntcnsive studies were focused on the microbial food chain. The results indcate that this 
previously neglected component has a major effect on cycling of matter in the reservoir. The 
main participants are bacteria, heterotrophic nannollagelates and ciliates, the latter two of which 
feed on bacteria. Studies were conducted during years characterized by different fish stocks. The 
percentage of largesized phytoplankton during summer peaks was significantly lower in the low 
biomass years, and the percentage of large cladocerans increased from very low values to 20% 
in the same years. 

A new automatic technique called clean layer" was designed to decrease the amount of 
coagulants used during drinking water treatment. 'Ihe technique is based on the uneven water 
quality depth distribution in the reservoir and correlation between organic matter content and 
layer transparency. Automatic transparency measurements with a submersible instrument enabled 
the depth location of the cleanest layer to be revealed. As Riniov reservoir possesses multiple 
outlets, it was possible to take water for treatment from the optimum layer. 
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Successful cooperation between scientists and (lie agencies responsible for the reservoir 
management and water treatment enabled practical application of research results, however, 
controversy remained over the hydroelectricity production from the reservoir. The optinial strata 
released differs in accordance with water quality goals and hydroelectricity production goals. 
Additional complications are caused by summer cottages along the river below the reservoir, 
because the owners protest against release of cold water strata from the reservoir. 

Drinking water supply from the reservoir suffers from excess algae, associated organic matter 
and increasing concentrations of nitrates. An increase of the water uptake to supply additional 
inhabitants was suggested. For these reasons, suggestions regarding ways to improve the water 
quality were formulated. These consisted of: (i) construction of a pre-reservoir; (ii) tertiary 
treatment of effluents from the town located upstream of the reservoir; (iii) change in agricultural 
practices to decrease the nitrogen load, and, (iv) application of biomanipulation techniques within 
the reservoir. Realization of items (ii) and (iii) were initiated. Biomanipulation techniques were 
attempted, however, in a very unsatisfactory and ineffective way. Cultivated fry of predatory 
perch-pike were introduced to the reservoir in large amounts, but their conditions before release 
did not guarantee their survival. Item (i) is a part of the larger goal of increasing water capacity, 
which was not realized because other solutions were found. 

15.4 BROA RESERVOIR, A TROPICAL WATER SUPPLY AND RECREATION 
RESERVOIR 

Broa Reservoir (Tab. 15.4) is an example of a tropical reservoir with a short average, but highly 
variable retention time, used for recreation and local drinking water supply. 

Tab. 15.4 Basic data about Broa Reservoir 

Location 	 Municipio de Itirapina, near S. Carlos, Brazil, SAo Paulo State 
River Lobo River, Itaqueri River 
Geographical coordinates 22 0 15'S, 47°49'\V 
Elevation 770 in a.sl. 
Surface area 6.8 km 2  
Catchment area (60% savanna, 20% agriculture, 20% forests) 227.7 km 2  
Volume 22 iO m3  
Maximum depth 12 nI 
Mean depth 3 m 
Length 8 km 
Shape: riverinc, average width 300 m 
Filled in the year 1936 
Nonisal range of annual waler level fluctuations 2 in 
Theoretical retention time 20 (lays 
Primary use local water supply, recreation 
Other uses power generation 
Trophic status oligo/mesotrophic 

Lobo-Broa Reservoir (commonly called Broa) was constructed with the initial purpose of 
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producing hydroelectricity. In the last 20 yeais, primary use of the rcservo:r changed to 
recreational uses and tourism due to the excellent water quality in the reservoir. In S. Paulo State, 
oligotrophic waters that are suitable for recreation are unconimon. A scientific study of the 
reservoir began in 1971, as a pilot project for research and training in ecology of reservoirs. The 
study that started in the reservoir was extended to the watershed. 

The Climate in the vicinity of the reservoir is determined by equatorial and tropical air masses, 
with some influences of the cold fronts from the south in winter and autumn. The climate is 
characterized by the following data: annual isotherms between 19°C and 21°C; isotherms in the 
coldest winter month (July) between 15°C and 17°C; isotherms in the warmest summer month 
(January) 21°C to 23°C. Potential evapotranspiration between 900 and 1000 mm.yr' and relative 
humidity is less than 75%. 

The reservoir hydrology and limnology are determined by the climatological forcing functions, 
namely rainfall in the summer, and wind during winter and autumn. A constant wind along the 
main axis of the reservoir produces turbulence sufficient to produce homothermy. 

Lobo-lroa Reservoir can be divided into two regions, each of which have approximately 
constant hydrological and ecological characteristics. The upper reservoir has abundant 
macrophytes and a wetland region. The lower reservoir is deeper, well mixed and vertically 
homogeneous. The upper portion of the reservoir is important for retention of nitrogen and 
phosphorus, and denitrification, thus is a protection area for the whole reservoir. Spatial 
distribution of limnological conditions is observed in this reservoir. This was demonstrated by 
C:N:P relationships, primary productivity of phytoplanklon, zooplankton distribution, conductivity 
and dissolved oxygen levels. The upper reservoir region is also a nursery for several fish species. 

LoboBmoa Reservoir has a management plan that was implemented iii 197911980, and proved 
to be very successful in maintaining the watershed landscape and water quality. This plan 
consisted in the following measures: 
* protection of wetlaiids and riparian forests along the tributaries and in all hydrographic 
networks; Protection of major tributary headwalers; 
* maintenance of niacrophytes at the reservoir river entrance in order to niaximizedenitrification, 
phosphorus retention, and removal of suspended material; 
• niaintenancc of low retention time (maximum of 20 days of theoretical retention time); 
• maintenance of recreational areas and a community education system in order to foster 
preservation of the reservoir and good water quality; 
• a permanent garbage collection system to reduce solid waste impact; and, 
• development of a system of partnerships including the public sector, recreational companies and 
consortiums to share management responsibilities. 

Maintenance of over 20 years of good water quality (conductivity has always ranged from 10 to 
20 1iS cni) stimulated investments towards development of tourism. These were estimated to be 
200 million US$ in a 20 year span and included construction of buildings houses and shops, 
development of the tourist industry and creating a transportation infrastructure. Thus, good water 
quality generated high economic input into the region. The research, which the management plan 

191 



was based upon and first stimulated maintenance of good water quality in a good state, amounted 
to 5% of the costs returned and was mainly used to construct research facilities, buy necessary 
equipment and pay the salaries of researchers. 

impacts associated with humans activities are characterized as follows: 
• deforestation of gallery forests; 
• discharge of domestic sewage; 
• nutrient input through agricultural activities; and, 
• impacts due to recreation and sand mining. 

Sand mining produced an episode of rapid deterioration in the upper part of the reservoir that 
resulted in the following consequences: (i) loss of transparency, and reduction of dissolved 
oxygen levels, (ii) destruction of the macrophylc stands, which interfered with fish rep:oductjon 
and reduced fish stocks. Drastic changes were observed in zooplankton fauna: Argj'rodiaptoinus 
furcutus, which is typical of transparent oligotrophic water, was replaced by Notothaptouws 
theringi which is characteristic of turbid waters. This change was attributed to the inability of 
Argyrothaptonus Jitrcatus to filter large particles and subsequenl outconipetition by 
Nolodkrptoniu.s i/ieringi, which is able to cope with large particles. After the sand rnii:ing plant 
was heavily fined and was required to install special filters, the reservoir recovered rapidly - in 
about six months. The zooplankton fauna returned to its original composition and tlrgyrodiap-
tornusfi,rcatus still dominates the copepod fauna. This episode shows that, with the use of good 
indicators, recovery is possible within all system levels. 

In addition to the examples above, the Lobo Broa ecosystem research has been used for several 
other activities, such as training of school teachers, science education, demonstration of 
comparative ecology of reservoirs and education of the general public. 

More details about Broa-Lobo Reservoir can be found in Tuiidisi & Matsumura Tundisi 1995 
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ChAPTER 16 

CONCLUSIONS 

Water is a necessity of life and a scarce commodity wherever the population size exceeds the 
availability of this finite resource. When this occurs, paradigms and mental images of water 
management shift and the concern about adequate water supply rapidly increases. We have 
dealt with this topic in previous chapters. This concluding chapter has the following goals: (I) 
to draw conclusions from the knowledge presented in this book to enable construction of 
future reservoirs that will optimize their water quality function, (ii) to assess future needs 
regarding different aspects of reservoir water quality management; (iii) to anticipate reservoir 
water quality consequences due to expected Global Change', and, (iv) to precict the future 
demands of reservoir management. 

16.1 GUIDELINES FOR FUTURE RESERVOIR CONSTRUCTION 

The present knowledge how limnological concepts apply to water qualty processes enables us 
to specify features of future reservoirs and their respective dams, which will optimize water 
quality. First, if drinking water supply is the main planned use of the reservoir, or if this use 
is anticipated, multiple offtakes are the condition for using effective options an:l selection of 
highest quality layers. In the same respect, several possible outflow levels to th downstream 
river are useful, for maintaining both downstream and reservoir water quality. Canstruction of 
the turbine outlets and spiliways should be planned that maximizes oxygenation of water 
which is important for downstream water quality. As far as the character of the reservoir is 
concerned, a deep stratified reservoir is advantageous in temperate and subtropical region. The 
greater the depth, the better. In tropics a fully mixed reservoir might be advantageous to 
prevent formation of hypolininetic anoxia. in terms of water quality several smaller reservoirs 
that are located at high elevations are much better than one large lowland reservoir, even if 
we disregard the possibility of combining several reservoirs into one system while selecting 
from the most suitable water quality among them. However, a water resource system only 
provides advantages if water quality is the dominant requisite, or is at least a subdominant 
aspect. 

During the planning stages, watershed aspects are as important to water quality 1S the site for 
the dam itself. More effort should he focused on estimating present and future land uses and 
more investments are needed to utilize recirculation in plants, efficient purification of effluents 
including tertiary treatment to decrease phosphorus load, and best management practices in 
agricultural production. Agriculture that is located close to reservoir shores may have more 
negative effects than those that are remote. Preservation of forests and wetlands is of primary 
importance. 
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16.2 FUTURE NEEDS AND DEVELOPMENTS OF RESERVOIR WATER QUALITY 
MANAGEMENT 

The greatest problem facing further development of water quality management is not technical, 
it is social, or rather psychological and educational, it is due to a need for change in the attitudes 
of engineers and managers, and progressive abandonment of outdated viewpoints that suggest that 
the present technology can overcome all problems. It appears that the use of brute force 
technology is, at present, creating more problems than it solves. We do not mean to negate the 
value of technology - it is quite necessary but we need to change our attitudes tow3rd use of 
technology. The skills of wise engineers should be used to master the use of technology as nature 
knows it: creative, sensitive, fine tuned, systems oriented, rather than use one-sided brute force, 
which has no regards for secondary consequences and long-terni effects. In the future, managers 
and engineers must make use of nature's possibilities and abilities during planning and 
Construction activities, namely ecological engineering. They must master methods of nianagernent 
that are based on knowledge about methods of sustainable reservoir ecosystem function - 
ecotechnology. This requires deep though, broader skills, and demands full use of human 
intellect. 

More information exchange is needed between specialists of different disciplines, and particularly 
between specialists and the public. The public pays for water and must be informed regarding 
supply problems so that full cooperation is attainable. Information sharing is increasingly 
important particularly between North and South by means such as computer networking. In this 
respect ILEC plays an important role by  organizing meetings and courses to train waler quality 
specialists from the South. 

A general trend towards more intensive water quality management is to be expected as the 
population pressure on the environment increases. This will include operational management, 
based on automatic monitoring, data evaluation and operational water quality control. At present, 
control automation is being mainly developed to control water quantity in different kinds of 
reservoir systems. We expect that reservoir systems and multipurpose reservoirs iii densely 
populated areas will be the first candidates for the application of automated operational control 
of water quality. In respect to management methods, two orientations are desirable in the future: 
preventive methods in the watershed rather than corrective actions and ecologically based 
methods as bionianipulation and epilimnetic mixing examples demonstrate the merits of this 
oriel1tat iOn. 

Lininologists and water quality specialists must move from collection of extensive, static data 
towards a systems evaluation and knowledge of underlying processes and comparison between 
reservoirs. 

Remote sensing is a methodology that will definitely impact water quality ma:agement, 
particularly for large reservoirs. However, substantial extensions of present methods ae needed. 
The approach was developed for oceans, which have a much more uniform physical. chemical 
and biological composition and corresponding optical properties are more easily dislinguished 
than they are in reservoirs. For instance, optical properties of yellow organic nailer that 
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dominates the ocean are already fairly welt known (Jerlov 1976). Flowever, application of this 
knowledge to freshwater, which differs in terms of composition and origin of organic matter and 
particulates predominating particularly in tropical and dry conditions, is very far from justified. 
Therefore, a number of ground level calibrations and theoretical studies must be completed before 
successful application of this method to fresh waters can be accomplished. 

Mathematical modeling is expected to play an extensive role in water quality management. 
Although modeling is presently still within fairly early stages of development, it offers greater 
potential than is currently utilized. It is expected that specialized expert systems and incorporation 
of a number of specific models into decision support systems will be most useful. The 
inadequacies of the present models of reservoir water quality are due to the inclusion of many 
site- and case- specific parameters, which are difficult to estimate. Moreower, these models often 
fail to adequately predict the consequences of major changes of inputs or management options. 
This is because methods of representing adaptation of the biological components and the 
capability of the reservoir ecosystem to change the species composition and respective 
interrelations with the physical and chemical environment is currently under development. Also, 
(he high degree of feedback effects between physical, chemical and biological processes is not 
presently incorporated. 

We can distinguish these directions for further development of ecolechnology in regards to water 
quality management: 

methodological; 
economic and technological; and, 
ecological (lininological). 

From the methodological point of view, there are many inadequacies in the current methods of 
determination of specific water quality variables. Some are appropriate for rapid aulomated in situ 
measurements, which enable in formation to be obtained regarding spatial di strbution. Other 
variables require more lengthy laboratory analysis and are thus more difficult to assess. At 
present, sampling schedules are not optimized, and the "data rich but information poor" approach 
is prevalent, providing managers with large amounts of data, but few useful conclusions. The 
transition to automated operational management is difficult due to both technical and 
mathematical inadequacies. 

World economics are unable to cope with the pieseut trend of diminishing resources. It is now 
recognized that pricing systems must change considerably to reflect the full price of resources and 
environmental consequences including the needs of future generations. Nevertheless, development 
of a corresponding economic value system is slow and acceptance of the necessity of these 
changes by world society is even slower. Technology is driven by the present value system; 
environmental costs are not acknowledged and the belief of unlimiied possibilities is still 
prevalent in the engineering world. "Ecological economics" is under development (see the special 
journal 'Ecological Economics" that appeared recently), However, economic valuation is not in 
itself a full cure for these problems because an objective estimate of future values of, e.g., 
minerals that may support the future (unknown) technology is impossible to predict. Aside from 
cleaner production" approaches mentioned in Chapter 2, we must develop other similar 
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philosophies. New market economy incentives such as "accountable pollution certificates (e.g., 
Novotny, 1988) must be developed. We must also focus more on what is currently called the 
"participation principle", i.e., involving all responsible parties in the discussions and decisions that 
affect the environment. These parties may include industry representatives, environmental 
agencies, and interested public. 

Ecological knowledge regarding aquatic ecosystems is still restricted to local empirical knowledge 
of basic interrelations between environmental effects and a few physical, chemical and biological 
variables, and to fairly raw knowledge of the processes involved in governing these ecosystems. 
For reservoirs, an additional difficulty is that many limnological investigations do not distinguish 
between natural and man-made lakes, and, in certain respects neglect the reservoirs systematic 
differences. The consequences of different shapes, outflows which are usually shallow in lakes 
and deep in reservoirs, retention times, etc. are often neglected. Knowledge of processes that 
drive water quality changes in waterbodies is mainly derived from experiments on components 
that are removed from the ecosystem context. Within the ecosystems, these processes may run 
differently due to variables not considered in the experiment, and different behaviors between 
cultivated and wild populations. Extremely rapid capabilities of organisms to acclimate and adapt 
to new situations are neglected and consequences of these phenomena are unknown. Mich more 
knowledge is needed regarding the self-organization capability of the ecosystem and the self-
structuring of aquatic ecosystems under changing conditions. Moreover, the multivariate character 
of processes and synergetic effects of variables are difficult to study and are presently 
inadequately uadcrstood. 

Knowledge of reservoir water quality problems and potential solutions are not globally balanced. 
Waterbodies and water conditions are less understood in the South, however, knowledge and 
approaches from the North are not always applicable. More effort must be devoted tc research 
and management of reservoirs in the South. 

16.3 CONSEQUENCES OF GLOBAL ChANGES ON RESERVOIR WATER QUALiTY 

Global changes are associated with many events, such as the increased world population, resource 
over-utilization, increased technological development, and increased world globalization. One 
change that is particularly important in reservoir management is the expected world Climate 
Change. 

In many parts of the world we are now observing an increase of major weather irregularities, 
particularly in temperatures and precipitation. 'Ihese irregularities include both incrases and 
decreases. Both extremes of these changes lead to increasing damage to reservoirs from empty 
reservoirs to flood damages. Both are also connected with deterioration of water quality. 
The occurrence of erratic weather patterns is also expected to increase in the near future due to 
the effect of increasing amounts of greenhouse gases and changes in the landscape (particularly 
deforestation). It is expected that Global Warming or, more correctly, Global Change will be 
associated with geographic shifts in both natural and agricultural vegetation. 
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What consequences will these Global Changes have on reservoirs and water quality management? 
First of all, most predictions indicate that world average temperatures will increase by only 1-2 
degrees. 1-towever, changes will be distributed irregularly over the globe, both in niacroscales as 
well as in mesoscales. Warming will probably have the greatest biological effects at high 
latitudes, and low latitude boundaries of cold and cool-water species ranges. Water availability 
has currently dropped below 1000 n1 3  per person per year (a common water quality benchmark) 
in a number of countries (e.g., Kuwait, Jordan, Israel, Rwanda, Somalia, Algeria, Kenya) or is 
expected to fall below this benchmark in the next 2 to 3 decades (e.g., in Libya, Egypt, South 
Africa, Iran, Ethiopia). In the relatively small territory occupied by England, for example, large 
regional differences in rainfall and temperatui-e are predicted, and, moreower, these include both 
increases and decreases. Common to all regions is the increasing irregularity o: weather (as 
already observed) which may prove to be more difficult to cope with than relatively slow average 
changes. A change in the volume and distribution of water will affect both ground and surface 
water supply and all kinds of uses. Relatively small changes in temperature and precipitation, 
together with non-linear effects on evapotranspiration and soil moisture, can resulL in relatively 
large changes in runoff, especially in and and semiarid regions. A warmer climate could decrease 
the proportion of precipitation that fall as snow, and lead to reductions in spring runoff and 
increases in winter runoff. 

GLOBAL 
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Fig. 16.1 Expected consequences of Olobal Changes on reservoir waler quality. 

For reservoir water quality management the Ibllowing three basic types of consequences of 
Global Changes can be expected (Fig. 16.1): (i) direct effects on air temperature and flow; (ii) 
indirect effects due to changes in natural and agricultural vegetation; and, (iii) increased water 
demands on reservoirs, which may include pressure to build new reservoirs. Changes in spectral 
composition of radiation are expected to produce changes in the organisms and organic matter 
in waters. Dii-ect eftécis of air temperature and flow changes will affect water temperature and 
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water quality stratification. These variables have a considerable effect on many water quality 
processes. The change in reservoir retention time, along with consequences discussed in Chapter 
4, will be significant. The hydrological budget directly affects the nutrient load and, hence, the 
trophic state of reservoirs. Indirect effects of vegetation changes will not only enhance or 
diminish the hydrological changes, but they can also cause major changes in nutrient and 
pollutant loads, including organic matter. The increase in classic pollution will result from 
increased water treatment demands in communities where urban runoff is combined with the 
sewer system. Consequences of decreased water levels and increased pollution inputs will not 
only cause increased productivity and trophy, but will also have considerable negative 
consequences on oxygen conditions in reservoirs. Thus it is expected that costs of drinking water 
supply from reservoirs will Increase. Water quality of the reservoir outflows will also deteriorate. 
More consideration of waler quality aspects during planning and construction of new reservoirs 
and detailed evaluation of global environmental effects on these reservoirs will he necessary. 

The degree to which Global Change will impact reservoirs will depend on base-line conditions 
in the water supply system and the ability of waler resource managers to respond to cliniae 
changes, population growth, changes in demand, changes in technology, and econoniic, social, 
and legislative conditions. In wealthier countries with integrated water-management systems, 
improved management may be able to protect water users from these changes at minimal costs. 
In many other countries, there may be substantial economic, social and environmental costs, 
particularly in regions that already are water-limited. Management options include the following: 
more efficient use of existing supplies and infrastructure; iiistitutional arrangements to limit future 
demands and promote conservation; improved monitoring; forecasting of floods and droughts; 
rehabilitation of watersheds to increase water retention capacity in the territory, especially in the 
tropics; and construction of additional reservoir and wetland capacity to capture and store excess 
flows produced by altered snowmelt and storm patterns. 

Reservoirs can contribute to climate changes by producing methane and other gases that are 
liberated to the atmosphere. In Amazonian reservoirs, decomposition of inundated forests resulted 
in significant gas production in the hypohimnion. Wetlands associated with reservoirs are other 
sources of gases that could increase the greenhouse effect. 

Water conservation is an important major goal for the future. Leaking water distributiofl systems, 
excess use of water by industries and luxurious water consumption by individuals must cease. 
There are a number of ways water can be conserved in each of these respects. These are obvious 
for distribution systems and have been previously discussed in terms of iiidustry as related with 
clean production and product life cycle evaluation in Chapters 10.1 and 2.3. Recommendations 
for water savings during domestic uses are listed in Tab. 16.1. 

The potential for future water quality requires that people become actively involved in water 
quality management and learning of public and representatives of other branches of economy 
about the needs to save water. 
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Tab. 16.1 Conscientious use of domestic water. According to Moore & Thornton (1988), highly siniplilied 

• Inspect the plumbing system for leaks 
• Jniall flow control devices in showers 
• furis off all water during vacations or long periods of absence 
• Insulate hot water pipes to avoid having to clear the "hot" line of cold water each time 
• Make repairs promptly 
• Reduce the water in the toilet finals tank (with bottles filled with water) 
• Never use the toilet for trash basket 
• Accumulate a full laundry load before washmg or use a lower water level setting 
• Take shower jisstead of bath 
• Turn off shower water while soaping body, lathering hair or massaging scalp 
• Bottle and refrigerate water to avoid running excess water from the lines to get cold water 
• To get warm water, turn hot water on first; Ihseis add cold water as needed 
• When washing dishes by hand, use one pan of soapy water for washing and a second for rinsing 
• Plan lartdscapiisg and gardening to minimize watering requirements 
• When building or remodeling, consider: (i) installing smaller than standard bath tubs, (ii) locating the water heater 
near the area where hottest water is needed 

16.4 FUTURE DEVELOPMENTS IN RESERVOIR MANAGEMENT 

Volumes of data and information about reservoirs are increasing qttickly. Several research groups 
and research centers around the world contribute to this knowledge. However, it is necessary to 
improve synthesis and analysis of available data in order to produce innovations in research and 
management. The integration of a watershed approach with reservoir functions and the reservoir 
response to inputs is one of the most important future developments to he considered. Integration 
of remote sensing with geographic information and limnological and hydrological data will be 
a useful tool for future management of reservotrs or reservoir systems. As suggested by Naiman 
et al. (1995), interaction of freshwater sciences with management is imperative to advance the 
multiple uses of reservoirs and to provide new insights into regional management and regional 
development. 

The use of a single reservoir or a reservoir cascade to enhance regtonal development has been 
attempted in several regions and resulted in both falinres and successes. An example of failures 
in large scale development was observed in the Amazonian reservoirs. Although they provided 
hydroelectricity, their role in regional development was small due to inherent difficulties within 
the region. Alternatively, a large reservoir construction in the S. Francisco River (Northeast of 
Brazil six reservoirs in 100 km of the river), provided a means for extensive regional 
development. For example, the irrigation scheme alone provided more than 90,000 jobs in the 
region. The use of the power plant infrastructttre to provide regional development opportunities 
is a recent idea that is being pursued by several financing agencies in Brazil (The Xingó 
hydroelectric power plant construction facilities have being Iransformed into an Integrated Center 
for Regional Development). 

An important future goal for reservoir management is to increase the number of qualified 
managers with interdisciplinary training in such a way that they can fitnction as catalysts in many 
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disciplines. 

Community participation is another important future goal. This requires training opportunities for 
the school teachers and the general public. The management of a reservoir or reservoir cascade 
is more creative and more consolidated with the inclusion of partnerships between the private 
sector, public sector, universities, and state and local agencies. These partnerships can seek funds 
and establish a user's consortium in order to coordinate multiple uses of the system (Tundisi and 
Strakraba, 1995). 

The integration of the reservoir operation system (water level, water flow, hydrological regime) 
with multiple use needs (irrigation, hydroelectricity, recreation, fisheries and aquaculture) should 
also be stimulated and, to that end, a common language should be pursued between engineers, 
limnologists, biologists, economists and managels. 
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GLOSSARY AND MOST COMMONLY USED SYMBOLS AND ABBREVIATIONS 

Entries given in italics are the subject of other entries in the glossary 

A - Area of a reservoir 
AClfIF1CATlON - The decline of pit and alkalinity in waters, primarily due to ensissions of sulphur oxides, 

nitrogen oxides and ammonia to the air as a result of industry and traffic 
ACCURACY OF A METHOD - The level at which a method shows correct values. Electronic instruments have high 

sensitivity but very tow accuracy if not properly calibrated 
ADAPTATION - Ability of orgarusms to change their structure and function to better cope with their surrounding 

environment 
ADSORPTION - The physical binding of a particular substance to the surface of another by adhesion 
ADVECTION - Transport of water and its content by an imposed current. Maybe caused by river inflows, outflows, 

and wind shear at the air-water interface 
AEROBIC CONDITIONS •- Conditions with oxygen p eseis t 

AGING of reservoirs - The period of rapid water quality changes after filling the reservoir 
ALGAE - Microscopic, usually unicellular plants 
ALLOCHTIIONOIJS - Brought to the waterhody from outside 
ANAEROBIC CONI)ITIONS - Condition with the absence of oxygen 

ANOXIA - Insufficiency of oxygen 
ASSESSMENT - Process of evaluation of the physical, chemicaland biological nature of water in relation to natural 

quality, human effects and intended uses 
AUTOCI1'I'HON0US - Produced within the wateibody 
BENTILOS - Bottom living organisms 
BEST MANAGEMENT PRACTICES BMP 
BIOCENOS1S - The living part of an ecosystem 
BIOLOGiCAL DIVERSITY - Basically expressing the utmiber of species in the envirowuent and their numerical 

relations 
B1OMANtPULATION - Management technique based on manipulation of fish populations and their effect on 

decreasing algal crops via reducing zoop1nkton grazing 
BIOMASS - Quantity of living organisms expressed in units of volume or mass, generally related to the unit of 

volume or area of the waterhody 
BIOSTIRVEY - The process of collecting, processing and analyzing aquatic communities to determine ttie community 

structure and function 
BLUEGREENS, BLUE GREEN ALGAE = (ywenbaeteria, Cyanophyta- A group ofphytoplankton often producing 

water blooms 
BMP BEST MANAGEMENT PRACTICES - A maisagement activity that elinsinates or reduces an adverse 

enviroonsental effect 
BOD = BIOCHEMICAL OXYGEN DEMAND - The amount of oxygen required for the microbial breakdown of 

organic matter under aerobic conditions. Considered a measure of the easily decomposable organic matter 
BOTTOM UP CONTROL - Natural control within the ecosi'stem directed from the physical- chemical conditions 

to primary pmdiicers and higher up the trop/lic chain 
BUFFER ZONE - Zone around a reservoir managed in a way to protect it against pollution 
CALCI'I'ROPIIY - Tropluc conditions in calcareous waters 
CARLSON TROPIILC STATE INDEX - A numerical index for estimating reservoir irophic stats 
CATCIIMEN'1' 	waters/ted - The area from wisich a surface watercourse or a groundwater system derives its 

water 
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CIJA = CHLOROPI-IYLL-A - The photosynthetic pigment in algae and other plants essential for the process of 
photosynthesis. CHA is used as a measure of algal biornass 

CILIATES - Microscopic organisms belonging to the group of Prolozoo 
CIRCULATION = ovc,tiirn - Period of full mixing of the reservoir 
CLADOCERANS - Water flies filtering cnistaceans common in plankton 
CLEAN TECHNOLOGY A technological approach directed to minimum energy, water and waste production to 

save the environment 
COD CHEMICAL OXYGEN DEMAND - The amount of dissolved oxygen required for the oxidation of organic 

and inorganic substances in water, COD M, and COD E ., are nseasured by oxidation in a mangaitese solution 
(incomplete oxidation) and in chrornic acid (oxidations complete), respectively 

COIIIIRENCE The characteristic of ecosystems that their components match together 
CONDUCTIVITY - Measure of the total ion content of water 
CONSUMERS - All animal organisms In the ecosystem, so called because they feed on the organic matter already 

formed 
CONVECTION - Vertical transports induced by density instabilities. When a reservoir surface cools, ibe resulting 

denser surface water sinks, generating Convective motions 
COPEPODS - Planktonic crustaceans filtering and grasping food from water 
CORRECTIVE (=curallve, remedial) MANAGEMENT - Management directed to Correct the degraded water quality 

of a reservoir 
CYANOEIACTERIA = bluegreeirs 
DAM LAKE - A natural lake on wluch all artificial darn was constructed to raise the water level (usually for 

hydropower generation) 
DAM RESERVOIR - A reservoir build in a natural valley, in difference to the impoundment 
DECOMPOSERS - Organisms that break down organic matter and mineralize it (primarily bacteria and fungi) 
DEEP RESERVOIR (STRATiFIED) - Defined here as hydrologically deep reservoir, i.e., such that atratificationcan 

develop (in opposition to shallow resen'oir, completely issixed by wind and conlection) 
DENITRIFICAT1ON - The bacterial reduction of nitrate via nitrite to ammonia 
DENSITY CURRENT - The current generated by merging the inflow and outflow current, It may flow at the 
surface, 	at the bottom = undeijiow and at intermediate layers (=in:erflow) 
DESTRATIFICATION - The method to mix the waterbudy from top to bottom. It can have both positive and 

negative effects on water quality 
DETECTABILITY OF A METHOD - The lowest values of the variable the method is able to recognize 
DETRITUS - Dead organic particulate matter that floats in the water or settles on the bottom 
DIATOMS - A group of algae with silicaceous walls 
DIFFUSION - Mechanism reducing differences in concentration between adjacent layers. Molecular diffusion is a 

mechanism in which a certain property of a fluid is lranstèrred down a concentration gradient by the random 
motion of molecules without any overall transport of a fluid taking place. Turbulent (or eddy) diffusion is a 
function of the microscopic movements of the fluid 

DIMICTIC LAKE - A lake that mixes twice a year (in the spring and fall periods) 
DISSIPATION - The process of degradation of matter from more to less organized form. Degradatior of physical 

gradients, respiration of organisms, bacterial degradation and other are typical dissipative processzs 
DISCHARGE runoff - The measure of the water flow, expressed as volume per Unit time, at a particular time 
DISSOLVED LOAD - The part of the total load carried in solution 
DO Dissolved oxygen 
DOC - Dissolved organic carbon 
DSS = DECISION St.JPPORT SYSTEM The most advanced category of mathematical models fo support of 

management decisions 
DYSTROPHIC - Water body type containing increased aillOunts of organic matter Of natural origin (niainly from 

decayed vegetation). Brown water color is typical for dystrophic waters 
ECOREGION - A relatively homogeneous area defined by common ecological conditions (similar climate, landforns, 

soil potential, natural vegetation, hydrology and other) 
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ECHOSOUNDER - The ultrasound instrument for detection ofaquatic particulate matter (sinpended mailer, plankton, 
fish) 

ECOSYSTEM - A discrete unit of nature containing both living and oonuiving components, forming a system 
characterized by the interaction and recycling of matter 

ECOTECIiNOLOGY, ECOTECHNOLOGICAL METHODS - The use of technological means for ecosystem 
management based on deep understanding of principles on which natural ecosystems are build and on the transfer 
of such principles into ecosystem management in a way to minimize the costs of the measures and their harm 
to the global environment 

ECOTONE - The border zone between thffercnt ecosystems, e.g., the freshwater and the terrestrirl one 
EIA = ENVIRONMENTAL IMPACT ASSESSMENT - The assessment of any major construction in respect to 

environmental degradation 
END OF PIPE TECHNOLOGY - Improper technology of water purification directed to decrease pollution coming 

from industrial pipes 
EPIL1MNION - The illuminated (tropliogenic) upper water layers of a reservoir 
EUTROP1I1C - Water body type charaeterzedby high levels of nutrients and high productivity 
EUTROPHICATION - The process of becoming eutrophic 
EXPERT SYSTEM - A type of interactive mathematical models where specific answers are given based on the 

meaning of experts 
FEEDBACK - A relation between two (or several) objects when beyond the effect of the fiist on the second object 

the second affects the first one. Feedback might be positive or negative 
FOOD ChAIN - Functional linkage of organisms in a water body. The usual sequence in the chain is primary 

producers, primary consumers, secondary consumers, predators, top predators 
FOOD WEB - A more complicated functional linkage of organisms in a water body when clear chain-like relations 

cannot be distinguished 
FREE WATER REGION pelagic region 
FUZZY SYSTEMS - Systems with diffuse borders, not clearly bordered 
G1S GEOGRAPHICAL INFORMATiON SYSTEM - The software product used for handling spatial data 
GOAL FUNCTION In optimization a function, specifying the goal of the system (both for management and 

assumed goal of the natural ecosystem) 
GRAZING - Nonpredatory feeding activity of organisms 
hIGhER VEGETA'lION - Phanerogams or (rue plants, in reservoirs inhabiting the littoral zone 
HOLIStIC - The approach to the understanding and study of systems based on global characteristics. The antithesis 

to (110Th iStic 

140MEOSTA1IC CAPABILITY - Capability of a system to reduce the oscillations of (lie input 
IIOMOTHERMY = isotherniy 
HYPERTROPHIC - Extremely eutrophic waters 
1-tYPOLIMNION - Deep (Irophotytic) strata of the reservoir below the therrnocline 
IMPOUNDMENT - A reservoir built besides the river valley and then filled with river water 
INDIRECt EFFECTS - The effects between several objects when the effect is not directly from the nearest object, 

but from remote ones (in the food chain or net) 
iNTEGRATED MANAGEMENT - Management considering all aspects of the problem 
INTERFLOW - The lateral movement of water through the layers of the reservoir at an intermediate depth 
ISOTHERM - A plane connecting same temperalures (a line in a threedimensional depth - time graph) 
ISOTFJERIvIY lioniothrrniy - Period when the ieservoir is fully mixed (isothermal) with no vertical temperature 

differences 
LACUSTRTNE ZONE - Zone of the reservoir closest to the dam 
LEACtIING - The washing of loris out of soil and rocks by water 
LIFE CYCLE EVALUATION - Evaluation of lIme production process in respect to environmental deeriorationduring 

the individnal process phases from minilig of raw materials to their decomposition after use 
LIMNOLOGY - The study of physical, chemical and biological processes in reservoirs 
LII IORAL ZONE - The bank zone of the teservoir usually occupied by higher plants 
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LOAD - The amount of material reaching a watetbody per unit of time 
MACROPHYTA - Macroscopic plants (pisanerogarns). In Waler they are emergent, submerged or flostiitg on the 

surface 
MEl MORPHOEDAPIIIC iNDEX - An index characterizing the 
MEsorRoPHic Waters with intermediate nutrient concentrations and productivity 
METALIMNION - The zone intermediate between the mixing zone and /iypolimnion. While thennocli,ie is usually 

considered just a plane or very narrow zone, metalimnion is used when explicitly process in the transition zone 
that might be a several meters high are considered 

MICROBES - The group of microscopic organisms 
MICROPLANKTON - Very small plankton between 60 and 200 pm 
MICROZOOPLANKTON - Zooplankton belonging to microptanktori, composed mainly from ciliak's and small 

rotifers 
MIXED LAYER - The upper water layer of a reservoir mixed almost on a daily basis 
MIXiNG - Any mechanism or process that causes parcels of water to be exchanged or diluted by others. It covers 

(ffflusion, dispersion and convection 
MONITORING - The collection of information as set of locations and at regular intervals 
MONOMICTIC RESERVOIR - The reservoir that is fully mixing only once a year (in the colder peiiod - warm 

monomictic takes, subtropical and warm temperate lakes), or in the warmer period (cold inonomiclic) 
MORPHOEDAPHIC INDEX The ratio of dissolved solids to mean lake depth 
NANNOPLANKTON - Planktonic organisms not larger than 60 pin and larger than 5 pm 
NITRIFICATION - Microbial oxidation of the amrnoniuns via nitrite to nitrate 
OFFTAKES - Specific type of reservoir outlets from where water is taken to waterworks or irrigation 
OLIGOMICTIC RESERVOIR - A reservoir with the intervals between mixing exceeding one year 
OI1GOTROPI-IIC Waters poor in nutrients and with low productivity 
OP = ORTI 1011 IOSPIIATE-REAC1'IVE PI{OSPI tORUS - The mineral component of phosphorus, as opposed to 

organic phosphorus, both together forming 7P 
OPTIMiZATION - Malhcrnaticalprocedure for finding minima or maxima of a function. For a complex system the 

function is quite complicated and optimization selects among limited sets of alternatives 
OUTLET - The openuig in the dam through which water can flow out of the reservoir. A specific type of outlet is 

offlakes 
OVERTURN = circulation 
OXYGENATION - Increasing the oxygen concentration in water 
PELAGIAI. = PELAGIC ZONE - the free water region of a water body 
PERIPI-IYTON - A group ot organisms Ii vimig on inacrophytes in the littoral zone 
PHOSPHORUS INACTIVATION - A method to coagulate plsosplsoms in the reservoir 
PIIOSPIIORtJS RE'IENTION - Capacity of reservoirs to retain tise inliowing phosphorus in the sediments and thus 

decreasing the outfiowing amount 
PHYTOPLANKTON - The algal component of plankton 
PLANKTON - Organisms inhabiting the free water regtois of a reservoir 
POLLUTANT - A by-product of human activities that enters or becomes concentrated in the environment, with 

deleterious effects 
POLYMICTIC RESERVOIR - A reservoir in which mixing events occur at frequent intervals 
PREDICTIVE MODELS - Models aimed to predict water quality for specified conditions 
PRE-RESERVOIRS - Smahhei reservoirs build at the inflows to tLLC reservoir for phosm lmorus retention (also sediment 

retention) 
PRIMARY PRODUCERS - The plant (phototrophic) component of the ecosystem, producing oramiic hatter froisi 

inorganic materials. I tere helong's phtuplank1omm. pwiphytoii. higher i'eget at tori 
PREDATORS - Animals feeding on otiser animals 
PREVENTIVE MANAGEMENT - Management directed to Preventing water quality degradation 
PRODUCTION - The amouist of organic matter produced within the reservoir by organisms 
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PROTOZOA - A group of organisms with bodies consisting from a single cell. Colonies of almost identical cells 
also appear 

PUMP STORAGE or PUMPING SCHEME - System of at least two reservoirs from one of the two the water is 
pumped during periods of low electricity needs into a highly located one and then released hack to produce 
electricity during peaks during daily periods of maximum sreed 

R = retcntwrl time 
REDEVELOPMENT - Activities aiming at a general upgrading of the environment according to given goals for the 

sustainable utilization of ecosystems 
RESERVOIR CASCADES - Systems of reservoirs on the same river closely following one another 
RESERVOIR EVOLUTION - Long-term changes of tire reservoir due to natural processes. Filling of the reservoir 

with sediments is an important component. Here distinguished from reservoir aging, covering tii first few years 
of rapid water quality changes 

RESERVOIR MULTISYSTEMS - Systems of reservoirs located in different watersheds 
RESTORATION - Measures in the ecosystem to adjust the structure and govern the function of a specific ecosystem 
RETENTION TIME (TIIEORETICAL) - The ratio of volume and flow of the reservoir 
RIPARIAN FOREST - Forests along the river on the slopes of the valley 
RISK ASSESSMENT - A process that includes hazard idemilification amid evaluation 
RIVER CONTINuUM - hypothesis of the continuous transition of rivers and their lininological characteristicsfrom 

headwaters to large rivers 
RIVER INE ZONE - Zone of a reservoir closest to the river inflow 
ROT1FERS - A group of animals belonging to microzooplanktuo 
RUNOFF discharge 
SALINIZATION - The increase of salinity of waters 
SECCHI DISC - A white or preferably black and white disc for the measLirements of transparency 
SEDIMENTATION - The process of sedimentation of organisms and abiotic matter (Jeoitus, .recfon) 
SELFOPTIMIZATION - The tendency of natural systems to optimize In best survive In the given environment 
SELFPURIFICATION - Capability of the ecosystem to decompose organic matter into mineral one 
SELEORGANIZATION - The tendency of natural systems to organize their structure in accordance with the 

environmental conditions 
SENSITIVITY OF A METHOD - The lowest difference that tire method can distinguish 
SESTON - Tire total suspended matter in a waterbody, including detritus 
ShALLOW (HOLOMICTIC) RESERVOIRS - Defined on the hydrological basis (not on absotsite depth) such 

reservoirs that can be in summertime completely nitxed by wind and convection, Decisive is the ratio of surface 
area and depths - a small wateibody with a depth of a few meters can stratify, i.e. be hydrologically deep while 
a much larger reservoir and much deeper can be hydrologically shallow 

SHEAR - The advection of a fluid at different speeds and positions. It requires a velocity gratheni. It can be 
generated at the air-water interface by the wind, along tire bottom boundacy, by intlow cum'ren.s and internally 
by densitt currents 

SIL,TATION - Filling of reservoirs with suspended in utter 
SPATIAL VARIABILITY - horizontal or vertical variation of water quality variables 
STANDING CROP = bioma,rs 
STRATIFICATION - Layering of water caused by differences in water density 
STREAM ORDER - Ilydrologic order of a stream from the sniallest creeks to largest rivers 
SUSPENDED MAYFER - Organic and inorganic matter suspended in water 
SUSTAINABLE DEVELOPMENT - Long-term development taking the weltbrc of future generations into 

consideration 
SUSTAINABLE MANAGEMENT - Maciagemeirt with long term horizon, in a way to enable loisg-term(niany more 

years) use without secondary deterioration of tire environment 
TERRESTRiAL ECOSYSTEM - Ecosystem of the dry land 
TER'I'lARY 'IREATMENT - In conjunction with (I) isrechanical treatment and (2) biological treainient it is the third 

step constructed for removal of ntstrients, domiLmantly phosphorus 
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TIIERMOCL!NE - A horizontal layer of water with a particularly steep temperature gradient (see also nretalinr,iion) 
TOP DOWN CONTROL - Control within the reservoir ecosystem from top predators down to pliytoj:ian/stori and 

reservoir chemistry and physics. Opposite to boltorn up control 
TOP PREDATORS - Predators on the top of the food chain, in reservoirs dominantly fish, but also ailigators and 

others 
TP = TOTAL PHOSPHORUS - All forms of phosphorus together 
TRANSITIONAL ZONE Zone of the reservoir that is transitional between the riverine and lacustrjse zones 
TRANSPARENCY - Water clarity measured approximately by Seechi disc 
TROPFHC LEVEL - A group of organisms with identical ecosysteni function (prinrary producers, Consumers, 

predators) 
TROPHIC STATE - The degree of trophy of the water given by the amount of critical nutrients and realized in 

organisms (oligotrophy, mesorrop/ry, eutrophy, hypeutroplry, dystrophy) 
TROPI-TIC UPSURGE - The short (a few years) period after the reservoir filling, characterized by bih trophy, in 

particular by high fish production 
TURBIDITY - Decrease of water transparency due to suspended nrotter 
TURBULENT MIXING - Water motion in which Use water particles interwave and give rise to transverse ,nixing 
UNDERFLOW - Density current flowing along the bottom of the reservoir 
ULTRAPLANKTON - Planktonic organisms smaller that 5 jkm 
V - Volume of a reservoir 
WATER BLOOMS - Accumulations of algae or (yanobaeIeria at the reservoir surface 
WATERSHED = catchinent 
Z 	The depth of the epthmnion 

- The fluxing dept/u of a reservoir 
ZOOPLANKTON -The animal component of plankton, consisting dominantly of proozouns (particularly ciliut), 

rotifers, cladocerans and cop epods 
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