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EXECUTIVE SUMMARY
Chapter 1. General introduction.

South Africa is hugely dependent on impounded water, captured and stored in river-
reservoirs or “dams” as thev are collogmally known, These man-made lake ccosystems
are complex entities that exhibit broad parallels with natural lakes. but also show
fundamentally distinctive attnibutes that are themselves subject to local and regional
particulanties and peculanties.

Any reahlistic prospect for the sustainable management of the renewable fresh water
resource that they store depends on an adequate and locally relevant underpinning of
scientific hmnological comprehension.  Although available in good measure several
decades ago. such operational functionality 1s now gravely deficient in South Africa,
Some histonical back-ground to the ongin of the presently untenable. illogical and
incomprehensible deficiency of locally informed research-based expertise 1o manage this
most limiting resource nigorously is briefly sketched. This deficiency certainly ments
growth of the nascent perception, recognition and concern evident by informed members
of society. This very real need for scientifically informed limnological management of
reservoirs serves as the point of departure for this report. which considers and addresses
current and emerging issues in respect of reservoir management. Based on a desk-top
search of primary international literature (principally but not exclusively since 1990), this
report provides a systematic overview and review of current and emerging concerns in
respect of reservoir management, drawn from inspection and consideration of
approximately 1450 publications (as detailed in the Reference List and Bibliography -
Chapter 6).

Chapter 2. Reservoirs as ecosystems — reservoir limnology with respect to water
quality management.

It is axiomatic that rational management presumes relevant comprehension which in turn
builds on objective basic knowledge. This section provides a concise overview of the
functional and operational attributes of reservoirs that variously influence. modify. or
determine the quantity. quality and/or sustainability of the impounded resource. This
treatment is intended to provide a contextually factual and objective basis of
understanding to facilitate rational management. It serves as a first pointer to factors that
underpin issues of concern and relevance to reservoir management, and the implicit role
for functional process-based hmnologists to serve in that regard.

The physical. chemical and biological structures. functions. and interactions that underpin
the natural ecology and utilitarian operation of reservoir systems are outlined. The
importance of an holistic and integrated comprehension is stressed. As provision of a
coherent self-standing summary of the matenal content addressed in this chapter is
impractical. the interested reader is requested to examine the relevant full text account
given in the chapter.




Chapter 3.  Factors affecting water quality of reseryoirs, their consequences and
their management,

This section systematically considers the major categones of factors recognized by
contemporary aquatic scientists as having influence or impact on reservoir water quality
(in 1ts wadest sense) and 1ts management. and outhines contemporary perspectives on the
treatment or mitigation of such factors

As for the preceding chapter, readers are advised of the impracticality of providing a
stand-alone summary. and are refered to the relevant full text content in the chapter

Chapter 4. Management tools and aids.

This section outhines vanous 100ls and aids of contextual relevance to reservorr
management. and sketches prospects and hmitations relating to their use. efficacy and

¢ificiency
Chapter 5. Looking ahead - perceived future needs.

Having sketched the array of issues that underpin reservoir management in preceding
chapters. this section presents varnious possibilines to facilitate the active revitalization of
resenvoir limnology in South Afnca. thereby attempting to re-initiate professional
competence to assist in an informed. scientificallv-based rational management of the
country’s most precious resource. As the proposals suggested are essentially
individuahistic, inpurt and consideration by a wider spectrum of interested and affected

parties 1s required to ensure a better balance of opinion in advancing this “cause’

Appendix.

Chapter 6. References and Bibliography.
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1. GENERAL INTRODUCTION

1.1 Background to the report - general contextualization

The damming of nvers to create standing water-bodies — vanously termed reservoirs,
impoundments, man-made lakes. or “dams™ in colloguial South African English' -
represents the largest pnmary source of fresh water for agncultural, industnial and domestic
use for the South African nation at large. Some 520 large dams intercept and capture more
than 50”6 of the country’s mean annual runoff (Allanson 2004). The resource they collect
and hold in store is indubitably the nation’s most limiting natural resource. In every sense it
1s “hqud gold™. Surpnsingly. however, the internationally acknowledged expertise in
scientifically based hmnological management of this resource that developed locally. grew,
and was accumulating strongly in South Africa during the 1970°s and 1980°s was totally
marginalized dissipated by implementation of an anonymous executive committee decision
in the late 19%07°s 10 divent all active scientific hmnological investigations into niver rescarch.
However well intentioned this decision — recognizing that nvers are the pnmary natural
freshwater ecosystems of South Afnica - it effectively sabotaged reservoir limnology.
Thereafter. no national stimulus or incentive existed 1o mamntain any active engagement in

reservorr or lake rescarch.

The particular expertise in reservoir research that had been spawned and nurtured by the
Inland Water Ecosystems division of the national CSIR. through a powerful and productive
National Programme for Environmental Sciences (NPES) effectively dissipated. Four major
limnological groupings that had been encouraged and grown 1o high, expert and authontative

levels of proficiency i reservoir hmnology — namely Rhodes Umversity’s Institute for Fresh

' Terminology. These terms are often used interchangeably. In an attempt to standardize terminology and
avoid ambiguity or inconsistency, Stradkraba & Tundisi (1999) restrict use of “impoundment™ 10 describe off-
river or side-hank storage bodies, and refer 10 bodies of water captured by the damming of a river channel as
“dam reservoirs” (or “river-reserveirs” by other authors). analgous 1o the collogual South African term
“dam”, where strictly, however, ‘dam’ refers 10 the fabricated retaining structure — the wall. We defer 1o retain
use of “impoundment” as a synonym for ‘reservoir” - a long-standing practice in the South African context in
which off-channel storages are virtually unknown. In this report, “reservoir” is used in the context of an in-
channel storage body - with the prefix “nver” omitted for simplicity and convenience. We consider that any
potential ambiguities in our text can be reconciled and interpreted correctly in the context of their usage.

Project KR/612 FINAL REPORT Page |




Water Studies (P K le Roux Dam. Buffalo River reservoirs, and southern African coastal
lakes. inter alia), the National Institute for Water Research in Pretonia (Hartbeespoort Dam,
other impoundments in the former “Transvaal”™ province), Natal Umiversity (Midmar Dam
and the Phongola floodplamn). and the University of the Orange Free State ( Wuras Dam)
fragmented and or altered direction. By necessity. 1ts practitioners erther re-ahigned with
nver research. or redeployed in other new ventures, often totally unrelated to himnology or
aguatic science. It is no exaggeration to state that thematic reservoir mnology has been
extinct in the country for at least the past two decades. Fewer limnologists than exist on the
fingers of one hand have persisted in fundamental reservoir rescarch 1o pursue and advance

rather specialist and individuahistic interests

The incongruity of this situation 15 guite unbelievable: that the coherent development of
regronally appropnate and relevant information to undertake objective scientific
management of the store of the nation’s most limiting resource relies on a palm-full of
practicing aguatic ecologists and a greater number of individuals with a principally 1echmical
rather than scientific mandate whose pnimary responsibility imvolves basie routine
monitoring functions i vanous regronal water ageney laboratonies. This scenano s frankly
quite incredible - but indubitably true. Despite being plausibly well-intentioned. the
instigator(s) of this promulgation 1s (are) accountable for hmnological and natural resource

myopia and sabotage - arguably grounds for at least figurative Ivnching

This deficiency has been recogmized and ariculated at vanous forums. by academics. water
supply agency bologists and a few senor managers in vanous agencies with freshwater-
related responsibilines. However, actinve intenvention or remediation responsces by
responsible management agencies were limited. allegedly on account of ¢ited resource
limitations. NEMP — the National Eutrophication Monitoning Programme ( Department of
Water Affairs and Forestry 2002), a yoimt DWAF and WRC imuative that commenced in
2002, represented the first salvo at breaking this log-jam. But its principal mandate of pure
monitoring — as reflected inats title, is very restnetive. Lattle scope exasts for open and
objective process-related scientific investigation of regionally appropnate peculiantes and
particulanities of the eutrophication process., its consequences. and hence prospects for

corrective management in the regional biophysical context
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1.2 Aims and objectives

The present report anises from the firm recognition of the need for a broader basis to
reservoir limnology than eutrophication alone. despite the ubiquity of this phenomenon as a
central water resource concern. Dr Steve Mitchell, Director of the Water Research
Commission’s Key Strategic Area - Water-Linked Ecosystems (KSA 2). an individual long
and acutely aware of the critical urgency to revitahize reservorr rescarch to ensure effective
management into the future of the nation’s potable water supphies. solicited the present
Interature review to pre-empt and serve as a pont of departure for development of a reservorr
limnology thrust within KSA 2. The following excerpt from the official WRC web page is

directly relevant.

P5: Impoundments

Research within ths programme will cover ecological funcions and processes within impoundments with a view to
improving our abdity 1o manage these

No cument projects

http: ‘wre org sa’ (excerpted on 18 January 2006)

The brief and terms of reference for the present literature review were rather broad and
general. The present report anises from a contract (K8/612) that required the compilation of
a iterature “review of reservoir management”, wath the agreement and understanding that
this should focus particularly on information and developments in the field after 1990. What
follows below is an attempt to contextualize and summanze the relevant published
knowledge base and its apphication in management. However, some explanation and

clarification of underlying philosophy may help 1o contextuahze this product.

1. Management is interpreted and has indeed been formally defined as a process of
continuous decision taking. Decisions are required on an ongoing basis to ensure

that pre-determined aims. objectives and outcomes are accomplished.

1o

The adage “You cannot manage what you do not understand. and you cannot

understand what vou do not know™ suggested that a rational review of reservoir
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management cannot stand alone. Some basic contextual understanding of the
structural attnbutes and functional processes of and within reservoirs was considered
necessary if not essential. This s perceived to be especially relevant given that by
present-day default, the intended revitahization of reservoir lmnology would need to

begin from a sorely depleted base of local expertise

‘od

Aquatic ecology at large. and its constituent sub-disciphine of Limnology that deals
with inland waters, share much common ground. perceptively summarized by Bames
in his lead chapter on “The Uity and Diversity of Aquatic Systems” in the synthetic
introductory volume on aquatic ecosystems by Barnes & Mann (1950). For this
reason. and despite their distinctivencess 1n certain important respects, any dichotomy
between natural lakes and impoundments 1s in many ways an artificial one. While
this review attempits to restrict its consideration to resenvoirs, reference to natural
lakes tand other inland waters where relevant) 1s made where appropnate -
especially in regard to new and emerging issues involving transferable knowledge

and understanding

4. While synthesis of more recent (post- 1990) Inerature was the primary focus of the
review, the nature of the review topic precluded exclusive reliance on this later
matenal. Much if not most of the current understanding of the topic 1s founded in
carhier work, which accordingly required consideration 1o achieve any adequate
contextual coherence in the present report. As reasoned above (point 2), this also

appeared pertinent and relevant for any attempt to restore capacity and expertise

h

Reservoir imnology 1s an extremely broad topic. The quahty of water flowing in any
niver, and then stored in a reservorr ultimately hinges on the natural blophysical
charactensucs of its catchment and the associated land-uses. as formahized by Hynes
(1975). The boundanes between catchment management and reservoir management
are accordingly greatly blurred. and optimal resen oir management depends greatly
on firm and dihgent apphcation of Integrated Catchment Management (1ICM)
pohicies. procedures and protocols (¢.2. DWAF & WRC 1996), despite their

1

attendant difficulties and complexities (van Zy1 1995). As far as possible. however,
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this review 1s confined to addressing management 1ssues and options within the
impounded water body itself. and not those associated with or related to the dramnage

basin from whence its water 1s drawn.

6. Itis clearly evident that sustainable reservoir management into the future relies not
purely on scientific needs, but also technological and human resources and cultural
and orgamizational transformations that are taking place nationally (Maaren & Dent
1995) and globally (Kennedy 2003). These parallel requirements are entirely
apposite, but fall beyond the explicit scope of this review and the competence of its
authors. Recommendations regarding these latter aspects accordingly require

consideration and craftsmanship by respective experts and authonties in these arcas

h
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2  RESERVOIRS AS ECOSYSTEMS - RESERVOIR
LIMNOLOGY WITH RESPECT TO WATER
QUALITY MANAGEMENT

2.1 Introduction

Based on the well-known adage that “it 1s not possible 1o manage what is not understood.
and 11 1s not possible 10 understand what i1s not known,” we commence with an overview of
reservoir ecosystem structure and functioning. This is especially important in South Afnca,
where available expertise on reservoir mnology all but totally dissipated with the almost
exclusive shift from lentic to lotic research in the latter vears of the 1980s decade

Reservoir systems comprise typical communities ¢.g. plankton. benthos. nekton and fringing
commumties which develop and change both temporally and spatally in response to factors
such as reservoir hydrology and chimate. Thus, although this section is discussed under a
senies of headings, the need for a holistic, integrated ecological comprehension of these
systems 1s emphasised

2.2 The Physical Subsystem

2.2.1 Light, heat and stratification

Solar radiation is of fundamental importance to the dynamics of aquatic ecosystems. Most of
the energy that controls the metabolism of water bodies i1s denved directly from the solar
energy utilized in photosynthesis (Wetzel, 2001). The attenuation of light in water i1s of
great limnological sigmficance as it determines the maximum depth of photosynthesis. and
the depth of direct heating (Townsend et al.. 1996).

Absorption of solar energy. and its dissipation as heat. has profound effects on the thermal
structure, stratification and circulation patterns in lakes and reservoirs (Kimmel et al., 1990;
Mwaura, 2003). Nutrient cyching. distnbution and concentration of dissolved gases (Wetzel,
2001), distnibution of biota (Reynolds. 1992: Watanabe, 1992). and behavioural adaptations
of organmisms, are all markedly influenced by the thermal structure and stratification patterns
(Coveney and Wetzel, 1995: Lewis, 1996; Kimmel et al., 1990).

Vertical stratification occurs when surface warming increases the temperature difference
(and resulting density difference) between the surface and deeper layers. 1o the point where
resistance 1o mixing becomes greater than the mixing power of wind-driven turbulence
(Kalff, 2002). In reservoirs. the mixing caused by the umdirectional flow of water from the
inflow to the dam wall also plays a sigmficant role (Stradkraba and Tundisi. 1999). Water
temperatures take on the added impontance of generally determining the depth at which an
inflowing river enters the water column, affecting the resulting longitudinal thermal and
trophic structure of the ecosystem, and potentially the dynamics of the outflowing river too
(Groeger and Bass, 2005)
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Straufication separates the water in lakes and reservoirs into three vertical zones. where
permitted by climatic conditions and depth. and in addition by flows in reservours
(Straskraba and Tundisi. 1999; Kalft, 2002: Wetzel, 2001). (See Figure 1)

The open water zone of a deep reservorr can be divided (vertically) into 3 sub-zones

1 The mixing zone (., or upper mixed layer extends to the depth at which the
thermocline 1s located.  Also at the surface 1s the epiliimmion or euphotic zone (7,..).
the depth at which 16 of surface illumination 1s received.  The mixing zone and the
cuphotic zone may extend to the same depth. or one or the other may be deeper or
shallower. Daily mixing due 10 wind and temperature differences tends to
homogenmize any vertical differences

2 The metalimmion 1s a narrow zone (maximally only a few metres) in which the

thermochine 1s usually located

The hypolimmion is charactenzed by greatly reduced vertical mixing and 1s where

most of the decomposition process takes place
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Major vertical regions tn a resenvorr with an indication of the distinction between the
|

1g zone and the cuphotic zone. (After Straskraba and Tundisi. 1999)
I'he boundaries between the zones are determined by density differences (Stradkraba and
Tundisi. 1999). The principal factors influencing the formation. strength and extent of
thermal stratfication are the density of the water. solar radiation. energy transfer at the air-
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water interface. reservoir morphometry. and the mixing resulting from advections and wind-
induced phenomena (Ford, 1990:; Han et al., 2000).

In natural lakes. advective transport (inflows and outflows) 1s often ignored in heat budgets
because 1t tends to be insigmificant in systems with long residence times (Ragotzkie, 1978:
Imboden and Wuest. 1995, both in Groeger and Bass, 2005). Conversely, in reservoirs,
where residence time tends 10 be much shorter, advective gains and losses of heat may be
quite important in influencing water temperatures (and consequently. stratification) (Ara,
1973: Stradkraba. 1973, in Groeger and Bass. 2005: Straskraba and Hocking. 2002). This is
particularly true in a reservoir with a deep or mid-water column release. where, durning the
period of stratification, warm water enters the reservoir while much cooler water 1s being
lost downstream (Groeger and Bass, 2005).

Understanding and being able 1o predict particular temperatures of inflow, near-surface, decp
and outflow waters within a reservoir is important in understanding how that ecosystem
functions over time. Such information helps determine how the reservoir heat content varies
and how the reservoir may respond to future chimatic conditions (Groeger and Bass, 2005;
Han et al., 2000).

In reservoirs the depth distribution of temperature is additionally dependent on theoretical
retention time (StraSkraba and Tundisi. 1999: Han et al., 2000).

e If the retention time exceeds 300 days. conditions in a reservoir are the same as
those in a natural lake of similar geographic position and size.

e With shorter retention times the bottom water temperature increases with
decreasing retention time until there is no difference between surface and bottom
temperature in reservoirs that have a very short retention ime.

Horizontal vanations in temperature also occur and result from differential heating, inflow or
mixing. Differential heating takes place where the smaller volume of water in shallow areas
such as hintoral zones and headwater regions, warms or cools more rapidly than the water of
the open-water regions. Similarly. rivers flowing into a reservoir may be of different
temperatures and can cause horizontal vanations (Ford, 1990).

2.2.2 Transport processes

In the open water zone there are multiple water movement and mixing processes. classified
nto two groups (Stradkraba and Tundisi, 1999).

¢ Those related to heat and momentum exchange processes at the water surface. In
natural lakes these are the only factors which create vertical and honzontal
differentiation of water masses

e Those related 10 flows. In reservoirs with intense through flow the dominant factor i1s
the unidirectional flow of water to the dam wall. In reservoirs with a retention time
of less than 300 days this factor 1s also important but not dominant
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This overall movement creates complicated flows and longitudinal and vertical
differentiation of reservorr water (Straskraba and Tundisi. 1999). (See Figure 2). Because
these physical transport mechanisms influence the environment (temperature. light and
chemical regimes) in which aquatic orgamisms exist, an understanding of reservorr transpont
processes 1s essential 1o understanding reservorr hmnology (Ford, 1990).

WIND SHEAR
SHELTERING
3

N\ L?\’ CURRENTS

u ~
: | PRELLING ENTRAINMENT

AYAY

CIRCULATION

o MIXING -..'

TUNBULENT 225
PATCH

Figurc 2. The maxing processes and water circulation in a reservorr. (From StraSkraba and Tundis
(1999) redrawn from Ford (1987))

Based on the conventions of Fischer ¢t al. (1979 and Ford and Johnson ( 1986). in Ford

F9900 the magpor transport mechamisms in resenvorrs (and lakes ) are the following

Adyection. Advection s transport by an imposed current svstem such as nver inflows,
outflows and wind-shear at the air-water interface

Convection. Convection 1s vertical transport induced by density instabilities.

Turbulence. Turbulent flows are irregular trandom). diffusive (produce mixing). rotational
tovertuming motions ). ime-varving and dissipative (decay rapadly without a continual
source of energy ). They can be gencrated by wind. inflows. outflows. convections.

boundanes ¢tc.

Diffusion. Diffusion 15 a mechamsm where differences in mean concentrations are alwayvs
reduced
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Shear. Shear is the advection of a fluid at different speeds at different positions and
therefore requires a velocity gradient. It can be generated at the air-water interface by inflow
currents, and internally by density currents.

Dispersion. Diffusion is the combined effects of shear and diffusion.

Entrainment. Entrainment is an advective-type mechanism where the thickness of the
stirred laver grows by entraming (trapping) fluid from the unstirred layer.

Mixing. Mixing 1s any mechanism or process that causes a parcel of water to blend with or
be diluted by another.

Settling. The sinking of particles with densities different from the surrounding fluid 1s
called settling.

The time scales for these mechanisms vary from fractions of a second for turbulence to
months for basin-wide motion. The length scales of motion vary from fractions of a
centimetre to the size of the basin (Ford. 1990).

2.2.3 Meteorological Forcing

The type and magmitude of meteorological forcing 1s dependent on the reservoir location
(latitude. longitude and elevation) (Talling. 1990). For the most part. meteorological
forcing acts on the awr-water interface and 1s therefore also dependent on the size and shape
of the water surface and on the surrounding terrain. Of all the meteorological factors
influencing movement and mixing in reservoirs, solar radiation and wind are probably the
most important (Ford. 1990).

The energy available to warm the waters of a reservoir ultimately comes from solar
radiation. which vanes scasonally. In addition diumnal cveles occur. Water temperatures
respond to both these cyeles with a shght delay (Ford, 1990: Talling. 1990).

In most reservoirs, wind is the major source of energy for mixing. Mixing results from the
interaction and cumulative effects of wind-induced shear at the air-water interface (e.g.
currents, surface waves. seiches and entrainment ). Like solar radiation, the wind 1s highly
vanable with seasonal, synoptic and diumal cvcles. Synoptic cycles correspond to the
passage of major weather systems and commonly have a penod of 5-7 days. Wind also has
a diumal cycle (Ford. 1990: Findikakis and Law. 1999).

The meteorological phenomena responsible for mixing and movement in reservoirs are
highly vaniable. A reservoir is always in a state of flux and never in equilibrium with regard
to forcing functions (Ford, 1990).
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2.2.4 Inflows

An understanding of reservoir physics and consequential water quahity conditions 1s not
possible without knowledge of horizontal changes within a reservoir (Stradkraba and
Tundisi. 1999),

In accordance with differences in density between inflow water and reservolr walter, water
can spread to different depths as it enters the reservoir. and can enter the epilimmion.,
metalimmon or hvpolimmon. Because the inflow density usually differs from the density of
the reservorr surface water. inflows enter and move lhmugh reservorrs as density currents
(See Figure 3)

INFLO

Wo, .

o~ NTERFLOWS__ v

. . s ® o o o Ad®:

by - e e e

PLUNGE POINT

Figure 3. Density inflows 1o impoundments. (From Straskraba and Tundisi. 1999)

Density ditferences can be caused by temperature. towal dissolved solids and by suspended
solids. Because inflow densimies (temperatures) are continuously changing, the level at which

an intrusion moves through a reservorr will also change, as will its impact on vertical

Project KX 612 FINAL REPORT Page 12




structure (Ford. 1990: Alavian et al.. 1992: Lee and Yu. 1997: Moms and Fan, 1998:
Straskraba and Tundisi, 1999; Ahlfeld et al.. 2003).

If the inflow density is greater than the density of the surface water, the inflow will plunge
beneath the water surface. The location of the plunge point is determined by a balance of the
stream momentum (advective force), and the pressure gradient across the interface
separating the nver and reservoir waters (buoyancy force). and the resisting shear forces
(wind. bed friction). The position of the plunge point is highly dynamic and changes with
both flow and density. Duning a storm event it can move ten Kilometres or more in a single
day (Ford and Johnson. 1983, in Ford. 1990).

2.3 Spatial variations within a reservoir

The degree of honizontal and vertical heterogeneity within a reservorr is decisively
influenced by reservoir morphometry. flow, and stratification conditions (Stradkraba and
Tundisi, 1999).

2.3.1 Vertical stratification

This was dealt with in section 2.2,

2.3.2 Horizontal zones

Interactions between niver inflows, and reservoir basin and water column charactenstics,
lead to the establishment of longitudinal gradients in physical. chemical and biological
charactenstics (Kennedy 1999: Armengol et al.. 1990). Thomton, 1981 (in Kennedy, 1999),
identified niverine, transitional and lacustnine zones extending from headwater to dam
(Davis and Reeder, 2001: Melcher et al., 1997: Armengol et al.. 1999) (Figure 4)

/)
(y

RIVERINE ZONE TRANSITIONAL ZONE LACUSTRINE ZONE
Figurc 4. Horizontal zones in a typical reservoir. (After Kimmel and Groeger, 1984)

The charactenstics of each reflect the diminishing influence of the inflowing nver (Kimmel
and Groeger, 1984, in Kennedy. 1999 Marzolf, 1984; Kimmel et al., 1990.)
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The RIVERINE ZONE expenences relatively high flows due to the proximaty of the nver
inflow. Water residence ume 1s relatively short. Despite high nutrient concentration, algal
production 1s ofien low due 10 inorganic turbidity and advective loss of cells (Kimmel et al..
1990: Melcher et al.. 1997: Kennedy. 1999),

The TRANSITION ZONE, intermediate in location between nver inflow and dam, receives
nutnents by advective transport. while sedimentary loss of suspended matenal increases
hght avarlability. This zone often exhibits high algal production (Kennedy, 1999:
Straskraba. 1999). The exact position of the transition zone in the reservoir depends on flow
rates and therefore retention time (Stradkraba. 1999). This zone 1s ofien associated with the
plunge point if one occurs (Kimmel et al.. 1990),

The LACUSTRINE ZONE, located in the broader, deeper downstream reach of the
reservolr, s hittle influenced by nver tlows (Kennedy., 1999). and usually has the longest
water retention time. higher water transparency and a deeper photic layer (Kimmel et al..
1990). Turbidity and nutnent concentrations are low due to the effects of sedimentation
Primary productivity 1s often nutnent limited. and 18 supported primanly by in situ nutrient
cvehing rather than by advected nutnents (Melcher et al.. 1997)

The size of cach successive honzontal zone varies within and between individual reservoirs,
and 1s affected by such factors as watershed runoff. flow velocity. reservoir drawdown
(Worth, 1994: Mclcher ¢t al., 1997). morphometry (Armengol ¢t al.. 1990), retention time.
thermal stratification. season and geographical location (Straskraba and Tundisi. 1999:
Straskraba. 1999). Lind (19584) in Kennedy (1999) recognized the importance of water

residence time in the establishment of longitudinal gradients and hypothesized that reservoirs ‘
with intermediate water residence times would exhibit greatest spatial heterogeneity. In the

case of a reservorr with a short retention time (< 10 days) the whole reservorr may become a |
riverine zone. whereas with a retention ime of ~200 days. the rivenine zone is short and

maost of the reservorr is lacustrine (Straskraba and Tundisi, 1999; Straskraba, 1999)

Depending on watershed and inflow characteristics. and flushing rates, all three zones may

not always be distinguishable within a single reservorr. In fact the dynamic nature of

reservoir inflow and discharge greatly influences the differences observed between

individual reservoirs (Kimmel et al. 1990). (Figure §)

Allochthonous inputs of both detrital organics and nutnents are delivered to the
impoundment by the inflowing river. The larger particulate matenial settles out and dissolved
nutrients are incorporated into the algal biomass. Thus, seston of both allochthonous and
autochthonous origin contributes to the total organic sediment load of a reservoir. Gradients
in the nutrient content of the water. and resulting deposition rate of organic sediments can
have important ecological consequences from the standpoint of oxygen distnibution. nutrient
cveling and resenvoir metabolism. In larger reservoirs these gradients can be a priman
factor controlhing ecological conditions (Morris and Fan, 199%)
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Figure 5. Longitudinal zoning in a reservoir, and changes in the zone exiension, flow and mixing
s s t £ =
pattern for different reservoir conditions with regards retention time (R). Top pancl, R>10 but
100davs. middie pancl, R>100davs, bottom panel, R<10 days. (From Stradkraba and Tundisi
! p ) p \
1999)

Many examples of reservoirs with spatial gradients exist in the hiterature, ¢.2. Juruminm
Reservoir in Brazil (Nogueira et al., 1999); Sau Reservoir in Spain (Simek et al., 1998: 1999:
Comerma et al.. 1999: Armengol et al.. 1999); Saidenbach Reservoir in Germany (Uhlmann
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¢t al.. 1995); Lake Kanba in Zambia' Zimbabwe (Marshall ¢t al.. 1982); Lake le Roux in
South Afnica (Hart, 1990).

2.3.3 Other examples of horizontal spatial heterogeneity

The dendnitic nature of reservoir basins, tnbutanes of diffening water quality and
embayments having imnological charactenistics which differ from man-channel areas. all
result in lateral vanations in productivity and thereby further contnbute to the spatial
heterogeneity of reservoir ecosyvstems. Embayments may be important in providing food
resources and nursery arcas for fish. and macrophyte beds may function as isolated pockets
of highly concentrated primary and secondary production, high-quality habitat and intensive
predator-prey interactions ( Kimmel et al.. 1990),

In the Gun Reservoir in Vienezuela, a tropical blackwater reservoir, differences in water
colour, turbwdity and mineralization led 1o the distinction of at least three different pelagic
environments. These are reflected in the phytoplankton abundance and diversity (Vegas-
Vilarrubia, 1995)

2.3.4 Management implications

Management goals in reservoirs are typically geared towards factors that control priman
productivity (Davis and Reeder. 2001). “Trophic state™ (as reflected by Secchi depth.
nutrients ( Kennedy and Walker. 19900, pnmarny productivity (Kimmel et al.. 1990), or
hypolimnetic dissolved oxy gen depletion (Cole and Hannan, 1990) or other indices based on
these parameters) usually shifts from more cutrophic 1o more ohgotrophic conditions along
the riverine- transition-lacustrine gradient (Kimmel et al.. 1990). Furthermore. these
gradients are atfected by the physical processes that predominate in cach zone as well as by
the type and degree of human activity 1n and around the reservoir (Davis and Reeder, 2001)

Davis and Reeder (2001) mamtamn that although many authors have shown the presence and
causes of water quality gradients in resenvoirs, none has considered the use of such
mformation in resenvoir water guality monitonng and trophic state assessments. Basod on
their work on water quality in seven resenvoirs in Kentucky. USA. they proposed an
improved monitonng syvstem. Whereas the current most commeon approach to reservorr
trophic state assessment was to monitor only lacustrine. near-dam sites. they proposed that
these should be combined with a longitudinal profile of Secchi depth along the resenvorr
gradient during high and low flow penods. This was prompted by their results. which
indicated that water transparency increased significantly downstream in accordance with
water quality parameters. They maintained that this would be a logistically simple and
IneApensive way 1o monitor the influence of the watershed. residence time and the advective
movements of nutnents down-reservour, on phyvtoplankton production

I'he phenomenon of changes in physical and chemical composition contributing to the
differenniated establishment of biological communities is charactenstic of resenoirs
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(Armengol et al.. 1999: Zanata (1999) in Zanata and Espindola. 2002). The spatial
distnbution of phytoplankton and zooplankton in reservoirs will be discussed in section 2.6,

2.4 Temporal variations within a reservoir

2.4.1 Reservoir ageing and reservoir evolution

Reservoir ageing refers to the large-scale limnological changes that take place duning the
years immediately following filling. This is also referred to as “trophic upsurge’ because
higher biological production takes place duning this period (Straskraba et al., 1992;
Stradkraba and Tundisi, 1999). Reservoir evolution refers to a much longer process, lasting
for decades or centunies (Stradkraba et al., 1992). These changes that occur subsequent to
reservorr ageing (1.¢. reservoir evolution) are largely due to the impact of man’s activities
(Straskraba and Tundisi. 1999).

2.4.2 The process of reservoir ageing

Based on natural lake geomorphological progression, cultural cutrophication and land-water
interactions, Kimmel and Groeger (1986) in Holz et al. (1997). hypothesised that a penod of
high biological productivity. termed the “trophic upsurge™. should occur soon after reservoir
filling. Intemal putnent loading, plankton productivity and fish productivity reach maximum
rates duning this initial phase and then decline during the next phase, “trophic depression™.
Following the trophic depression. biological productivity remains at a lower level if external
loading remains constant. However., productivity may increase or decrease if the external
loading rate changes duning reservoir evolution (Holz et al., 1997; Straskraba et al.. 1993:
Goldyn et al., 2003). (See Figures 6 and 7)
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Figure 6. Differences between some physical and chemical conditions in a river, a newly
developing reservoir, and a more mature reservoir. (After Davies and Day, 199%)

Project K612 FINAL REPORT Page 17




MTal

4
)y &
&

.

L
=

| ~ | '
\ VvV \ '
» A\ N - '
\ '
- ~ LY
v—\' \ \
. /\ i \
: Zoopiankton
3 : | ~ A _-“\'
' — N\~
- : ’» Sy
= < W ;-\,r"\.,»
- "~
Plants = s 3 (e ~
4 e - a o
A /ﬁ\}-/ y s, !
E K .
e e 10'7)—\ s "y L '_v/-\_-
10 -
/ '\"f _— _— — ExTinchor
e -
% SAannNChon e Al o
A
Figure 7. Ditlteren voen some hiotic e C 13 TIVeT newly d ) f "
Wit ¢. the ou - munitics stabilis¢e in a n¢ id steadic 1c. 1AL ) d
D N
Water quality problems that common WCUr during reservorr agen d therr respective
o re civen in Table | that e i hat most probler re den from the mncr. i
i torgae matter in the reser r hese pr cms m t hitterent tor
niicrent reasor
NCREASED ) R ONS OF O \ “ .
HIH RIEN | b " |
N | SIVE T AN | TR 2 ) A ) A\ A "H ~ 1 ) 7
LOW ONYGEN O RATIONS (ESPECIALLY IN
' HY NMNHO® " [
) h )
1 1ot 1 1
part




2.4.3 Factors affecting ageing of reservoirs (and time required for
stabilization).

Hydrological and operational processes influence the ageing process in various ways. For
example, slow and intermittent filling prolongs ageing (Straskraba and Tundisi, 1999: Chang
and Weng, 1997). Ageing is slower with longer retention time and faster in systems with
rapid through flow (Stradkraba and Tundisi. 1999). Prolongation of retention time affects
conditions duning filling. due to the leaching of nutrients from disturbed soil and vegetation
as well as biotic interactions of different groups of organisms n relation to their
development times (Stradkraba, 1999).

Geographical location may be significant from the point of view of reservoir ageing. It s
possible, but not verified in the hiterature. that more rapid ageing takes place in the tropics
due 1o higher temperatures (Stradkraba et al., 1993). However. the tropical forests that are
drowned by developing reservoirs in these regions take a long time to decompose.
lengthening the ageing process (Straskraba and Tundisi, 1999).

Forty years afier its creation. Lake Kanba is still unstable as far as large-scale trends are
concerned (Morcau, 1997).

2.4.4 Reservoir ageing and management

The process of reservoir ageing is extremely important from a management perspective since
it occurs in the first few years of the existence of every new reservoir, with water quality
inevitably detenorating duning this peniod (Straskraba and Tundisi. 1999: Stradkraba et al..
1993: Scharf. 2002: Chang and Weng. 1997: Tundisi ¢t al. 1998: Holz et al., 1997). The
length of ageing differs between reservoirs, the average time span ranging from 4 1o 10 years
(Stratkraba and Tundisi, 1999: Chang and Weng. 1997). Management strategies to deal
with reservoir ageing fall into two distinct groups. those that attempt to prevent or reduce the
“trophic upsurge”, and those which attempt to manage the results of the “trophic upsurge™
after it has occurred (i.¢. eutrophication).

244 Eutrophication

Algal blooms and or excessive growth of aquatic macrophytes often occur as a result of the
increase in nutrients 1n a filling or newly filled reservoir (Stradkraba and Tundisi. 1999:
Goldyn et al., 2003).

Management issues include whether the terrestrial vegetation must be cleared completely.
partially or not at all prior to filling. and what the consequences will be and how long the
impact will last if the vegetation is not cleared (Scharf, 2002). Tundisi et al. (1995) maintain
that the decrease of forest biomass prior to filling is essential although costly in the
management of South American reservoirs. They are of the opinion that this problem has
been ignored in the reservoirs built so far but must be considered in the planning of future
FESCIVOIrsS.
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2.4.4.2 Hypolimnetic anoxia and internal loading

As a result of eutrophication. hvpolimnetic anoxia is a common phenomenon 1in newly
flooded reservoirs, with expensive imphications related to the reducing potential of the water
Sulphide produced by bactena under anacrobic conditions corrodes power plant machinery.
(Tundisi et al., 1998).

Internal loading resulting from increased phosphorus release under anoxic conditions in the
hypolimnion is a related problem. During the refilling of Brucher Reservoir in Germany
(Scharf, 2002). anoxic conditions developed in the deep waters. resulting in internal nutnent
ennichment. In this situation, artificial mixing was used 10 manage the anoxic water
conditions, the reduction in the need for this process after a few vears, indicating the end of
the penod of “trophic upsurge™. In this case the decision not to ¢lear the basin of terrestrial
vegetation prior to refilling proved to be cost efficient.

2.4.4.3 Gas releases

Methane and carbon dioxide emissions from reservoirs. due to drowned vegetation during
filling. 1s recogmzed as a sigmificant problem (Matvienko et al.. 2000: Lima et al.. 2000,
2002, 2005: Bergstrom et al.. 2004: Venkiteswaran and Schiff. 2005). Latitude 1s the
predominant factor influencing emissions from reservoirs, mainly because it determines the
ambient temperature (Duchemin et al., 1995, 2000; Galy-Lacaux ¢t al.. 1999), but also
because that temperature influences the specific type of vegetation which grows and thus
determines the tvpe and density of the biomass which is eventually flooded (Matvienko et
al., 200H))

Recent studies have shown that methane emissions from hyvdroelectnie reservoirs may
comprise a considerable fraction of the anthropogenic contribution to greenhouse gases in
the atmosphere. (Keller and Stallard. 1994 Novo and Tundisi. 1994 Ducheman et al.. 1995
Feamside 1995, 2001, 2002: Galy-Lacaux et al.. 1997: St Louis et al., 2000), Estimates
suggest that, per unit of encrgy produced. greenhouse-gas flux to the atmosphere from some
hvdroelectnie reservoirs may be sigmificant compared to greenhouse gas emission by fossil-
fuclled clectricity generation (Rudd et al.. 1993). To what degree hydropower and
construction of hvdroelectric reservoirs, in companison with fossil fuel combustion
contributes to climatic change is still a matter of debate (Bergstrom ¢t al.. 2004). The 1ssue in
the assessment of methane emission is to determine the type of power-generating system that
will produce a ¢cleaner environment in the future (Lima et al.. 2000

2.4.4.4 Sedimentation

With the slowing of the flow rate of the river. sedimentation rates increase (Straskraba et al..
1993; Tundisi et al.. 1995; Vorosmarty ¢t al.. 1997). Turbidity increases, attecting hight
penetration, which may or may not be a problem. Low light can moderate the effect of
nutnent loading in turbid reservorrs (Holz et al., 1997).
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2.5 The Chemical Subsystem.

2.5.1 Oxygen

Besides the water itself. oxygen is the most fundamental parameter of aquatic systems as 1t 1s
obviously essential to the metabolism of all aquatic organisms that possess acrobic
respiratory biochemistry (Wetzel, 2001).

Oxvgen conditions in a reservoir depend on a number of processes (Straskraba and Tundisi.
1999). involving both supply and consumption (Henry. 1999: Bellanger. 2004),

e the rate of phytoplankton production (enrichment of water with oxygen during
photosynthesis by day) and respiration (consumption oxygen by night)
oxygen concentration and temperature of reservoir inflow

the rate of oxygen exchange at the air-water interface

the rate of phytoplankton sedimentation and decay in the deeper strata

the organic matter content of the sediments and resulting oxygen consumption
vertical and horizontal mixing conditions in the reservoir .

2.5.1.1 Vertical distribution of dissolved oxygen concentration,

In reservorrs that stratfy duning spring and summer, the vertical distnibution of dissolved
oxvgen changes accordingly. In eutrophic waters there is usually a sharp drop in dissolved
oxygen at or shghtly below the thermochne, the hypolimnetic waters becoming increasingly
anaerobic as the summer proceeds. Oligotrophic reservoirs tend to show no, or only shight,
oxvgen depletion below the scasonal thermochine (Allanson, 1995).

The role of phytoplankton and bacteria

Phytoplankton production 1s restnicted to the illuminated epilimmion and decomposition
mostly takes place in deeper waters. Oxygen concentrations are therefore vertically
differentiated with a higher concentration at the surface and a deficit in deeper waters
(Straskraba and Tundisi. 1999). The process of bactenal decay 1s dependent upon dissolved
oxyvgen in its initial stages: thereafter, different assemblages of bacteria continue the
heterotrophic decomposition, drawing upon the oxygen in dissolved sulphate and nitrate
1ons. with the concomitant liberation of hydrogen sulphide and ammonia (Allanson, 1995).

Temperature

In South African reservoirs, the mean water temperature is relatively high. resulting in
substantial bactenial growth and activity. Deoxygenation of the hypolimnion of nutrient and
algal nch systems is therefore rapid (Allanson, 1995), but is not limited to cutrophic systems.
Townsend (1995) recorded two tropical reservoirs of LOW trophic status in Australia, which
also showed rapid oxygen depletion rates and long peniods of anoxia (maximum of 20
weeks) in response to thermal stratification.  Deoxygenation was attributed primanly to
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water temperature (25-30° C) and 1ts effect on microbial metabolism. Due to the temperature
dependence of hypolimnetic oxyvgen depletion. the trophic classification of lakes and
reservoirs based on hypolimnetic deoxygenation and anoxia 1s not globally applicable
without quahification. However. 1t 1s applicable to water bodies of similar hypolimnetic
temperatures. especially when morphometric influences are also taken into account
(Townsend., 1999)

Many South African reservoirs of low nutnient status also show considerable hypolimnetic
oxvgen depletion For example. Midmar (Hart. 1996). VanderKloof (Allanson and Jackson.
1984). Sproenkop (Hart, 1999) and Wagendnft (Hart, 2001). It 1s also evident in Lake
Kanba (Klautsky et al.. 1997).

Reservorrs in tropical regions are charactenzed by high surface temperatures. low
temperature differences between the surface and bottom waters, and larger actual oxvgen
deficits than temperate lacustrine environments (Henry 1999). In sufficiently deep
reservoirs. limited water mixing and long residence time lead to apparently persistent
thermal stratfication.  If water renewal 15 not sufficient, stratified tropical freshwater
svstems may be subject to severe dissolved oxyvgen depletion conditions extending to
shallower water. comparable to those observed in deeper sections of temperate cutrophic
water bodies ( Bellanger et al., 2004). River discharge 1s the principal destratification
determinant in many deep tropical reservorrs (Kalft. 2002)

Miving

Durning penods of mixing. oxygen concentration is usually consistent throughout the water
column (Straskraba and Tundisi. 1999; Henry 1999; Allanson, 1995 Cole and Hannan.,
1990))

Oxygen stratification is less pronounced in rapadly through-flowing reservoirs (Stradkraba
and Tundisi, 1999 Cole and Hannan, 1990).

1.5.1.2 Horizontal distribution of disselved oxygen concentration

Though the seasonal vertical stratification of water quality constituents has been well studied
in lacustrine svstems, the horizontal straufication of water quality 1n many resenvoirs has not
been widely appreciated unul recently (Romero and Imberger. 1999)

Longitudinal patterns of oxygen depletion in reservoirs result from an interaction of flow and
morphology. Small-sized allochthonous organic matier 1s deposited 1n the transition zone
due 10 a decrease in flow velocty, causing a hagh rate of oxygen uptake. Increase in hght
penctration due to sedimentation. facilitates the build-up of phyvtoplankton populations. The
volume of the hypolimnion in reservorrs 1s smaller in the transition zone, compared to the
lacustrine zone. so has a lower total DO supply 10 meet hypolimnetic oxygen demands. The
morphology of the reservoir results in gencrally higher hvpolimnetic temperatures in the
transition zone than the lacustrine zone. causing higher respiration rates.  These higher
temperatures also result in lower DO concentrations due 1o the relationship between oxvgen
solubility and temperature. The result of all these factors s that the highest biochemical
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oxygen demand occurs in the hypolimmion of the transiion zone, causing the first anoxic
zone 1o form there (Cole and Hannan, 1990). (See Figure 8)

AVInaoE

Early summer Midsummer Late summer

Figure XK. The initial location and the extent of longitudinal development of the anoxic zone in a
deep storage reservoir. (After Cole and Hannan, 1990),

Once formed. the anoxic zone develops and expands both upstream and downstream. The
upwards development is influenced pnmanly by inflow from the river. Any flood event
which breaks down thermal stranfication, will dissipate the anoxic zone. The downstream
anoxic zone develops more slowly and with less fluctuation. Concurrently. the anoxic zone
develops upwards and laterally out of the thalweg (the deepest part of the channel of the
ongmal nver).

2.5.1.3 Management

From a management perspective. hypolimnetic anoxia can have far reaching implications in
reservoirs. This is primarily due 10 1its effect on chemical exchanges at the sediment water
nterface (Townsend. 1999: Hamilton and Schladow. 1994). 1t also needs to be considered in
the management of outflow from reservoirs where low outflow gates release deoxygenated
water 10 the nver below the dam.

2.5.2 Organic carbon

Organic matter in reservoirs is either allochthonous (it enters the reservoir from the
watershed) or autochthonous (it 1s produced within the reservoir by photosynthesis by algae
or aquatic macrophytes (Straskraba and Tundisi. 1999). or by bactenal chemosynthesis of
dissolved organic carbon). It 1s a mixture of plant. microbial and animal products in various
stages of decomposition. Nonhumic or labile substances are casily degraded by micro
orgamisms (hours). Humic substances. designated as “refractory” are more recalcitrant to
degradation and constitute 70%6 to 80”6 of the organic matter of water and soils.

Nearly all the organic carbon of natural waters consists of dissolved organic carbon (DOC)
and particulate organic carbon (POC). The ratio of DOC 1o POC 1s commonly between 6:1
and 10:1.
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The rate of decomposition of organic substances 1s greatly dependent on solubility: however
the energenic transformations of organic carbon are similar whether in the dissolved or
particulate form

Much of the decomposition of organic compounds in reservoirs occurs 1n acrobic waters
prior to sedimentation. However, the benthie region 1s the dominant site of decomposition of
most POC. and DOC that has aggregated into insoluble particles or co precipntated with
particulate matter and settled to the bottom sediments (Wetzel, 2001).

It 15 increasingly recogmized that much of the energy involved in the food webs of reservoirs
and lakes denves from the catchment. rather than being fixed in vire. Traditional perceptions
of standing water bodies as autotrophic systems are being replaced by recognition of their
frequently heterotrophic nature linked to the carbon input (Revnolds, 2004)

2.5.3 Nutrients

The impornance of nutrients in resenvoirs 1$ due to thaeir effect on bological production
(Straskraba and Tundisi. 1999). Their distnbution and avatlability are influenced by nutrient
loading (intemal and external), sedimentation. flow. mivang and discharge (Kennedy and
Walker, 1990). From a management perspective, it 1s entical 10 charactenze sources of
nutnients and their respective guannities. in order 10 manage therr inputs to freshwater
svslems (Nowhin et al., 2005)

2.5.3.1 Phosphorus

2.5.3.1.1 Sources and losses of phosphorus in reseryvoirs
Sources of phosphorus in resenvoir waters include
precipitation  (Miranda and Matvienko, 2003)
croundwater (Miranda and Matvienko, 2003)

surface runoff (Wetzel, 2001: Brzakova et al., 2003)
sediment resuspension (James and Barko. 1997: Istvanovics and Somlyody. 1999)

chemical release from sediments (Ting and Appan, 1996; James and Barko, 1997:
Istvanovics et al.. 1997: Istvanovics and Somlvody. 1999)

Losses of phosphorus from resen oir waters occur by

e outflow from the resenorr
sedimentation (Wetzel, 2001; James and Barko. 1997: Havens and Schelske. 2001)
e storage as polyphosphates by meroplanktonic algae talgae which have resting stages

in the sediments (Camick et al.. 1993)
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2.5.3.1.2 The phosphorus cycle (See Figure 9)

The phosphorus cycle is considered the most entical process in organic production within
reservoirs. phosphorus-uptake by phytoplankton being more significant than that by pelagic
bacteria (Wetzel, 2001). Soluble reactive phosphorus is taken up to such an extent that the
concentration of this nutrient in surface waters can be as low as a few micrograms per hitre
(Stradkraba and Tundisi. 1999). Total phosphorus concentration in most nonpolluted natural
waters is between 10 - 50ug I"' (Wetzel. 2001).

GROWTH
SRP AP nB
LN REG Lot

Lint, gr
ADS
SEDAp

RES
SEDppap

sediment
77777

XX\

Figurc 9. A simplificd P cycle. (SRP, soluble reactive P; AP, algal-P: nBAP, non-biologically-
available P; L, and L, . input and output TP loads: L, . . gross internal P load: ADS. phosphate
adsorption; GROWTH, algal growth; REG, regencration of SRP during the mineralization of algac in
the water, SED,, algal sedimentation; SED .y sedimentation of nBAP, RES, resuspension of
nBAP). (After Istvanovics and Somlyody, 1999).

The only significant form of inorganic phosphorus in lake systems is orthophosphate (PO ).
A very large proportion of the phosphorus in lake water (>90%6) 1s bound n organic
phosphates or vaniously associated with, or adsorbed to. inorganic. and dead particulate
organic matenals (Wetzel, 2001). Considerable amounts of phosphorus can be bound and
cycled in sediment-living bactena. Shifts in bactenal biomass in combination with the
abiotic sorption charactenistics of the sediments may therefore play an essential role in the
phosphorus dynamics of lake sediments (Waara et al.. 1993).

Reservoirs function as traps for phosphorus (Stratkraba and Tundisi, 1999: Miranda and
Matvienko, 2003). Particulate phosphorus brought in from the watershed. stans setthng to
the bottom of a reservoir immediately, but dissolved phosphorus emening the reservoir has 10
be incorporated into particles before 1t can sink to the sediments. Phosphorus uptake by
particles is by physical and chemical processes. such as adsorption onto particle surfaces or
precipitation (Brzakova et al.. 2003). The dissolved phosphorus taken up by phytoplankton
eventually accumulates in the sediments in large amounts when the cells die, especially in
cutrophic conditions (Porcalova, 1990). In some cases, the phosphorus content of the upper
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millimetres of the sediment can be greater than that in the whole overlving water column
The amount of phosphorus that leaves the reservorr is thus much lower than the amount that
enters the system (Straskraba and Tundisi, 1999)

It 1s still not certain whether setthing particles constitute a sink. or serve as a source of
phosphorus for the surrounding water (Brzakova et al.. 2003). Significant. short-term P-
uptake capacity was demonstrated by suspended and setthing seston in the epilimmon of
Rimov Reservoir in the Czech Republic duning periods of high P-deficiency of
phytoplankton. This was apparently caused by the presence of phyvtoplankton cells with
depleted cellular P-quota within the seston particles. which removed a sigmificant amount of
dissolved orthophosphate from the water column. No release of phosphorus from suspended
or entrapped seston particles was observed duning this study

25313 Horizontal distribution of phosphorus in a reservoir

Reservoirs are typically elongate resulting in a defimite spanal vanation in nutnient
concentration, primary production and the factors controlling them (Kimmel and Groeger.
1984, 1n Istvanovics and Somlivody. 1999: Straskraba, 1996). The relative importance of the
vanous pathways of phosphorus cvcling vanes accordingly. (See Section 2.3)

Sedimentation patterns along the longitudinal axis of a reservoir influence the distribution of
phosphorus accumulated in the sediments. Sedimentation measurements along the Rimoy
Reservoir revealed that half of the phosphorus input was deposited within the first 3km of
the length of the reservoir which represented only 200 of the whole surface area of the
reservoir (Porcalova. 1990),

25314 Management
Elevated phosphorous concentrations are significant in the problem of cutrophication which

will be discussed in Sechon 3.1.2

2.5.3.2 Nitrogen

2.5.3.2.1 Sources and losses of nitrogen in reservoirs

Sources of mitrogen in resenvoir waters include
e precipitation on the water surface
e mitrogen fixation in the water and in the sediments
e nputs from surface and groundwater dramage

Losses of nitrogen from reservorr waters occur by

e effluent outflow from the resenonr

e reduction of mitrate 10 Nz by bactenal demitnification with the subsequent return of
gaseous N+ to the atmosphere (Straskraba and Tundisi. 1999: Tomaszek and
Czerwiemiee, 2000; Tomaszek and Koszelnmik, 2003)
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e permanent loss of orgamic and organic nitrogen-containing compounds 1o the
sediments (Alaoui-Mhamdi et al.. 1996: Tomaszek and Czerwienice, 2000;

Tomaszek and Koszelnik. 2003)
e uptake by aquatic organisms (Tomaszek and Czerwieniec, 2000; Tomaszek and

Koszelnik, 2003).
2.53.2.2 The nitrogen cycle (See Figure 10)

This cycle differs from the phosphorus cycle because bactena actively participate in the
cycling process by means of mitrogen fixation (Wetzel. 2001: Stratkraba and Tundisi. 1999).

(See Figure 10)
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Figurc 10. A simplified nitrogen cycle showing biochemical reactions that influence the
distribution of nitrogen compounds in water (afier Stadelmann (1971) and Kuznctsov (1970) in

Wetzel, 2001)

Nitrogen retention is one of the important issues of mitrogen management for different water
bodies and basins (Galicka et al., 1994: Nielsen et al., 1995, 2001: Seitzinger ¢t al., 2002, all
in Tomaszek and Koszelmk, 2003 Windolf et al., 1996; Josefson and Rasmussen, 2000,

Saunders and Kalft. 2001).
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The predominant opimion is that nitrogen (and phosphorus) retention in lakes and reservoirs
is directly proportional to hydraulic retention time (Kawara et al.. 1998: Stradkraba. 1998:
Saunders and KalfT, 2001: Nielsen ¢t al.. 1995 in Tomaszek and Koszelnik. 2003),
Nevertheless. some shallow and unstratified water bodies with short hydraulic retention
time. show greater capacity to retain nitrogen than the larger and deeper ones (Howarth et
al.. 1995), especially when they have substantial loads of mitrogen (Fleisher et al.. 1994).
This 1s due to the water column ‘bottom sediment interfacial contact in shallow water bodies
being conducive to nitrogen retention by benthie assimilation and demitnfication or by
coupled nitnfication-denitnfication processes (Josefson and Rasmussen. 2000: Tomaszek
and Czerwiemiee, 2000)

28323 Denitrification

A major mechamism removing excess nitrogen from the aquatic system. demitnfication acts
as a controller of eutrophication (Abe ¢t al.. 2002). Denitnfying bactena are naturally
encountered in diverse types of environments due to their ability 1o use different compounds
as a carbon source and final electron acceptors (oxygen in acrobic conditions vs. nitrate,
nitrite. mtnc or nitrous oxide in anacrobic conditions) (Knowles, 1982, in Bednarek et al.,
2002).

In anoxic waters. heterotrophic, anacrobic bacteria utilize NOyor NO:  as terminal electron
acceptors dunng oxidation of organic matter. Autotrophic bacteria use sulphur. thiosulphate
or hydrogen as electron donors ( Tomaszek and Czerwiemiec, 2003). Because the final
products of demitnfication are gascous compounds (N-O, NO. N-) the process represents a
sink in the overall N budget of many aquatic ecosystems (Sentzinger, 1985, 1990 Tomaszek,
1991: Law et al.. 1991, 1992: Niclson. 1992: Nielson and Glud. 1996: Nielson et al.. 1996;
Mengis et al, 1997 in Tomaszek and Czerwieniee, 2003). Sediment nitnfication can be a
major source of nitrates for denitrification (Tomaszek and Czerwieniec. 2003)

Rates and regulations of the denitnfication process are of increasing interest due to
cutrophication problems caused by anthropogenic inputs of combined mitrogen (Sentzinger.
1990, 1in Tomaszek and Czerwiemiec. 2000).  Many attempts to quantify denitrification have
been made. however the lack of suntable methods has been a major obstacle in denitnfication
studies. Denitrification rates in bottom sediments are difficult to measure accurmately. as
several reactions ¢ g mitrification. denitrification, N-fixation, occur simultancously in an
aquatic environment. { Tomaszek and Czerwiemec. 20060, 2003)

A number of environmental factors are capable of influencing the rate of the denitnfication
process in bottom sediments. These include water temperature, concentrations of mitrate in
overlving water and organic matter in the sediment. the depth of the sediment and conditions
therein including redox potential and dissolved oxygen. The positive influence of light on
denitrification rate suggests that photosynthetic oxy gen production stimulates the process
and consequently increases the diffusion of nitrate into the bottom sediments ( Tomaszek and
Czerwiceniee, 20031 Preliminary results on denitnfication rates in Sulejow Resenvoir in
Poland prove the positive correlation between the denitnification rate and the content of
organic carbon in the bottom sediments (Bednarek et al., 2002). A positive correlation was
also recorded between the content of organic carbon and the percentage of demitnfving
bactena.
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25324 Management issues

Tomaszek and Koszelnik (2003) developed an empincal model suitable for predicting
nitrogen seasonal dynamics in a reservoir. Models descnibed in the Inerature, capable of
predicting nitrogen retention with a relatively high degree of accuracy were selected and
adapted (e.g. Jensen et al., 1992: Arheimer and Wittgren, 1994; Windolf ¢t al.. 1996). All
models related nitrogen retention to simple parameters such as hvdraulic retention time,
volume, surface arca, average depth, temperature and relative area hydraulic loading.

Depending on the species of bactena involved., accumulation of mitrite to toxic levels may
occur in the sediments during the demitrification process (Xu et al.. 1996).

It has been suggested that gaseous sub products of demitrification such as N-O and NO, have
increased in the atmosphere. leading to ozone depletion and the greenhouse effect
(Davidson, 1991, in Abe et al., 2002).

2.5.4 The role of sediments in reservoir chemistry

Sediments are an important source of nutnents to freshwater ecosystems (Nowhn et al.,
2005). Histonically. phosphorus has received more attention than nitrogen because of the
complex nature of mitrogen transformations in lake sediments. and the fact that phosphorus 1s
ofien the limiting nutnient in phytoplankton productivity (Dillon and Rigler. 1974; Smith,
1979 both in Nowlin et al.. 2005)

2.5.4.1 Internal loading

Attempts at lake restoration through the reduction of external phosphorus inputs often fail
because of large phosphorus inputs from sediments, even after external loads have been
substantially reduced (Sondergaard et al.. 1990 Martinova. 1993; Straskraba and Tundisi,
1999: Istvanovics and Somlyody. 1999: Heidenreich and Kleeberg, 2003). In some lakes
sediment nutnient release may represent a more important process ecologically, than inputs
from external nutnent sources because phosphorus released from sediments often contains a
larger proportion of immediately available phosphorus (Peters, 1981: Numberg and Peters.
1984: Numberg. 1985, all in Nowhin et al.. 2005).

2.5.4.2 Factors regulating release of nutrients from the sediments

Processes leading to phosphorus release to the water column from underlving sediments
include

e desorption and dissolution of phosphorus bound in precipitates and inorganic
material (Moore and Reddy. 1994, in Nowlin et al.. 2005).
microbial mineralization of organic matter (Gachter and Meyer, 1993),
diffusion of dissolved phosphorus from sediment pore waters (Moore et al., 1995, in
Nowlin et al.. 2005).
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Under oxic conditions. phosphorus s retamed in the sediments beneath an oxidized micro
zone (Wetzel, 2001). Much of the phosphorus 1s inorganic. denved from the watershed. and
includes phosphate adsorbed onto clays and ferne hydroxides. In additon. phosphate co-
precipitates with iron. manganese and carbonates (Mackereth, 1966; Harter. 1968 Wentz
and Lee. 1969 in Wetzel, 2001). The oxadized layer forms a trap for iron and mangancse as
well as for phosphate. thereby greatly reducing transport of matenals into the water. whilst
scavenging matenals such as phosphate from the water.

In an area of calcareous sedimentary rock in Morocco. 1t was demonstrated that Ca was
responsible for binding a large fraction of the phosphate in the sediments as apatite.
preventing the phosphate release into the overlving water (Alaoui-Mhamdi et al.. 1996).

However. in productive lakes. after the onset of summer stratification. biological activaty in
sediments and the hypolimnion decreases hypohimnetic DO concentration and pH. lowering
the redox potential at the sediment-water interface. The environmental vanables that may
regulate the release rate of dissolved phosphorus from sediments are temperature, dissolved
oxygen. pH and redox potential (Nowlin et al.. 2005: Schladow and Hamilton, 1995:
Martinova. 1993: Gachter and Meyer, 1993),

Iron exasts 1n solution in ¢ither the ferrous form (Fe(ll)) or the fernic form (Felllh). As the
redox potential drops. the Fe(lll) in the sediments which is in the form of fernc hydroxide
with adsorbed phosphates. is reduced to Fetll). leading 10 the release of PO™ 5 The
mobility of phosphorus 1s thus determined by the supply of 1ron in the sediments. and the
resulting capacity for phosphorus sorption and subsequent release. (Hewdenrewch and
Kleeberg, 2003). The total phosphorus concentration in the sediments and the relative
concentration of vanous phosphorus fractions. also influence sediment phosphorus release
rates { Nowhn et al.. 2005)

Bionie processes also play a part in phosphorus release rates. Under anoxic conditions, high
concentrations of mitrate (NO: ) in waters overlving the sediments can raise the redox
potential by providing denitnfying bactena with an alternate eleetron acceptor. thereby
enhancing Fe oxidation and sediment sorption of PO ", (Gachter and Mever, 1993). On the
other hand. the growth of Fe reducing bactena may be stimulated by high NO, levels,
leading to higher decomposition rates of organic matter and enhancement of PO™ , release
trom sediments

Thus the release of PO from reservoir sediments into overlving water during summer
hypolimnetic anoxia is a result of the complex interaction between biotic and abiotic
processes in the water column and sediment (Nowhin et al, 2005)

2.5.4.3 Exposed reservoir sediments

Large fluctuations in resenvoir water levels create an additional source of phosphorus release
from resenvoir sediments into the overlving water. The difference between the hittoral
sediments of a reservoir and the permanently inundated sediments 1s that the former are
penodically exposed. expenencing eveles of wetting and dnvng. This can have a profound
effect on the sediment’s ability to adsorb or desorb nutrients (Warts, 2000a; Mitchell and
Baldwin, 1998). More phosphorus can be released from reflooded dnied sediments than

Project KR612 FINAL REPORT Page 30




from sediments that remain inundated (De Groot and Van Wijck, 1993; Baldwin, 1996;
Mitchell and Baldwin, 1998 Qui and McComb, 1994: 1995 both in Watts, 2000b).

Because such sediments are potentially. the largest sink for, and the largest source of. many
nutrients (particularly phosphorus). sediment changes induced by exposure may have a
marked effect on the nutrient budget of the reservoir on their rewetting (Baldwin, 1996),
Twinch (1987) in Watts (2000b) showed experimentally. a three-fold increase in phosphate
equilibrium concentration in dned sediments, which increased potential phosphorus P
release by 127%.

In submerged sediments. there 1s continuous redox cycling. resulting in the production of
ferric hydroxide (Fe(OOH)). which has a gh affinity for phosphorus. When the sediments
are exposed. this process of redox cveling 1s adversely affected, resulting in reduced
phosphorus affinity in the dned sediments. Consequently, there is a greater potential for the
phosphorus in the sediments to be released to the water column on their rewetting (De Groot
and Van Wijck. 1993). The reflooding of sediments therefore has the potential to create
conditions conducive 1o aerobic sedimentary phosphorus release.

From a management perspective, this is highly signmficant where large expanses of sediment
are exposed. either during dry seasons or as a result of reservorr drawdown (Watts, 20004,
2000b). Imphcations for management would depend on the type of drawdown, severity of
drying and conditions of refilling. Ideally. water levels should be maintained at as high a
level as possible to reduce phosphorus release. but this is not often possible. especially in dry
climates. During the drought of 1997-1998, the volume of the Carcour Dam in Australia fell
1o 19%. exposing 70.5% of the total sediment surface (Watts, 2000b).

It has been suggested that, especially where there is rapid inundation and short residence
times. phosphorus flushing could be used as a management tool. where phosphorus could be
repeatedly flushed from the sediment into the water column, the ultimate aim being 1o reduce
sedimentary phosphorus levels and thus internal loading (Baldwin, 1996). Flushing as a
management tool will be discussed fully in the relevant section. Where littoral sediments are
exposed for long penods. it may be possible to harvest these sediments for use as a nutrient
resource such as top dressing (Warts, 2000b).

Historically. when descnibing phosphorus release from inundated sediments, it has been the
top few centimetres or even millimetres that are considered important for most chemical and
biological activity (Mortimer, 1971: Fillos and Swanson, 1975; Bostrom ¢t al., 1982, in
Watts, 2000b). De Groot and Van Wijck (1993), however. found chemical and physical
changes in sediments during desiccation that affected layers to a depth of 40cm. An increase
in total phosphorus was observed in the top layer. with a decrease in the deeper layers,
indicating an upward flux of phosphorus. The fact that sediment 10cm decp may be active in
the processes of sedimentary phosphorus release has implications for the prediction of
internal loading to a reservoir (Watts, 2000b).

2.5.4.4 Temporal and spatial scales

Sediment nutrient release also involves some important temporal and spatial scales.
Following the release of phosphorus, phytoplankton growth in the hypolimnion is light
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limited (and oxvgen limited). In the epitlimnion 1t s phosphorus limated. 1t 1s only following
overturn that the majonty of the phosphorus released from the sediments becomes available
in the photic zone. From a management perspective, there is a lag. corresponding to the ime
required for the nutnients to be assimilated and the phytoplankton to increase to sufficient
concentration to constitute a bloom (Schladow and Hamilton, 1995)

Because of the strong longitudinal gradient of physical and chemical conditions 1n a
reservorr. nutnent release s affected accordingly (Nowhn ¢t al., 2005). Relatvely shallow
arcas near inflows may lack thermal stratification throughout the vear. while deeper areas
ncar the dam may develop summer stratification ( Thormton, 1990). This longitudinal
development of thermal stratfication can lead to vanation in DO concentration 1n waters
above sediments, thus affecting sediment nutnent release rates.  The composition of
sediments may also vary along the longitudinal axis of the reservoir. with sediments near
inflows contaiming a larger proportion of allochthonous matenal. and sediments near the dam
containing a larger proportion of autochthonous matenal (Thomton, 1990). Varnous
phosphorous-containing fractions within sediments may vary with the spatial heterogeneity
of sediment charactenstics within a resenvoir. potentially affecting the P-binding capacity of
sediments and sediment ph<isph0ﬂl\ release rates (Nowhn et al., 2005)
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2.6 The Biological Subsystem

2.6.1 Bacteria
2.6.1.1 Bacterioplankton

Microbial organisms, commonly overlooked or disregarded (largely because of their unseen
nature and technical difficulties of analysis) play an especially important role in reservoirs.
Heterotrophic elements utilize the ofien plentiful allochthonous carbon sources, while
autotrophic cyanobactena are commonly domiant primary producers.

2.6.1.1.1 Heterotrophic Bacteria

The abundance of free-living planktonic bactenia normally oscillates between 10" and 10°
cells ml" in all but ultraoligotrophic or hypertrophic waters (Kalff, 2002). Heterotrophic
bactenoplankton are predominantly free-hiving, but in reservoirs where concentrations of
suspended particles are high, bactenal attachment to particles can predominate (Wetzel,
2001: Lind and Davalos-Lind, 1991). The attached bactena tend to be larger and contribute
more to the community biomass (Kalff. 2002). Numbers. biomass and productivity of
bactenoplankton generally increase with increasing photosynthetic productivity (Wetzel,
2001: Voros et al.. 2003).

e Vertical distribution

In thermally stratified lakes. heterotrophic bacternioplankton numbers and biomass are
usually high in the epilimnion, decrease to a mimimum in the metalimmion and upper
hypolimnion, and increase in the lower hypolimnion, especially if it is anoxic (Wetzel,
2001: Tietyen and Wetzel. 2003).

It is well known that phytoplankton is negatively affected by high hight intensities at the
water surface, but there are few reports of UV effects on bactena and extra cellular
enzymes (Sieracki and Sicburth, 1986 Herndl et al.. 1993, in Lindell and Edling. 1996).
Algae may respond to light stress by decreased metabolism, protective pigments or
migration to deeper waters (Karentz ¢t al., 1994, in Lindell and Edling. 1996).
Heterotrophic bactena. on the other hand. have very limited capacity to migrate, thus
may be severely affected by UV radiation.

Lindell and Edling (1996) demonstrated that bacteria living in surface waters (010 3-4
metres) in the tropical Lake Kanba are negatively affected by solar radiation. with
inhibition of bacterial production and enzyme activity probably being due to both UV-A
and UV-B hight. Bactenial production at the surface was nearly four times less than the
production at 10m., although bacterial numbers were only 26% less.

Bacterioplankton from anoxic hypolimnia are often abundant and of unusually large cell
size (Cole et al.. 1993: Lind et al.. 2001, Chnstian et al., 2002: Kalff. 2002). However.
anoxia is not always associated with large cells (Lind et al.. 2001). Possible reasons for
the large cell size suggested by Cole et al. (1993) are organic ennichment. sediment
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nutrient release, species shifts and lack of grazing. Chnstian et al. (2002) showed that
larger cells in low oxygen and anoxic hypolimma are a function of increased supply of
organic substrate and or inorganic nutrients

* Longitudinal distribution

T'he longitudinal gradients of chemical and biological parameters. nutrient and substrate
avarlability, and consequently the development of pelagic grazers in canvon-shaped
reservoirs have been shown to influence microbal activity and bactenal community
composition (Simek et al.. 2001a: Masin ¢t al.. 2003; Jezbera ¢t al.. 2003: Tietjen and
Wetzel, 2003: Gasol et al.. 2002)

In the nvenne zone of eutrophic reservorrs, primary producers often have a limited role
due 10 water turbidity with resulting light imitation (Hejzlar and Vyhnalek. 1995:
Comerma et al. 1999) Most matter transformation and nutnent cveling thus occurs
through enhanced activity of heterotrophic microbial communities (Armengol et al.,
1999. Comerma et al., 1999 Simek et al.. 2001). A continuous supply of substrates by a
river results in a gradient of nutrient and substrate concentration and microbial
succession downstream (Hejzlar and Vyhnalek, 1998 Armengol et al., 1999; KalfY,
2002)

Masin et al.. (2003) and Jezbera. et al.. (2003) found that two reservoirs of different
trophic status and with different inflow loading showed different specific longitudinal
changes in bacterial community composition. which were related mainly to
allochthonous input and longitudinal patterns of pnimary production and nutnent
availability. In the nverine zone, the main source of carbon that fuels microbial
processes 18 in the allochthonous organic matter. while downstream. through the
transition and into the lacustrine zones. autochthonously produced organic carbon
becomes more important (Masin ¢t al. 2003)

The pattern of longitudinal distibution of phyvtoplankton and zooplankton communities
in reservoirs has been known for some time (¢.2. Urabe. 1989: Pinel-Alloul. 1995: Masin
et al. 2003). However. recent studies carnied out in the Sau Reservoir in Spain mapped
longitudinal changes in the microbial food web in relanion 1o other biological and
chemical vanables (Comerma et al.. 1999: Simek et al.. 2001: Gasol et al.. 2002),
illustrating that the communities of protistan bactenal grazers displaved a clear
longitudinal pattern: bacterivory of heterotrophic nanoflagellates dominated the upper
mflow area of the reservoir, while cihates were the most important bactenvores in the
lacustrine arca (Comerma et al.. 1999:; Simek et al.. 2001: Simek et al.. 19993)

The important role of protistan bacterivory in shaping longitudinal distribution of
bactenal community composition was confirmed in experiments conducted in the Sau
Resenvorr (Simek et al.. 1998: Gasol et al., 2002). Lindstrom (2000) also confirmed the
important impacts of micro zooplankton grazing on shaping bactenal community
composition. It may also be affected by nutnient supply (Pace and Cole, 1994 Thingstad
and Lignell. 1977). or by host-specific viral Ivsis (Fuhrman, 1999 in Masin et al.. 2003).
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Recent focus on carbon flux dynamics has raised new interest in detailed studies of
longitudinal changes in reservoirs (Simek et al., 1998; Armengol et al., 1999; Comerma
ctal., 2001)

¢ Environmental factors affecting heterotrophic bacterioplankton

The availability of organic substances. a common correlate with bactenal activity and
biomass (Gamier and Benest, 1990: Balogh and Voros, 1997) has been identified as
much more significant than predatory controls on the bactenial community (Pace and
Cole. 1994). A correlation between temperature and bactenal biomass has been reported
by many workers (Findlay et al., 1991 White et al., 1991 Wikner and Hagstrom, 1991:
Coveney and Wetzel, 1995: Tietjen and Wetzel, 2003) and the correlation between
phytoplankton and bactenal community dynamics has been made in many previous
studies (Tietjen and Wetzel, 2003). These correlations support the hypothesis that both
bactenio- and phytoplankton are influenced by similar environmental parameters,
especially temperature and nutnients.

Many studies imply that the bacterial community also depends upon the phytoplankton
for orgamic matter (Tietjen and Wetzel, 2003). However, this view 1s undergoing revision
(Kalff. 2002) with the recognition that bactena. charactenzed by a ten-fold lower C:P
ratio than phytoplankton (Fagerbakke et al.. 1996, in KalfT, 2002) compete successfully
with algae for limiting inorganic nutrients when the organic matter supply is not their
principal constraining factor.

It has been wadely accepted that predators can change bactenal community composition
by feeding on larger more active cells (e.g. del Giorgio et al.. 1995). and/or specific
groups of bactena (Simek ¢t al.. 1997: Jurgens et al.. 1999). Factors that induce changes
in bactenal community composition have become one of the central issues in aquatic
microbial ccology (Simek et al. 1999). Protozoan grazing on bactena is size selective
(Chrzanowski and Simek. 1990: Gonzalez et al.. 1990a), thus inducing a strong
morphological shift in bacterial communities towards cells that are resistant to grazing
(Sibbald and Albnght, 19588: Bianchi. 1989; Gude. 1989, in Simek et al.. 1999a).
Different bactenial strains are consumed with varying growth efficiency for the consumer
(Mitchell et al., 1988; Gonzalez ¢t al.. 1990a; Imbeni et al., 1994, in Simek et al.. 1998).
Finally. through feedback mechanisms, grazing is known to affect substrate availability
for bactena. resulting in a tight relationship between protistan grazing and the metabolic
and physiological activities of bacterioplankton (Simek ¢t al.. 1990),

Simek and Straskrabova (1992) obtained data that showed the existence of sigmificant
scasonal changes in grazer control of bacterioplankton in the mesotrophic Rimov
Reservoir in the Czech Republic. Duning the spring peniod and duning the clear-water
phase, bactenal growth was not regulated by protistan grazing alone (only about 206 of
bactenial production was consumed by protozoa). On the other hand. during the summer-
fall period. equilibrium between bacterial production and protozoan grazing was evident.
They concluded from their study that a steady top down control of bactenal by protozoa
did not exist, and that bottom up control might be effective during the spring period.
Other losses such as grazing by meso- and macro zooplankton could be more significant
than protozoan control.
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e Secasonal distribution and viability

A close correlation often exists between seasonal changes in phyvtoplankton biomass and
resulting increased photosynthetic productivity, and heterotrophic bactenoplankton
bromass and productivity (Wetzel. 2001: Treyyen and Wetzel, 2003: Voros et al.. 2003
D1 Siervi et al.. 1995). An increase in summer bactenal biomass has also been recorded
by Coveney and Wetzel, 1995; Ochs ct al., 1995 Jugma ¢t al.. 2000; Tictjen and Wetzel.
2003.

Netjen and Wetzel (2003), using a staiming procedure that provides information on the
physiological state of bactena., found the bactenal biomass was highest dunng the late
summer 1n a small reservoir in Alabama. with S0-707, of the cells being viable. This was
associated with the mixing of large accumulations of hypolimnetic nutnents.
hypolimnetic DOC and dissolved oxygen to the entire water column. Bactenal numbers
also increased following a > 10-fold increase in turbadity associated with a major
precipitation event. but only about 10%, of these cells were viable. This was probably the
result of an influx of large numbers of soil bactena. dead cells and cells compromised by
the sudden introduction 10 an aquatic environment, associated with the turbid clay inflow
associated with the storm

e Humic lakes

Humic lakes gencrally have higher DOC concentrations than clear-water svstems. which
results in a higher carrying capacity for bactenoplankton in humic lakes. In this way, the
DOC of allochthonous ongin in humic lakes can constitute an input to the aquatic biota,
counteracting its negative effect on primary production due to hight attenuation (Balogh

and Voros, 1997)

In humic waters. the relative abundance of larger bactena s significant (Pinel-Alloul and
Letarte. 1993) and these larger bactena contribute disproportionately to the total
bacterioplankton production (KalfY, 2002)

e Role in the microbial food web

Histoncally. less attention has been paid 1o the role of pelagic microbial food webs in
reservoirs than in marine ccosystems and natural lakes (Masin et al.. 2003). However.
duning the last two decades. microal studies have demonstrated the existence of a
diverse microbial community in aquatic planktonic ecosystems where microbial
production 1s integrated in the pelagie food web at all levels (Gaedke et al.. 1995, 1n
Comerma et al.. 2003: Kalff. 2002)

In terms of food web structure and energy flow. the heterotrophic bactena and
phyvtoplankion occupy the same trophic level (Jones. 19921 in the sense that both
nounsh the pimary consumers.  From a food web perspective, heterotrophic bactenal
production can be considered as primary production in that it converts dissolved to
particulate matter or synthesises organic matter by chemosvnthetic autotrophy (KalfY,
2002 Kim et al.. 2000)
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In systems with significant autochthonous input (¢.g. humic lakes or the nvenine zone of
some reservoirs), the bactena may act as a pnmary source of organic carbon, passing
organic matter imported from external sources up the food web (Tranvik. 1988, in
Balogh and Voros, 1997).

The “microbial loop™ 1s simply a model of the pathways of carbon and nutnient cycling
through microbial components of pelagic aguatic communities (Wetzel. 2001). In
addition to bactenal uptake of nonliving organic matter. many direct links exist among
algac, bactena and other heterotrophic microbes. The “microbial loop™ complements the
classical food web leading from nanoplankion to the macro zooplankton and up (Kalff,
2002). (See Figure 11)
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Figurc 11. A simplified scheme of the contrasting importance of the major carbon fluxes among
large zooplankton, rotifers, phytoplankton, and the most important members of microbial food webs
(bacteria, HNF and ciliates) under high fish stock versus low fish stock. Black arrows and their
thickness indicate relative importance of the principal carbon fluxes: dotted line arrows indicate the
carbon fluxes of minor importance (afier Simek et al., 1999)

Bacterivory by protists (especially nanoflagellates) and other zooplankton is a dominant
mortality factor in natural bactenoplankton commumitics (usually about 50%0) (Wetzel. 2001:
Kalff, 2002; V-Balogh and Voros, 1997. Comerma et al., 2001). Protozoans are in turn
preved upon by micro zooplankton such as roufers (Arndt, 1993; Ooms-Wilms, 1997) and
small crustaccans, or by macro zooplankton such as the larger filter-feeding cladocerans.
Some of the large herbivorous cladocerans can and do graze directly on larger bactenia
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(Kalff. 2002: Thouvenot et al.. 1999b). Paterson ¢t al.. (1997) suggested that metazoan
zooplankton 1n a newly flooded reservoir could use bactena as an energy source |

In fact, unless a high fraction of bactenal carbon flows directly into large filter feeding
cladocerans that are fed upon by fish. the pnncipal role of the microbial food web lies in the
degradation (respiration) of organic matter (Kalft, 2002). The reason for this is the loss of
energy at each level of the food web. The conversion efficiency of the bactenvores and their
predators is not high enough 1o ensure the transter of bactenal carbon through more than
about a three-step chain. Three to five steps 1s more likely for the microbial loop and it 1s
evident that hittle would remain for transfer to macro zooplankton and then on to fish. Only
when there 18 a major one-step transfer from bactena to large bactenvorous macro
zooplankion. 1s 1t likely that appreciable amounts of bactenal carbon would become
avarlable to fish (Wyhie and Curnie, 1991)

The microbal food web, therefore. appears to be pnmanly an energy “sink™ in the plankton,
but. in the process serves as a crucially important nutnient “hink™ (Kalff. 2002). Where it
serves as a loop. it s largely responsible for recyeling entical nutrients within the cuphotic
zone (Nakano. 1994, in Kalft, 2002). In the process it greatly reduces losses by
sedimentation of particulate mitrogen and phosphorus from the site of pnmany production in
the water column.

2.6.1.1.2 Autotrophic Cyanobacteria

Cryanobactena exhibit extraordinary structural and functional heterogeneity. which s
reflected in their diversity of form and habitat (Kalff, 2002). Many different factors
determine the dominance of particular species in different environments — hight, nutnients,
CO;. pH. temperature. turbulence. competition and sclective grazing by predators (Kalft.
2002). In addition. some cyanobactena can regulate the density of their individual cells
(Olwver, 1994) and thus their buoyancy (Brookes et al.. 1999)

e Buoyancy

When 7., 2., =1. cells are constantly illuminated and photosynthesis 15 continuous
duning the davhight penod. If the mivang depth becomes greater than the depth of light
penetration. then phytoplankton spend a proportion of their daylight peniod in the dark
where photosynthesis cannot take place but respiration can ( Bormans et al., 2005). In
stratified systems. buoyant cvanobactena have a clear advantage over other
phytoplankton groups to stay in the well-hit surface mixed laver

Brookes et al. (1999) observed that Anehacna circinalis filaments accumulated at the
surface of Chaftey Dam in New South Wales. Austrahia, as diamal surface layer thermal
straufication developed with many previously buovant, homogenously distributed
colomies accumulating in the top 2 metres. It was found that colomes suspended at low
light aggregated together. increasing the size of the biomass unit. which contributed to an
increased flotation velocity. a strategy 10 increase light capture. This attribute, shared by
1. circinalis and Microcystis aeruginosa would appear 10 make these species well sunted
to an environment which 1s either shallow and stranfies dalv. or deeper water hodies
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with a permanent deep-water thermocline well below the euphotic zone overlain by
diumal surface layer stratification

e Nitrogen uptake

Some cyanobactena are able to fix atmosphenc nitrogen. They belong to the
filamentous genera that have heterocysts, specialized heavy-walled cells that provide the
anoxic conditions required (Kalff, 2002). Nitrogen fixing cyanobacteria require the
energy of the sun to reduce N to the organic nitrogen of protoplasm with the result that
the process vanes diumally and typically dechines with depth. It is energetically
expensive and consequently cyvanobactenia able 1o fix nitrogen. stop when nitrate or
ammonia become readily available. However. this ability gives cyanobactena a great
advantage over other phytoplankton in the seasonal succession of species. The
cyanobactena able to fix mitrogen often gain the upper hand. when it becomes hmiting to
other species. This is especially relevant in conditions of eutrophication. when N:P
stoichiometry 1s altered.

In the Marcali Reservoir, a shallow hypertrophic system, Presing et al. (1997) found that
despite conditions. including the NP ratio. being favourable for nitrogen fixing
cvanobactena. they did not occur. It was suggested that although they are capable of
using mitrate as a nitrogen source, they are not able to compete with other phytoplankton
for it. According to Blomgvist et al.. (1994) this may be attnibuted to differences in the
enzymatic processes by which mitrogen s assimilated. Cyanobactena are not only
uncompetitive for nitrate, but above a certain level it reduces their growth. The general
rule that ammonium is preferred over nitrate as a mitrogen source for phytoplankton
holds true. especially for cyanobacteria (Presing et al.. 1997).

* Resistance to herbivory

Cyanobactena are resistant 1o herbivory because of their low nutntional value for
zooplankton, aggregation into large. indigestible colonies or filaments and their ability to
synthesize toxins. These traits may partly explain their dominance in many freshwater
systems (Paerl. 1988, in Panosso et al.. 2003). However. some copepods have high
ingestion rates on cyanobactena filaments or colonies (Koski et al., 2002), as they are
able to capture and handle large particles (DeMott, 1990). In addition, possibly through
physiological adaptations. some herbivores are able to graze on cyanobacteria and
develop resistance to their cyanotoxins (Fulton and Pacrl. 1987).

The problem of ¢yanobactenal blooms and their management is discussed in Section
3.1.2

2.6.1.1.3 Photosynthetic Bacteria

Green and purple photosynthetic bactena. unlike planktonic heterotrophic bactena that
normally require dissolved oxygen but need no light. require anoxic conditions and need
hight. They are found in abundance at the bottom of illuminated oxyclines in either the water
column or the sediments. The anoxygenic photosynthesis of green and purple bactena. in
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contrast to the oxygenic photosynthesis of the cukaryotic algae and cyanobactena. is
pnmanly dependent on the availability of reduced forms of sulphur.

Purple sulphur bacteria usually dominate closer to the water surface than green bactena. The
green bactena have highly efficient light-harvesting units allowing them to grow
photosynthetically deeper in the water column where they benefit from higher concentrations
of H:S at the chemochne

Many of the purple sulphur bactena have flagellae. allowing them to migrate verucally in
chemoclines in response to phototaxic or chemotaxic cues. Most planktonic species of
green, and some of the purple sulphur bactena contain gas vacuoles that impart buovancy
control and allow them to position themselves in the non-turbulent metalimma to optimize
light and substrate availlabihty, (Kalft. 2002)

2.6.1.2 Bacteria in the sediments

The sediment layer 1s notonously difficult to sample and most methods of identifving
bactenal density and specics composition in sediment samples are unsatisfactory. and very
labonious. The composition of the microbal communities in sediments 1s therefore largely
unknown (Kalff, 2002: Roske ct al., 2002; Wobus ¢t al., 2003). Recent studies involving
the apphcation of molecular biological methods have enhanced the knowledge of bactenal
diversity in different ecosvstems (Head et al.. 1995; Torsvik and Ovreas, 2002, in Wobus ¢t
al., 2003).

2.6.1.2.1 Distribution

Ihe sediment bactenal abundance. expressed per umit volume of surface sediment s,
depending on the water column thickness (depth). tvpically berween 2 and 1000 times
greater per unit volume than in the water column above (Schallenberg and Kalff, 1993). The
reasons for high densities may be low grazing pressure compared to the overlying water. low
temperature, and the presence of particulate orgamic matenal and associated microbial
species from crosional processes in the catchment (Uhimann et al.. 2000). Their size 1s
tvpically several times larger than the free-living bactena in the water column (Kalft, 2002)
Numbers decrcase rapidly with increasing depth in the sediments (Wetzel. 2001).

2.6.1.2.2 Structure and dynamics of microbial communities

Knowladge of the structure and dynamics of microbial commumities in lake sediments s sull
very limited (Uhlmann et al.. 2000).

Wobus et al. (2003) in a study of sediment bactena from resenvoirs of different trophic
status. found that the species composition was affected 10 a larger extent than bactenal
density. and the diversity of the microbial sediment communities seemed to be hardly
influenced by the trophic state
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2.6.1.2.3 Rates of production

Organic matter and associated nutrients play a major role in determiming sediment-
production rates (Bostrom et al.. 1989: Sander and Kalff. 1993: Wetzel, 2001). Microbal
decomposition usually exhibits its highest intensity in the uppermost sediment layer (Roske
et al., 2002).

Sediment-water content is the single best indicator of bactenal abundance in the sediments,
with highest numbers at intermediate water content levels (Kalff, 2002). Bactenal
heterotrophic production is a function of the organic content of sediments, and flushing rate
(Schallenberg and Kalft, 1993). Increased flushing results in greater export of organic
matter and inorganic nutrients from catchments that is reflected in enhanced phytoplankton
and bactenoplankton production rates.

1.6.1.2.4 Importance

The bottom sediment of a reservoir is the compartment with the highest concentration of
most chemical constituents as well as the highest microbial biomass (Wobus et al., 2003).
Therefore abiotic and microbial processes in the sediment have a major influence on the
nutrient balance in the water boady. The relative importance of sediments as a site for organic
matter decomposition and bactenal production increases with decreasing water depth. Rapid
sedimentation of particles from shallow water columns decreases the time available for
decomposition in the water column. (Kalff, 2002)

In extremely oligotrophic systems, total numbers of bactena in the sediments can be less
than the cumulative total of the entire overlying water column. which indicates that most of
the readily decomposable organic matter has been mineralized before it reaches the
sediments (Kalff, 2002). Roske et al. (2002). however. found high bactenial numbers in the
sediments of oligotrophic reservoirs, from which they concluded that they could tolerate
long penods of starvation,

The role of bacteria in the mobilization and fixation of the important nutrients 1s discussed in
Section 2.5,

2.6.1.2.5 Anacrobic decomposition in sediments

Bactenal metabolism rapidly produces anoxic reducing conditions where vanous substances
¢.g. nitrates, manganese and iron oxides and sulphate replace molecular oxygen as electron
acceptors (Wetzel, 2001). Accordingly. methane generation can be very intense in anacrobic
sediments. At the aerobic-anaerobic interface (sediment water interface or in the
metalimnion overlying an anoxic hypolimnion). much of the methane is converted to CO;
by aerobic methane oxidizing bactena

Most of the very high bactenial production of sediments 1s mineralized and respired as CO;
and CH: within the microbial food web and eventually enters the atmosphere. Less than
20% of this nich bacterial production is expected to reach higher trophic levels in the lake
ecosystem.
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2.6.2 Phytoplankton

2.6.2.1 Reservoir primary producers

Primary producers in reservoirs (as in nivers and lakes) occur in four categones
phyvtoplankton (algac). planktonic phototrophic bactena (which includes ¢yanobactena. and
purple and green bactena). attached algae (perniphyton) and rooted macrophytes (Kimmel ¢t
al.. 1990: Stradkraba and Tundisi. 1999)

Turbidity due 10 suspended silts and clays eroded from the watershed imposes significant
light mitations on pnimary productivity. However, large water-level fluctuations often
restnct the development of attached algal and rooted macrophyte communities in reservoirs
and thus ensure a maximal contribution of the planktomic rather than benthic primary
producers (Kimmel and Groeger. 1984, in Kimmel et al.. 1990). Although photosynthetic
bactena are probably common in clear, stably stratified reservoirs and contnbute 1o the
development of chlorophyll peaks. their contribution to reservoir pnmary production is
certainly small in companson 10 that of the phyvtoplankton (Knowlton and Jones. 19589 n
Kimmel et al.. 1990)

The relative quantities of the different categones result from their competition for resources
(mostly light and nutnients) as well as their ability to withstand environmental vanations
(water level and turbulence) or biological interactions (Thomas et al., 2000). In the case of
water level fluctuations, the success of sessile (rooted or attached) plants depends on therr
ability to colomse new substrates to avoid desiccation or alternatively. insutficient hight.
when water levels change (Thomas ot al.. 2000). However. established. attached micro algal
communitics may tolerate moderate changes in water level more casily than the colomizing
of new substrates (Thomas ¢t al.. 1999, in Thomas ¢t al.. 2000). Some strategies which
epihithic algae use for survival are vanability in hife cycles (the orgamisms change their
habitats in the adult phasc). and physiological adaptations (they develop thickened
mucilaginous sheaths 1o avoid desiccanion) (Casco. 1997)

In shallow waters, attached primary producers can reduce the flow of mineral nutnients from
the bottom sediments to the water column. Epipelon may retain part of newly mineralized
nutnients at the sediment surface (Carlton and W etzel, 1958 Hansson. 198K, 1989), as can
macrophytes ( Thomas et al.. 2000), therefore having a competitive advantage over
phytoplankton

2.6.2.2 Environmental factors controlling primary production in reservoirs

Although the growth and biomass of phytoplankton in resenvoirs and lakes are controlled by
similar parameters, marked differences between these two tyvpes of aquatic ecosystems have
been reported (Wetzel. 1990: Komarkova and Hejzlar, 1996: Menshutkin and Klekowski,
2001: Uhlmann. 1998: Carpenter and Pace. 1997 Timchenko and Oksivuk. 2002)

Reservoir phyvtoplankton productivity and biomass levels are dependent on interrelated
physical. chemical and bological factors that are themselves functions of the chimane and
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hydrological regimes. the size and nature of the watershed. reservoir basin morphology.
nature and volume of river inflow, and the reservoir food-web structure (Kimmel et al.,
1990: Komarkova and Hejzlar. 1996: Naselli-Flores and Barone, 2000; Homn. 2003). In
particular. factors including precipitation. evaporation. flow rate, stratification. irregular
water use (including drawdown). concentrations of suspended solids and floral and faunal
diversity may influence the growth of phytoplankton (Albay and Akcaalan, 2003).

Basically. algal growth is determined by the relative availability of some limiting factor. and
increases as that factor increascs. until another factor becomes limiting (Kimmel ¢t al..
1990). The fundamental factors controlling phytoplankton productivity are temperature
(Perry et al.. 1990: Kureyshevich, 2004), light (low hight 1s often duc to turbidity)
(Kureyshevich, 2004: Arfi et al.. 2001: Perry et al.. 1990: Menshutkin and Klekowski,
2001). and nutrient availability (Strojsova et al.. 2003; Nasclli-Flores and Barone, 1994; Arfi
et al., 2001: Hom, 2003; Menshutkin and Klekowski, 2001). However. the concept of a
complex of environmental factors controlling algal growth might be more appropriate than
that of control by a single miting factor (O'Bnien. 1972, 1974: Harmns, 1978, 19%0a. 1985,
all in Kimmel et al. 1990). In reservoirs, water retention time 1s also important factor
controlling phytoplankton productivity (Perry et al., 1990; Komarkova. 1993).

2.6.2.2.1 Nutrients

The availability of a particular nutnient may determine the presence or absence of species of
algae or cyanobactena within the phytoplankton (Sommer. 1993). Phosphorus is the most
commonly limiting nutrient in fresh waters although the P requirement of phytoplankton is
relatively small (Graham and Wilcox. 2000). Only orthophosphate can be taken up in
substantial amounts (Taft et al.. 1977: Heath and Edinger. 1990; Cotner and Wetzel, 1991),
therefore orthophosphate depletion occurs periodically in the epilimnion of most natural
waters as a consequence of phytoplankton growth (Wetzel, 2001).

One of the possible mechanisms which enables phytoplankton 1o overcome P limitation s
the production of extra cellular phosphatases. Most phosphorus-deficient algae and
cyanobactena produce extra cellular, mostly cell-attached phosphatases. presumably to make
ambient organically- bound phosphorus available. However, the distribution of phosphatase
activity among natural phytoplankton populations and its ecological significance is largely
unknown (Strojsova et al.. 2003). These authors are of the opinion that this new information
(obtained by means of the new enzyme labelled fluorescence techmque ~ ELF) has extended
freshwater studies on P-limited phytoplankton and offers new areas for future rescarch).

2.6.2.2.2 Perturbations

The effect of environmental vanations can be measured as changes in the phytoplankton
dynamics. and according to the Intermediate Disturbance Hypothesis (IDH). perturbations of
intermediate intensities or frequencies support high values of diversity in phytoplankton
communities. A disturbance can be defined as a non-biotic, stochastic event that results in
distinct and abrupt changes in the composition (of phytoplankton) and that interferes with
internally dniven progress towards self-organization and ecological equilibrium (Reynolds et
al.. 1993).
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An autogenic sequence of different phytoplankton associations has been descnbed by
Reynolds (1997, 2001, and 2002) in temperate lakes. However. many aquatic systems,
including many reservoirs, are highly perturbed. In these cases, allogenic factors change the
expected trajectory, and other functional groups of algae adapted 10 those perturbations can
appear (Reynolds. 1993). Phytoplankton shows patterns of a strong relationship between
physical changes in the environment and biological processes. especially within the cuphotic
zone. These interactions usually prevent equilibrium conditions (Sousa, 1984 in Lentao et
al.. 2003), affecting the growth and persistence of phytoplankton populations and preventing
the attainment of a steady state commumity (Revnolds, 1994, 1997)

Some causes of perturbation recorded in the Interature are storms ( Barbiero et al., 1999),
floods and droughts (Arfi et al., 2000: Thomas et al., 2000; Hart, 2006), turbulence (Peterson
and Hoagland. 1990), destratification and maixing (Arfi ¢t al.. 2000; Matsumura-Tundisi and
Tundisi. 1997: Hart. 2006). as well as reservoir operation (Leitao et al., 2003: Oksivuk et al..
2001: Bertrand et al |, 2004)

The magnitude of water level fluctuations may be so great in some reservorrs that they can
never be considered to be in a steady state (Ford, 1990), and are often described as “niver-
lake hybnds™ (Kimmel et al.. 1990). In Medierrancan climates. reservorrs often become so
shallow that they can no longer accommodate a stable thermocline (Calvo et al.. 1993 in
Barone and Nasclhi-Flores, 1994). Such unstable conditions tend to affect the dynamics of
plankton communities (Barone et al.. 1991: Barone and Naselli-Flores. 1994). In Lake
Arancio. a hvpertrophic reservoir in Swicily. the scasonal ¢vele of the phytoplankton was
strongly related to the water level fluctuations ( Barone and Naselli-Flores, 1994)

In regions of the world which expenience monsoons. the intensity of the perturbations 1s
often extreme (An and Park. 2002), resulting in distinet limnological differences between
pre- and post monsoon seasons (Zafar, 1986: Lohman et al., 19588; Khondker and Kabar,
1995: Silva and Davies, 19587, all in An and Park. 2002). Such a disturbance or
reorganization 1s. however. not a random phenomenon but a consistent cyvelic pattern which
influences functional processes in affected aguatic systems (An and Park, 2002)

Similarly. the drastic impact of weather associated with El Nino events. on catchment and
hvdrological processes can cause unexpected changes in physical. chemical and biological
properties of freshwater aquatic ecosystems (Bouvy et al., 2003; Gerten and Adrian, 2001).
Changes in chimatic conditions linked to the 1997-1995 EI Nino phenomenon in the
Brazilian Northeast. have been responsible for modifications of the ecological conditions of
many reservoirs ( Bouvy et al., 2000)

2.6.2.2.3 Retention time

In general. when retention times are short, higher flushing rates cause increased export of
plankton from the resenvoir. When the ratio of flushing rate: specific growth rate 1s > 1, the
growth rate 1s insufficient to compensate for losses by flushing. This can lead to changes in
community structure associated with species differences inintninsic growth rates.  Shorter
retention times also alter local limnological conditions through the introduction of nutrients.
or water of a different temperature or turbidity, affecting growth rates and species
composition of phyvtoplankton. When retention times are longer, losses of algal cells
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associated with sedimentation to the bottom, and with grazing become more important
factors influencing cell density and tvpe (Perry et al., 1990)

Numerous run-of-the-nver mainstream impoundments have retention times of less than 7
days. which influences phytoplankton production and species composition in such svstems
(Kimmel et al.. 1990).

2.6.2.2.4 Gain and loss processes determining primary production

The phytoplankton standing crop (or algal biomass) in reservoirs is determined by both the
rate of biomass production and the rate of biomass loss (Kimmel et al.. 1990). Physical and
chemical factors influence the availability of hight and nutrients for photosynthesis, and
temperature dependent metabolic rates. On the other hand they influence phytoplankton
losses due to cell sedimentation (Galvez et al.. 1993), and washout. Biotic factors influence
photosynthetic efficiency. extra cellular excretion of photosynthate. and phytoplankton
losses resulting from predation or parasitism.

2.6.2.3 Temporal and spatial variation in primary production

The quantification of temporal and spatial phytoplankton distribution in reservoirs is of
major concern to limnologists (Gurbuz et al., 2003). Temporal and spatial distnibution is
influenced by both loading from the watershed and by internal processes within the reservoir
ccosystem (Wetzel, 1990)

2.6.2.3.1 Short term variation

Short-term vanations of phyvtoplankton biomass. pnmary productivity and species diversity
often occur as a result of perturbations (discussed above) (Calijun and Dos Santos, 1996).
The frequency of disturbances has a eritical influence on the diversity of phytoplankton and
on the establishment of equilibrium (Sommer ¢t al.. 1993). A number of studies have shown
that fluctuations in the stability of surface water in scales of ime of about 10 days. are
responsible for changes in algal composition and diversity, and that the biomass and
taxonomic composition of phytoplankton can be controlled by changes in the mixing layer
over a few days (Sommer ¢t al.. 1993: Revnolds et al.. 1987: Capblang and Catalan, 1994).

Evaluation of the response of a phytoplankton community to the variability of a water body
would provide further understanding of the processes in stressed environments (Calyurn and
Dos Santos, 1996).

2.6.2.3.2 Scasonal variation

Distinct scasonal patterns and successions of algal populations and biomass are observed in
phytoplankton communities (Wetzel, 2001).

In temperate reservoirs, growth is greatly reduced in winter when both light and temperature
are low. Phytoplankton numbers and biomass normally increase greatly in the spring under
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improved light conditions and often consist predominantly of diatoms adapted to low
temperatures. This spring maximum is generally short-lived (less than 3 months) and 1s
often followed by a period of low numbers and biomass that may extend through the
summer.

In more eutrophic waters with high phosphorus loading, silica concentrations are commonly
reduced in the spring to levels madequate to support large diatom populations. Summer
populations of green algae often then flourish until concentrations of nitrogen are severely
reduced. Under these conditions. nitrogen-fixing bactenia have competitive advantage and
often prohiferate.

Independently of taxonomic affilhation, ecological strategies of phytoplankton also play a
part in their succession in aguatic systems. Following Grime (1979), Reynolds, ( 1988a)
described phytoplankton strategies in relation to intensity of environmental stress
(avanlabihity of light and nutnents) and disturbance (Padisak, 2003)

If both stress and disturbance are low. nch resources favour species with high intninsic
growth rates. These are C-strategists (explontative colonists). typically small green algae.
cryptophytes and centric diatoms. If the stress factor 1s high, but disturbances insignificant.
only effective competitors can survive. These are stress tolerant S-strategists. typically
cvanobactena. both colomal and filamentous forms. some chrysophytes and large colonial
green algae. The third type. the ruderal or disturbance- tolerant R-strategists are adapted 10
conditions of high disturbance. reduced hight. low temperatures and plentiful nutnients
Tvpically they are diatoms (which need the disturbance to keep them suspended in the water
column), and some green algae (Padisak, 2003). This 1s a very simplified account; these
strategies are not wholly exclusive and individual species may possess intermediate
characteristics. Put simply. the species composition of phytoplankton at any given time.,
depends on the ability of some species to do things more effectively or faster than others
when conditions are perceived to be near-ideal. or on their relative abilities to function
adequately under conditions that are markedly sub-ideal with respect 10 resource availabiliny
or energy supply (Reynolds. 1999).

In tropical reservoirs total phytoplankton biomass is more constant and greater than in
temperate waters, with the maximum often in winter (Wetzel 2001, a wrend observed
locally by Hart (2006)

If the system is not perturbed by outside influences. the seasonal penodicity of
phyvtoplankton biomass 1s reasonably constant from vear to vear (Wetzel, 2001). By their
very nature. however, reservoirs tend to be modified continuousiy, with correspondingly
inconsistent patterns or trends in phyvtoplankton composition and biomass

2.6.2.4 Vertical and horizontal gradients influencing the distribution and
amount of primary production in reservoirs

Lewis (1995) mantains that the (vertical) stratification regime is the most important
hydrochmatic factor regulating biotic processes in lake ecosystems generally. Given the
wide vanability in stratnfication intensity and duration in reservoirs, hvdrodynamacs plays a
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correspondingly large part in their biotic structure and function. as emphasized by Allanson
(2004).

(@)

PRODUCTIVITY BIOMASS

Figure 12. The influence of photic-layer depth (Z,,) and mixed-layer depth (Z,,,,) on the vertical
distnibution of phytoplankton productivity and biomass (after Kimmel et al., 1990)

In highly transparent reservoirs. the depth of the photic layer (Z.,) may exceed that of the
mixed laver (Z,,,) and phytoplankton production can occur in both the epilimnion and in
euphotic portions of the metalimmion and hypolimnion (Figure 12a). Commonly by
midsummer the mixed layer becomes nutnient depleted. and metalimmon or hypolimnion
peaks in phytoplankton biomass and productivity. the so-called deep chlorophyll maxima,
develop. In stratified reservoirs, deep chlorophyll peaks can be formed by the accumulation
of viable cells settled from the mixed layer, by active growth of cells adapted to the low
light high nutnient environment of the deeper layers and or by the subsurface transport of
phytoplankton entrained from more productive surface waters upreservoir (Kimmel et al.,
1990).

If Z..=Z... phytoplankton circulate through a vertical light gradient ranging from high.
potentially photo inhibiting light intensities at the surface. to the compensation level (where
photosynthesis=respiration at Z_,. (See Figure 12b) In turbid. well mixed reservoirs 7,
often exceeds Z, and planktonic algae are exposed not only to rapidly fluctuating light but
intermittently 1o aphotic conditions Figure 12¢. Because phytoplankton P<R in the aphotic
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zone. pnimary production must be limited to some extent depending on the relative amount
of nme cells spend at depths ~Z_, (Kimmel et al. 1990)

Vertical water movements

Swdies of the dynamics of plankton organisms and the interpretation of primary production
measurements require thorough guantitative knowledge of vertical (and horizontal)
advection (Schanz et al.. 2001)

Vertical displacement causes changes of layer thickness which influences phytoplankton
abundance at various depth levels (Thomas 1950, in Schanz et al.. 2001). The most
pronounced vertical movements occur around the thermochine and are seiche-driven (Gaedke
and Schimmele. 1991)

Short-term mixing events in the cuphotic zone are of considerable guantitative importance as
a controlhing mechanism of the primary production of phytoplankton. These short-term
events may last for only minutes or hours and also change on a daily basis (Hom and
Goldman, 1994). They indicate unstable conditions and introduce vanable situations in the
light climate and nutnient availability. Furthermore. in reservoirs, the nature of mixing s
comphicated by the changing patterns of flow rate. which determine retention time
(Matsumura-Tundisi and Tundisi, 1997)

I'he vertical movement of water plays an important role in controlling the distnbution of
nutrients in the cuphotic zone. photosynthetic processes and the distnbution of
phyvtoplankton. This constant change in the compantmentalization of the system produces
intermediate disturbances as discussed above (Matsumura-Tundisi and Tundisi. 1997)
Vernical mixing regulates the distribution of 1ons and suspended particles with respect to
depth. Water column mixing processes are undoubtedly one of the dominant controls on
algal commumity structure and succession (Revnolds, 1984)

Longitudinal gradients

The honzontal zones along the axis of a typical reservoir were desenibed 1n Section 2.3, but
will be discussed here with reference to primary production

The nverine zone 1s charactenised by higher flow. shorter water ressdence time. higher levels
of avaulable nutnients and suspended solids. and greater hight extinction relative 1o the
downstream zones of the reservoir. Abiotic turbadity often limits hight penctration and
thercby limits the thickness of the photic layer: consequently primary productivity is often
hight-limited (Kimmel ¢t al.. 1990)

The transition zone is characterised by higher phytoplankton productivity and biomass
occurning in conjunction with increasing basin breadth, decreasing flow velocity, increased
water residence time, sedimentation of silt and clay particles from near-surface waters, and
increased light penctration. Because light and nutrients are available for algal
photosynthesis. this can be the most fertile region in the reservorr tKimmel et al.. 1990,
Armengol et al.. 1999). Noguiera (2000) recorded higher phytoplankton diversity in the
transition zone of the Juruminm Resenvoir in Brazil.
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Figure 13. A cross-sectional view of gradients in environmental factors affecting phytoplankton
productivity and biomass, and of the relative importance of allochthonous and autochthonous organic
matter along the longitudinal axis of an idealized reservoir, (After Kimmel ¢t al.. 1990).

The lacustnne zone usually has a longer water residence time, lower concentrations of
dissolved nutnients and suspended ablogenic particles. higher water transparency and a
deeper photic layer. However. the phytoplankton productivity is reduced (often nutnent
himited) duning most of the growing season and is supported primarily by in situ nutrient
cyching rather than by advected nutrients (Kimmel et al.. 1990). (Figure 13)

The photic layer’'mixed layer relationship discussed above is also relevant to the horizontal
zones of a reservoir. All three patterns described can occur within a single reservoir as
photic layer depth increases and nutrient avanlability decreases along the riverine to
lacustnine zone gradient (Kimmel et al., 1990).

2.6.2.5 Importance and quantification

Properly collected and analysed phytoplankton from any reservoir can be beneficially
utilized in the identification process of its trophic level and primary productivity (Reynolds
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et al.. 2002). Artificial neural network approaches employ easily and precisely measurable
environmental parameters to quantify temporal and spatial phyvtoplankton distnbution in
reservoirs. Utihization of neural network approaches can be considered a remedy to
eliminate the difficulties of the classical approach of arduous counting and volumetnic
calculations (Gurbuz et al., 2003)

Early poneenng works have utihized the neural network approach beneficially, either for
predicting the primary productivity in reservoirs as a function of environmental vanables
(Karul et al.. 1999). or for predicting algal blooms (Recknagel et al.. 1997)

2.6.3 Macrophytes

Four groups of macrophytes can be distinguished on the basis of morphology and
physiology (Wetzel, 2001), namely

e emergent macrophytes which occur on saturated or submersed soils (upper
hittoral),

e floating-lcaved macrophyies which are rooted in submersed sediments (middle
httoral).

e submersed macrophytes which occur at all depths within the photie zone, and

e freely floating macrophytes which are not rooted and are usually restncted to
protected arcas.

As mentioned above. fluctuating water levels in many resenvoirs prevent the development of
macrophytes, particularly submerged and floating-leaved rooted species. Floating species
are not affected to the same extent by drawdown, although wave action on an unprotected
shorehine 1s a major factor limiting therr distnbution

2.6.3.1 Effects of reservoir formation on macrophyvite abundance and diversity

[he tormation of a reservoir strongly influences the condinons that determine the diversity
and abundance of macrophytes (Agostinho, 1999). If there is an increase in spatial
heterogeneity during Nooding (for example a contned niver may expand into a shallower
ripanan zone). macrophyvte habitat suntability will be enhanced as exemphtied by the haipu
Reservorr in Brazil. On the other hand. 1f the inundated terrestnal habitat has high habitat
diversity with wetlands, lagoons etc.. simphification of the environment by impoundment can
lcad to reduction of diversity of habitat suntable for macrophyie growth ( Thomaz and Bim,
19952 in Agostinho et al.. 1999)

Other sigmificant factors associated with resenvoir formation that affect aquatic macrophyte
abundance and diversity include

e reduction in water velocity which increases favourable conditions for attachment
of macrophytes:
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increase in sedimentation which increases nutrient concentration in the water and
sediments, but decreases light penctration, and may result in unconsolidated
substrate that hampers rooting:

alteration in hydrological regime. often with severely fluctuating water levels:

an increase in nutnent availability (Thomaz and Bini. 1998b in Agostinho et al.,
1999: Mazzeo et al., 1995).

Independently of immediate or intermediate effects, reservoir formation results in the
creation of lentic environments that will inevitably undergo the ecological succession typical
of lakes. With time. natural or artificial eutrophication and reduction of depth will lead 1o
the development of vanous species of aquatic macrophytes (Thomton, 1990: Agostinho et
al.. 1999). Although considered a nuisance when their colonization interferes with multiple
uses, macrophytes are important for the functioning and biodiversity conservation in
reservoirs (Smart et al.. 1996: Martinez et al.. 2000; Thomaz et al., 2003), Submerged and
floating water plants serve a number of important functions (Brendonck et al. 2003). A well-
developed macrophyte community provides shelter from predation for vulnerable prey
species (Diehl. 1992: Batzer, 1998). Macrophytes are usually covered with epiphytes (Kiss
ctal., 2003) that are grazed upon by invertebrates (van den Berg et al., 1997), many of which
are important in the diet of fish and birds (Batzer and Wissinger, 1996). Generally, lakes
and reservoirs with a well-developed macrophyte community have a more diverse
community of zooplankton (Timms and Moss. 1984). zoobenthos (Munro, 1966) and fish
(Olson ct al., 1994; Maccina et al., 1992). Vegetated sites usually support a greater diversity
of macroinvertebates than open water sites (Olson et al., 1994: Savage and Beaumont, 1997).

Other determinants of aquatic macrophyte diversity include water chemistry and trophic
state (Murphy et al., 1990: Bornette et al., 2001: Lougheed et al.. 2001). reservoir
morphometry including depth. slope. shoreline development ratio (Duarte, 1986). degree of
exposure 10 wind (Chambers, 1987; Hudon et al.. 2000) and degree of connectivity to nivers
(Amoros and Bornette, 1999). These charactenstics enable the prediction. within centain
limits, of the intensity of development of aquatic macrophytes after impoundment
(Agostinho et al.. 1999),

Several studies have dealt with the effect of impoundment on the mid- to long term
dynamics of aguatic macrophyte communities in temperate regions (¢.g. Krahulec and
Kaplan, 1994; Rorslett and Johansen, 1996; Krolikowska, 1997). but there is a relative lack
of information for tropical and subtropical regions (Agostinho et al.. 1999). However
massive development of free-floating macrophytes have been recorded in the carly stages of
filling of many tropical reservoirs such as Tucurui in the Amazon River Basin (Tundisi,
1994) and Kariba on the Zambezi River (Mitchell et al., 1990). Such extensive development
of aquatic macrophytes depends on conditions such as absence of strong winds, low water
turbulence and availability of propagules or other sources of dispersion occumng
simultancously with nutrient increases typical of filling phases (Thomaz and Bini, 1998a in
Agostinho et al., 1999). These conditions favour free-floating species, especially Eichhornia
crassipes, Pistia stratiotes and Salvinia auriculata whose populations can expenence huge
increases during and soon after filling. constituting potential threats to reservoir uses. The
largest problems are usually associated with invasive species (Brendonck et al., 2003). (See
Section 3.4).
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2.6.3.2 Periphyvton associated with macrophytes

The functional role of macrophytes as regulators of water quality (through nutnent
sequestration, for instance) 1s enhanced by the peniphyton that develops on the submerged
parts of the macrophytes (Lalende and Downing. 1991: Lakatos et al. 1999: King et al.,
2000: Roberts ¢t al.. 2003). In addition. the structure and composition of penphyvion reflect
habnat differences relating to ecological and water quahty factors. while any qualnative or
quantitative transformation indicates the ecological state of the environment as well as the
changes occurning (Round. 1991: McCormick and Stevenson, 199X). In therr study on hittoral
macrophyte-penphyton complexes in the Kis-Balaton Protection System and the Kiskore
Reservoir in Hungary, Kiss et al. (2003) stated that this is a particularly important and
required area of investigation in studies on water quality

2.6.3.3 Macrophytes in reservoir cascades

In the case of reservoir cascades. position in the senes may also be an indicator of potential
for the development of submerged macrophytes (Agostinho ¢t al., 1999). Suitable
environments seem 1o be charactenstic of reservorrs located at the downstream end of the
cascade. These reservorrs receive water with reduced suspended loads and consequently
hight penetration into the water column s high. This obsernvation is corroborated by the
excessive development of Egeria in the Paulo Afonso Reservorr (Sao Francisco River) and
the Jupia Reservorr (Upper Parana River). Brazil. both of which are situated at or near the
downstream end of reservoir cascades.

Management of macrophytes in reservorrs is discussed in Section 3.1.2.

2.6.4 Zooplankton

2.6.4.1 Role in secondary production

The study of secondary production has an important place in biological research. Assessing
the balance between input and output of matter and encrgy of populations s vital for an
understanding of the ecosvstem’s dvnamics. Basic know ledge of the life history and

secondary production in aquatic environments, as well as information about the competitive
strategies responsible for their success i a ginven environment (Mcelao and Rocha, 2000,
2004)

2.6.4.2 Zooplankton community structure and dynamics in reservoirs
p \ A

Change in size-structure. species composition and blomass of zooplankton in relation to
trophic state have been reported repeatedly in freshwater environments (Peters. 1986 in De
Manuel and Jaume, 1993), but there 1s a scareity of information about these relationships in
TCSCI\ OIS,
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From the point of view of zooplankton. reservoirs are very different from lakes. Since
zooplankton populations are not charactenstically a component of nivers, the impoundments
constructed n the last 50 years have established new lentic habitats. which have been
colonized by zooplankton (Marzolf et al.. 1990). However. reservoirs can be considered
favourable environments for the development of zooplankton communities. which may
establish diversified assemblages in relatively short penods of time after impoundment
(Rocha et al. 1999),

The colonization process differs greatly among reservoirs because the imtial conditions in
recently filled water bodies are vanable (Rocha et al.. 1999; Schmid-Araya and Zumiga.
1992). Depending on morphometry, geology and vegetation of the flooded basin, the water
chemistry can be significantly different, providing a “selective filter™ for the organisms that
potentially can establish populations (Rocha et al.. 1999),

The typical zooplankton assemblage of reservoirs is commonly comprised of 10-20 species
of protozoa, 20-60 species of Rotifera, 5-10 species of Copepoda and 10-20 species of
Cladocera. In addition there are usually some species of Ostracoda. Gastrotricha, Diptera
larvac and planktonic Turbellana. However, within these guidelines, species diversity vanes
greatly. between individual reservoirs. locations within each reservoir, geographical regions,
and also with time (Rocha et al.. 1999),

2643 Factors influencing zooplankton community structure in reservoirs
2.6.4.3.1 Turbidity

Introduction

The susceptibility of reservoirs to high sediment loading has been emphasized. The high
level of sediment-related or mineral turbidity that results in reservoirs has significant impacts
on zooplankton, and the resulting food-web structure of affected reservoirs. The scientific
investigation of this topic was largely pioneered in imnological studies of various South
Afncan reservoirs, commencing with Lake le Roux (Vanderkloof Dam).

Suspended sediment impacts on small particle-feeding (“herbivorous®) zooplankton are
essentially three-fold.  First, light-limitation of autotrophic photosynthetic production
reduces their primary food resource base. This impact has been discussed/explored in i
Section 2.6.2, and is not further re-considered here. Second. astronomical densities (10°-10
ml') of non-nutritive particles differentially compromise the food-collecting abilities of
different component taxa. And lastly. suspended particles provide a *visual screen” for
zooplankton that effectively serves as a refuge against visual zooplanktivores ~ fish. The
present section concentrates on these two attnbutes.

Addinonal indirect impacts largely involve the lake heat budget. High hight attenuation
results in a shallower heated surface layer and somewhat warmer surface temperatures than
expected for locality latitudes (Van Schalkwyk & Walmsley 1984). Conversely. this tends to
translate into shghtly cooler water column average temperatures. Despite unexpectedly
rapid surface warming (Van Schalkwyk & Walmsley 1984), scasonal heating of the entire
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surface mixed layer can be slower. and lessened. accordingly delaying and shortening high
summer conditions, even while stratification intensity may be stronger. These heat budget
influences pnincipally affect the seasonal dynamics of zooplankton. and are not explored in
further detanl here. Contextually relevant informaton 1s given in Section 2.2,

Impacts of turbidity on feeding biology as a determinant of zooplankton species
compaosition/community structure.

T'otal zooplankton abundance 1s inversely related to sediment wurbidity (Hart 1986a). in line
with associated reductions of pnmary food resources. But in addition. striking reductions in
the proportional contribution of daphmids to total zooplankton biomass duning years of
extremely high turbidity (SD < 30cm) observed in L. le Roux (Hart 1986a) clearly signaled
the disproportionately severe impact of suspended sediments on daphnnd cladocerans
(Figure 13), and the experimental ¢lucidation of underlving reasons (Hart 1988, 1992), In
short, the contrast reflects fundamental differences between food collecting mechamisms of
cladocerans hke Daphmia. and copepods. Daphnia 1s an automatic filter-feeder. relying on
continuous filtration of 1ts ambient flund surroundings.  Inter-setal and inter-sctular spacing
on the filtering thoracopods varies between species, setting the effectively aperture of the
filter-combs. Very fine filters retain a large proportion of the fine suspended sediment
particles. Once filtered. the bolus of collected particles is moved to the mouth and
essentially “tasted” for the first ime. invoking a general rejection of the bolus. Filtration 1s
recommenced. and the cycle of collection-rejection repeated. The energy and nutrient
deficiency created by this “empty” feeding reduces the species fitness, leading o Daphnia’s
displacement from the community assemblage. However. some species of Daphmia are
more tolerant of elevated turbidity than others (Hart 1992), presumably depending on
differences in filter-mesh size and or sensitivity (or responsiveness) to the “taste” cues
imparted by the food bolus. Species that commonly inhabit turbid waters include D. gibha
and D. harhara. whereas D. puicex and D. longispina appear to be essentally “clean-water”
taNa
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Figure 14, Weighted annual mean zooplankton standing stock levels in relation to corresponding Secchi depth
transparency values in Lake le Roux between 1977 and 1984, Forage zooplankion include all daphnids and
large predatory copepod Lovenwla execllens which are important detary items for planktivorous yellowfish
Barhus aencus. Note the severe depression of daphnids in most turbid years (upper panel). (Afier Hart, 1986h)

Copepods. on the other hand. are essentially “raptonial” feeders. that identify and capture
individual food particles. “Herbivorous® calanoids and “herbivorous”® instars of cyclopoids
selectively wdentify and collect uni-cellular and other algae as food: predatory calanowds hke
Lovenula, and the camivorous instars of many cyvclopoid taxa select and capture appropnate
live ammal prey. The high particle selectivity exemplified by copepods accordingly
facilitates their occupancy of turbad waters. within which the plethora of nutntionally poor or
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valueless sediment particles translates into “white noise” rather than the senous
‘contamination” expenenced by daphmids

In contrast to the depressive effect of sediment particles on Daphnia’s feeding ability
described above. small-bodied cladoceran taxa such as Moina 1s a common and sometimes
abundant occupant of turbid waters (Hart 1986a, 1987b, 1999, 2001). implying some
fundamental difference in 1ts feeding biology and ecology. Paradoxically, even
Diaphanosoma - that Geller & Miiller ( 1951) functionally classified as a “high-etliciency
bactena feeder” in view of its extremely fine-meshed filter - occurs in moderately (Han
1996, 2001, 2004) as well as very turbid reservoirs (Hart 1999), suggesting potential duality
or plasticity in its feeding mode that ments scrutiny.

Impacts of turbidity on visual predation, and zooplankton community composition,

In general, large-bodied zooplankters are selectively predated by visual zooplanktuivores.
commonly leading to their local extirpation and exclusion (Brooks & Dodson 1965), with
differences in escape probability rendenng cladocerans generally more vulnerable than
copepads to this exclusion (Drenner et al., 1978). Co-existence of very large-bodied
zooplankton and (facultative) visual zooplanktivores in turbid reservoirs 1s accordingly
unanticipated. In L. le Roux, Daphnia gibha (> 3.5 mm) and Lovenula excellens, an equally
large predatory copepod persist despite visual zooplankuvory by Barbus acncus (Allanson &
Jackson 1984, Hant 1986a).

2.6.4.3.2 Food quality and quantity Trophic status

Eutrophication causes great changes in the structure of zooplankton communities (Rocha ct
al.. 2002). Generally an increase in eutrophication causes increased zooplankton numbers
and biomass (Rocha et al.. 1999 Ostojic. 2000), unless changes in phytoplankton
composition lead to the dominance of unfavourable forms (Rocha et al.. 1999). Elenbaas and
Grundel (1994), comparning a more cutrophic with a less cutrophic impoundment in
Zimbabwe found the relative abundance of main zooplankton groups to be similar. but the
density in the more eutrophic reservorr was nearly seven times higher dunng the spring

However, many species disappear as a consequence of algal toxins or the clogging of filter-
feeding apparatus dunng algal blooms. especially blooms of cyvanobactena which have both
cffects (Infante, 1982: Matsumura-Tundisi et al.. 1986, in Rocha ¢t al., 2002). Some species
such as Brachionus calveiflorus and Bosmina longivostris have the ability 10 utihize colomal
cvanobactenia as food, so become abundant under such conditions (Fulton and Paerl, 1987).

In non-eutrophic waters in temperate regions. ¢ladoceran species usually dominate,
However, in tropical regions, Rotifera have been observed to be dominant irrespective of the
level of eutrophication. thus suggesting that other factors (paruicularly competinon and
predation) may be more important (Rocha et al.. 2002). Rotifera total biomass is usually low,
but this 1s compensated for by a short generation time. thus a fast renewal of populations
(Hutchinson 1967)
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Among Copepoda. the Cyclopoida are considered a more successful group than Calanoida in
cutrophic systems (Tundisi et al., 1988, in Rocha et al., 1999). by virtue of their ability to
capture large particles such as colonial and filamentous algae which usually become
dominant in eutrophic systems (Magrin and Matsumura-Tundisi. 1997). Even the colomal
cvanobacteria might be consumed by them. either directly or after the decaying of blooms,
as detntus ennched by bactena (Rocha et al., 1999). Otherwise, the shift to a microbial food
web provides an abundant supply of micro zooplankton which serves as food for predatory
cvclopoid species or hife stages.

2.6.4.3.3 Meteorological factors (precipitation and wind)

Long-term studies on zooplankton composition have indicated that in tropical regions,
precipitation and wind are important physical factors affecting zooplankton community
structure (Matsumura-Tundisi and Tundisi. 1976 Noguiera and Matsumura-Tundisi, 1996,
in Rocha et al.. 2002). In general. the effect of precipitation is predominant during the rainy
scason (summer) and the wind during the dry winter. This situation has been reported for a
number of Brazilian reservoirs such as Barra Bonita (Fonseca. 1990 in Fonseca, 1997), Broa
Reservoir (Oishi 1990 in Fonseca, 1997). and Bann Reservoir (Sandes 1990 in Fonseca.,
1997). The rainfall results in allochthonous fluxes into the reservoirs, increasing suspended
matter and lowening water transparency

2.6.4.3.4 Reservoir ageing

The age of a reservoir 1s an important factor in zooplankton community development. older
reservoirs tending to display higher species richness unless this is prevented by pollution and
contamination. However, many factors besides reservoir age influence the diversity of the
system, making it difficult to establish a direct relationship between reservoir age and
community diversity (Rocha et al., 1999). Some important studies on the development of
zooplankton communities in the Amazonian reservoirs have been published (Magrin and
Matsumura-Tundisi, 1997; Falotico (1993) and Moreno (1996) in Rocha et al., 1999),
Conditions in the carly stages promote the development of R-strategist pioneers, such as
species of Protozoa and Rotifera. Later the Cladocera and the K-strategists such as
Copepoda appear (Rocha et al.. 1999).

26435 Reservoir operations e.g. residence time, pulses

There is a need to understand how reservoir ecosystems couple with hydrological processes.
This is often ignored in lake studies because of their more stable hydrological regimes. but
becomes very important in environments subject to pronounced and short-term changes in
water level (Straskraba et al., 1993). This is discussed in Section 3.2,

Bledzki and Ellison (2000) found zooplankton abundance and community structure to be
significantly dependent on water retention time (and its converse, flow rate). Results
obtained from Wloclawek Reservoir in Poland and Upper Lake in Massachusetts, USA,
suggested that a retention time of 6 days represented a threshold. At this retention time,
Cladocera comprised the highest percent of total zooplankton biomass. while its relative
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importance dechined at both higher and lower retention times.  These authors hypothesized
that because cladocerans remove phosphorus from water through herbivorous grazing
activity and transformation of smaller particles into larger ones (faster sedimentation)
(Ejsmont-Karabin et al. 1993), the 6 day retention time could result in maximal depletion of
phosphorus. Under such condiions, zooplankton community composition could ameliorate
declines in water quality.

Naselh-Flores and Barone (1997) recorded a dominance of cladocerans in Lake Arancio. a
hyvpertrophic reservorr in Sicily, associated with strong fluctuations in water level. The
dominance of Cladocera resulted from the influence of water level fluctuations on
populations of phytoplankton (Padisak ¢t al. 1993: Naselli-Flores and Barone. 1996) and fish
(Soranno et al.. 1993: Kubecka, 1993), thus affecting bottom-up and top-down forces acting
on the zooplankton community. Nase¢lli-Flores and Barone (1994) also recorded a
dominance of large cladocerans in reservorrs in Sicily that were subjected to extreme
fluctuations in water level.

High retention time was found to favour rotifers in Spanish reservoirs (Guiset and De
Manuel, 1993), but diversity (of rotifers) was relatively higher in reservorrs with low
retention time (De Manuel and Armengol. 1993),

The zooplankton communitics of two Chilean reservoirs. Penuclas and Rungue were
investigated by Schmid-Arava and Zumga (1992). Rungue Reservorr undergoes extreme
water level fluctuations on a regular basis with the water of the resenvoir being renewed
annually. At the lowest water level dunng their studyv. the number of species and therr
abundance decreased drastically. even to the point of disappearing completely. The
observed community was therefore inan carly successional stage with only r-strategists
present. In contrast, Penuelas, which undergoes moderate fluctuations. has a zooplankton
community that follows the scasonal changes dunng the vear

Reservoirs can be viewed as “pulsed systems™ in which abrupt changes (pulses) can be of
cither natural or artificial ongin (Straskraba et al.. 1993). They affect physical. chemical and
biological conditions 1n the reservoir and can be induced by natural causes such as
precipitation or by man during reservorr operation (Barbiero et al.. 1997). Communities are
sensitive to the operational regime. Great changes in species composition, density and
production can occur as a consequence of vanations in water outflow. Braga etal. (1998)n
Rocha et al. (1999), recorded decreases in algal and zooplankton populations in Barrz Bonita
Reservorr in Brazil after strong water outflow. Fonseca (1996) in Rocha et al, (1999),
showed that the loss was selective in Balbina Reservorr. inducing changes in the
zooplankton community structure. Small organisms such as Protozoa. Ronfera and Copepod
naupli were more vulnerable than Cladocera and Copepoda. which occupied the deeper
waters. Thus the effect of outflow depends on a vanety of factors such as the depth of the
outlet, and the vernical distnbution of the plankton.  Such removal of organisms may prevent
the occurrence of competitive exclusion, allowing congeneric associations of organisms as
indicated for the genera Notodiaptomus and Mesocvelops in Barra Bonita (Espindola (1994)
and Rietzler (1995) in Rocha et al., 1999),

The littoral zone tends to have a higher biodiversity than the limnetic zone. thus contributing
10 the total diversity of the syvstem (Okano (19955 in Rocha et al., 1999 Macrophyvtes
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growing in the hitoral zone affect zooplankton by providing increased food availabihity and
refuges from predation. Rocha et al. (1982) in Rocha et al., 1999, observed that
Argvrodiaptomus furcatus, a calanoid copepod occurred in a vegetated zone of the littoral
zone at densities ten times higher than areas without macrophytes. Changes in water level as
a result of the operational regime may prevent or inhibit the establishment of macrophytes in
the Iittoral. or change the species composition of such plants, thereby indirectly influencing
the zooplankton assemblages (Rocha et al., 1999).

2.6.4.3.6 Morphometry

The morphometry of a reservoir is possibly the most marked distinction to be made among
reservoirs. They vary enormously in arca. volume. depth and shape. each factor influencing
the community structure of zooplankton. as spatial heterogeneity increases and the
possibility of colomzation by a larger number of species occurs. Many reservoirs are
extremely dendnitic, the complexity of the numerous drained valleys increasing the length of
the shoreline and the extent of the littoral zone. and introducing potential chemical novelty
and distinctiveness.  These penpheral zones often differ greatly from the open water in the
central body of the reservoir (Rocha et al., 1999).

2.6.4.3.7 Stoichiometry

In recent years, several lines of evidence have indicated that the stoichiometry of carbon,
nitrogen and phosphorus may be a major factor controlling zooplankton communities
(Stermer and Hessen, 1994: Hessen, 1997). It 1s known that lacustrine systems demonstrate a
wide range in their C: N and C: P ratios (Hecky et al.. 1993) and that they differ from manne
systems (Elser and Hassett, 1994). It 1s also known that zooplankton demonstrate an
interspecific vanation in their C: N and C: P ratios (Andersen and Hessen, 1991), and thus
they presumably also differ in stoichiometnic requirements for these elements. Individual
zooplankton species have been descnbed as “homeostatic™ meaming that thewr C: N: P ratios
remain relatively constant in spite of the wide vanation of food they consume (Hessen and
Lyche, 1991).

There 1s evidence in the hiterature that stoichiometry does in fact have an effect on
zooplankton communities (Sterner et al.. 2000). Data from Europe (Gulati et al.. 1991
Hessen, 1992) and North America (Hassett et al., 1997) indicate that the high P herbivore,
Daphnia i1s generally not favoured at high C:P ratios resulting in growth penalties when the
seston food base has a high C:P ratio. Sterner et al. (2000) pose the question: 1s there a
consistent pattern of species replacements in zooplankton arranged along a seston C: P ratio
gradient. If so, great inroads to another predictive axis for zooplankton communities would
have been found.

26438 The reservoir food web

See Section 2.6.7 for a contextually relevant consideration.
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2644 Zooplankton migration
2.6.44.1 \ertical migration

Diel vertical migration (DMV) of zooplankton has been descnbed by many authors (e.g
Wojtal et al., 2003; Johnsen and Jacobsen, 1987 Lampert, 1993: Horppila, 1997). The
results of long-term studies on diurnal changes in zooplankton distribution indicate that
several factors are responsible for this phenomenon (Wojtal et al.. 2003). According 10 the
generally accepted hypothesis. migrations of zooplankton are the consequence of a foraging
rate-predation nisk trade-off (Desmarius and Tessier. 1999). By means of DVM zooplankton
avord visually onenting predators hike fish (Stich and Lampen. 1981: Brancelj and Blejec.,
1994) and inveniebrate predators (Lampert. 1993). Migrations can also be the effect of
vertical distnbution of nutnients in the water column (Kitchell et al., 1979) and/or the
location of available food (Prianowska and Dawidowicz. 1987).

26442 Horizontal migration

DVM occurs mostly in deep stratified lakes and reservoirs that can provide refuges for
herbivores (Wnght and Shapiro, 1990). In shallower waters, lack of deep water refuges
result in higher planktivory pressure and lower biomass of zooplankton (Desmarius and
Tessier, 1999). Many authors have suggested that in shallow lakes with sufficient
development of macrophytes in the littoral zone, these plants provide Daphmia sp. with
spatial refuges from fish dunng the day (Timms and Moss, 1984; Davies, 1985; Vuille,
1991: Laundsen and Buenk. 1996: Lauridsen et al.. 1997). Consequently. submerged
macrophytes may indirectly improve water transparency. as increased zooplankton survival
will enhance their grazing pressure on phytoplankton both within the vegetation dunng the
day and in the pelagic zone at might (Jeppesen. 1995, 1n Wojtal et al.. 2003). This is the
basis for the much vaunted management prospect of bio- or food web manipulation (e g
Moss, 1998),

In the Sulejow Reservoir in Poland. which has a sparsely vegetated littoral zone due 1o high
water level fluctuanions. large-bodied zooplankton were shown to migrate towards the open
water at dusk, and towards submerged macrophytes at dawn, answering the question posed
by Wortal et al (2003) whether hornizontal migration of zooplankton, desenibed for lakes,
also occurs in reservoirs with a sparsely vegetated hittoral zone

2.6.4.5 Longitudinal distribution of zooplankton in reservoirs

The longitudinal distribution of zooplankton 1n reservoirs is influenced by many of the same
abiotic and biotic factors as those discussed above. When these factors change along the
longitudinal gradient. so do the zooplankton community structure and dynamics. The
longitudinal gradients of a vaniety of parameters in reservoirs have been discussed in Section
2.3

Vanous factors have been cited as being responsible for the honzontal heterogeneity of
zooplankton in vanous types of water bodies. including. the cffects of advective physical
forces resulting from rver inflows (Patalas and Salki. 1990; Ford. 1990). turbidity gradients
(Zettler and Caner. 1986: Hart, 19900, temperature regime CJohannson ot al.. 1991 tood
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availability and trophic conditions (Peters, 1983: Carter et al., 1995) or predation and
competition (Jakobsen and Johnsen, 1987: Urabe. 1990: Gliwicz and Rykowska. 1992: Pont
and Amrani, 1990). On the other hand there are at least two known mechanisms for
reducing zooplankton patchiness and randomizing zooplankton distnbution (Seda and
Devetter. 2000). These are wind induced surface turbulence and advective processes in
epilimnetic layers (Pinel-Alloul et al., 1988: Patalas, 1990; Pincl-Alloul and Pont. 1991).

Marzolf (1990) presented a theoretical model that desenbed the abundance distnibution of
zooplankton along the longitudinal axis of reservoirs. according to which 1t 1s determined by
two main factors. These are the velocity of the current and the exportation of matenial (clay,
nutrients, DOC and micro flora). (Figure 14) The model postulates that if the velocity of the
current is the factor that exerts the greatest influence on the distnbution of zooplankton,
there is an increase in zooplankton density towards the dam. If the exportation of matenal
exerts the greatest influence. the zooplankton density is greatest towards the rivenne zone

If both factors are acting. the density along the longitudinal axis of the reservoir (in the
direction niver-dam) resembles a frequency distnbution with positive asymmetry (Figure 15).
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Figure 15, An illustration of the several trends that develop along the longitudinal axis of an
impoundment, which when taken together result in the observed distribution of zooplankton shown
in the bottom pancl (¢). (From Marzolf, 1990),

Confirmation of some features of Marzolf's model is available. Seda and Machacek (1998)
found that the spring flood in Rimov Reservoir in the Czech Republic removed much of the
zooplankton from the upstream region but did not affect the mean zooplankton densities for
the reservoir as a whole. The recovery of the upstream zooplankton took just one week, and
was mediated by the amimals that had been displaced downstream. as was proven by
allozyme analysis. This 1s in agreement with Seda (1994) who showed that there 1s no
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evidence for a umidirectional flow of zooplankton from the upstream to the downstream end
of Rimov Reservoir

Pinel-Alloul (1995), in a comprehensive overview of zooplankton spatial heterogenenty,
concluded that at large spatial scales (= 1km) the abwotic factors are more imponant for the
maintenance of spatial heterogeneity, while at smaller scales ( 1-10m) biological processes
are more important. However she mamtained that both are linked interactively and the
resulting heterogeneity can be perceived as a functional interaction between the organisms
and their environment

Bimi et al. (1997). investigating spatial gradients in Broa Reservoir in Brazil found that the
copepods (all age classes) increased towards the nvenine zone, while Cladocera increased
towards the lacustrine zone, although hmnological vanables such as temperature, dissolved
oxveen. pH and suspended matenal vaned very hittle. In the eutrophic Salto Grande
Reservorr in Brazil, Zanata and Espindola (2002) found that rotifers were more abundant in
the nvenne zone, decreasing towards the dam. whereas in this case. copepods were more
abundant in the lacustnine zone. decreasing towards the nver inflow. Cladocera did not
display a sigmficant density gradient although they were shightly more abundant in the
lacustrine zone. In the Kenvir Reservoir in Malavsia, cladocerans formed the major group in
the lacustnine and transitional zones. whereas copepods were the mamn group in the nvenne
zone. Copepod nauphi and copepodids contributed ~ 507, of the total copepods at all
stations, probably indicating that the adults were kept at low levels by predation (Yusoff ¢t
al.. 2002).

2.6.5 Zoobenthos in reservoirs
2.6.5.1 Introduction

The zoobenthos 1s the animal community living in association with any substrate-water
interface. Itas divided on the basis of size (Kalft, 2002) into
e the mega benthos, e.g. large molluses (> 1000pum) (Etm and Sankare, 1998;
Kharchenko and Zorina-Sakharova. 2002: Jurkiewicz Karmnkowska. 2005: Yu and
Culver. 1999; 2000 Kubus and Kautsky, 1996; Blay, 1990),
e the relatively well studied macro benthos ¢ 2. most insect larvae, small molluscs
(= 1000300um ) (Koskenmem. 1994: Tavear. 1993: Pendis and Simis. 1993,
Grzybkowska and Dukowska. 2002: Real ¢t al.. 2000: Armitage et al.. 1995;
Hamburger et al., 1995 Hemmis and Crommentun, 1992 Koskenmiern, 1992
Lindegaard. 1995: Pelegn and Blackbumn, 1996: Svensson and Leonardson, 1996:
Szno and Botos, 1993)
e the mawbenthos ¢ g rotifers. copepods. voung chironomids, small ohgochaetes and
nematodes (400-100pm) (Mashina, 2003; X90) and
e the relatively limtle studied micro benthos ¢.g. protozoans and juveniles of larger
forms (- 100um) (Kalff. 2002). The zoobenthos 1s numencally dominated by small
species and 1s species nch compared to the inveriebrates of the open water
|7unp|.mktnm (Kalft, 2002
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1.6.5.2 Distribution

2.6.5.2.1 Littoral zone

The littoral zone. when not adversely affected by reservoir drawdown. is often dominated by
macrophytes, and 1s widely recogmized as the most productive region of lakes and reservoirs.
It gencrally has the largest number of amimal species. contains the highest animal biomass
and density, and has the highest secondary production (Brinkhurst, 1974 in Kalff, 2002). For
convenience, three subdivisions of this zone can be recogmized:

e the upper hittoral reaching from the shoreline 10 where emergent macrophytes (if
present) disappear (approx. 1-1.5m),

e the middle httoral extending from this depth to where rooted submerged
macrophyvies disappear, and

e the sublittoral zone from the lower level of the former. 1o the lower level of the
cuphotic zone (Wetzel, 2001: Kalff. 2002)

The largest numbers of macrobenthic species occupy the structurally diverse and often
macrophyte-dominated middle hittoral zone. where they live on the macrophytes or in the
organic sediments below. However, fluctuating water levels in reservoirs can severely alter
the habitat and survival of benthic inveniebrates as macrophytes: submerged species in
particular are often unable to survive marked fluctuations of water level resulting in almost
complete ehimination of benthic invertebrate habitats in some reservoirs (Wetzel, 2001),

2.6.5.2.2 Profundal zone

The zoobenthos of the profundal zone inhabits the zone of sediment accumulation, where the
sediments are generally fine silts and clays. The sediment-water content is tvpically high
(75-90% water) allowing for casy burrowing (Kalff, 2002). However. increased productivity
and orgamic loading to reservoirs often induces hypolimnetic anoxia and related toxic
products of fermentative metabolism (Wetzel, 2001: Kalff, 2002: Prat et al.. 1992), leading
to the disappearance of many benthic invertebrate taxa and the reduction in biomass and
production of invertebrates commonly found in reservoirs (Siegfried. 1984 in Wetzel, 2001
Popp and Hoagland. 1995)

2,653 Zoobenthos as indicators of water quality

Benthic macroinvertebrates are found in large numbers in nich organic sediment of eutrophic
reservoirs.  Composition of the benthic fauna changes in response to physical and chemical
changes in the catchment and in the water, both duning reservoir ageing. and in subsequent
changes in the trophic state of a water body (Real et al. 2000). Jonasson (1996) showed that
hypolimnion oxygen content. food quantity and quality and water temperature are the main
factors influencing the presence and biomass of benthic species in lakes and reservoirs.
Zoobenthic composition is therefore a good indicator of trophic status (Popp and Hoagland.
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1995: Lvashenko and Protasov. 2003: Bren, 2001: Ogbeibu and Onbhabor. 2002, as
exemplified in the following two cases

Example |

Chironomidae (Diptera) present a wide range of feeding behaviour and lifestyles. and
collectively inhabit all freshwater habitats (Grzvbkowska and Dukowska, 2002). As a
result of the relationship between specific species and specific environmental factors,
different species of the genus Chironomus have been used for many years as
indicators of trophic conditions of lakes and reservorrs (Lindegaard. 1995, 1n Real ¢t
al.. 2000: Popp and Hoagland. 1995).

Example 2

Because they filter a great volume of water contaiming soluble and particulate
substances. bivalve molluscs are effective accumulators of metals and organic
micropollutants. Afier being metabolized, these pollutants are selectively
concentrated in the soft tissue or the shell. In addition. bivalve molluscs are resistant
to several pollutants (¢.g. organochlonnes). which are dangerous for other amimals
such as crustaceans and insects. They are sedentary at the adult stage., often
widespread and abundant and sometimes long-hived. These tactors make them uscful
in evaluating the levels and distnbution of many pollutants (Ravera, 2001). For
example, Dreissena polvmorpha s commonly used 1o momitor freshwater ccosystems
(Doherty et al.. 1993: Sures et al.. 1999).

2654 Ecosystem impact

The ecological role of mussels in tropical Lake Kanba was imvestigated by Kubus and
Kautsky (1996). who found that they had a significant effect on the nutnient dynamics. A
volume of water corresponding to the total epilimnion of the lake was found to be filtered by
the mussels annually. It was also estimated that they remineralized 25, of the total
phosphate load. and § times the total mitrogen load in a vear. Approximately 5% of the
annual phytoplankton production was channelled through the mussels, which tend to be
limited to a narrow inshore zone of gently shelving water of 3-9 m depth in Kariba
(Kenmuir, 19800, with a similarly restnicted depth distribution in Lake Mcllwaine (Kenmur
1980; Marshall. 1982). In Lake Kariba 95.8% of the benthic biomass consists of mussels,
4.1% of snauls. and only 0.1 of insect larvae (Machena and Kautsky, 1985 in Kubus and
Kautsky. 1996),

2.6.6 Fish
2.6.6.1 The development of fish communities in reservoirs

The filling of reservoirs can be considered a catastrophic event for the impounded niverine
fish community: however some nivenine fishes show vanious adaptive abilities in newly
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formed lentic environments (Kubecka, 1993). The composition of the fish fauna of a
dammed niver is thus the first of the factors influencing the final fish composition.

Abiotic conditions in reservoirs such as temperature regime. retention time. pH. oxygen
conditions, presence of toxins, water level fluctuations and turbidity. are fundamentally
important to ichthyofauna, and may be responsible for the presence or absence of particular
species in particular reservoirs. When a species in unable to survive in an impounded water
body it 1s often for lack of

suitable water temperature and/or dissolved oxygen:
habitat diversity:

spawning sites;

sufficient prey for a particular stage in the life cycle:
refuge from predators (O'Brien, 1990);

scasonally appropnate spawning cucs

However, reservoirs are aquatic ecosystems created by humans and most nverine fish
species tend to disappear with time (Quiros and Boven, 1999; Encina and Rodnguez-Ruiz.
2002; Paller and Gladden. 1991). while some do adapt 1o the new environment (Kubecka.,
1993). The change from high flow to low flow tends to select nvenine fish species previously
adapted to floodplain habitats. The reduction in the number of species is usually high (Arcifa
and Northcote, 1997: Araujo and Santos, 2001). The impoundment of most Brazilian nivers
resulted in several modifications of their onginal fish fauna including a decrease in the
number and diversity of species, as well as shifts in their dominance and trophic
relatnonships (Arcifa and Northeote, 1997). Most reservoirs in Brazil have less than 75
species whereas most influent rivers have more than 125 species (Araujo-Lima et al., 1995).

After the damming of rivers, reservoirs are usually stocked with fish (Quiros and Boven,
1999). Fish introductions and stocking. though usually justified on socio-economic grounds,
are only occasionally evaluated in their outputs. and are rarely supported by sound
ccological science (Quiros, 1999). Fish assemblages in most reservoirs include both native
and introduced fish in a non-naturally occurring habitat that is subjected to manipulation by
man. Such artificial assemblages have occurred only briefly in evolutionary time relative to
those in naturally occurning habitats (Araujo and Santos, 2001),

2.6.6.2 Factors affecting sustainable fish growth and reproduction in reservoirs
2.6.6.2.1 Spawning

For any nest building fish. or fish which attach their eggs to a particular substrate. the nature
of the substrate is important for successful spawning (Clark et al.. 1998). Vegetation may
also be important, but soil type. wave action. unconsolidated shorelines and high levels of
turbidity often preclude the development of substantial littoral zone vegetation and are thus
not suitable for fish dependent on vegetation for successful spawning (O'Bnien, 1990) or as
food sources and or refuges for juveniles. Many reservoirs are characterized by moderate to
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heavy turbadity and siltation (Quiros and Boven. 1999). Silt deposition on eggs increases egg
mortality and thus decreases spawning success (O°Brien. 1990).

A common attribute of reservoirs is the water level fluctuation (Encina and Rodriguez-Ruiz.
2002; Clark ct al., 1995). This may have both positive and negative effects on spawning.
Because most gravel beds occur in the upper few meters of the lintoral zone where wave
action keeps gravel beds clear of salt, drawdown below this level may leave muddy areas
which are poor for spawning. Drawdown also mimimizes the amount of vegetation available
for spawning. especially in turbid reservorrs where light sutficient for macrophyte growth
may not penetrate very far into the water. Increase in water level may have the opposite
effect. Spawning success has been found 10 increase either as reservoirs fill and flood
vegetation, or in vears of high water. High water sometimes floods terrestnal vegetation and
could inundate gravel areas on the reservoir shore, providing a diversity of substrates needed
for spawning. (O'Bnien, 1990). This phenomenon was observed by Zalewska ¢t al (1990)
in the Sulejow Reservoir in Poland when high water levels were recorded and large areas of
terrestnal vegetation were flooded.  The increased diversity of “hittoral™ habitats enabled the
coexistence of large densities of perch (the dominant species) and cyvprimids. The highly
significant correlation between water level, its fluctuations. and the reproductive success of
dominant species might be used as a predictive or biomanipulating tool for steering the
reproductive success of fish in reservoirs, but data from other resenvoirs are needed 1o allow
verification (Zalewski et al.. 1990),

2.6.6.2.2 L.arval fish and fingerlings

Survival of larval fish is dependent primarily on acquiring food and avoiding predation
Almost all larval fish feed on zooplankton. the very youngest being gape-limited and able to
feed only on very small zooplankton such as small cladocerans and rotifers. However. this
stage of gape imitation is brief (a few weeks). Survival of lanval fish 1s probably influenced
more by predation than by feeding. these very small fish being vulnerable to virtually even
other predator in lakes and reservorrs. Not only visual-feeding fish, but also predaccous
copepods may have considerable influence on larval fish densities. Protective cover such as
agquatic macrophytes 1s especially entical in minimizing fish and avian predation on small
fish. Any factors that reduce vegetation cover. such as turbidity or wave action could
therefore also minimize larval fish survival. Drawdown of water levels below the vegetation
zone would be especially detrimental to larval fish (O'Brien, 1990)

2.6.6.3 Distribution of fish in reservoirs

An important arca of study n fishenes and fish ecology i1s the estimation of the number of
fish in a population (Encina and Rodniguez-Rmz, 2002). The patterns and degree of
patchiness 1in time and space are therefore of fundamental imponance because of their
relationship to abundance estimates (Levin, 1992: Margalef. 1993: Schael ¢t al.. 1995), and
their importance for the understanding of fish biology and therefore its management

In a newly flooded reservoir most of the fish are found close 1o the shore and at the riverine
end of the resenvoir. The pelagic zone and deep waters are hittle used. probably duc 10 low
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efficiency in exploiting food resources (Granado-Lorencio, 1992). Encina and Rodnguez-
Ruiz (2002) studied the seasonal distribution of fish in the newly filled Zahara Reservoir in
Spain, where the native species were unable 1o exploit the plankionic resources. Because
detritus formed pant of their natural diet in the lotic environment. the reservoir shoreline and
the niver above the reservoir were suitable feeding zones (Encina and Granado-Lorencio.,
1994; Magalhacs. 1992: 1993). The spatial distribution could also be related in some species
to seasonal reproductive migration up the river (Granado-Lorencio. 1991). Other species
can modify their reproductive tactics and associate them to the hittoral zones of a reservoir
(Fisher and Zale. 1991). Spanish reservoirs generally have little stability as they are built for
power generation. imgation and water supply and are subject to large water level
fluctuations, hypolimnetic spillage and other disturbances. Consequently. only those species
with generalist and detritivorous feeding habits and reproductive migrations out of the
reservoir are capable of existing in the reservoir. (Encina and Rodnguez-Ruiz, 2002).

The spatial distnibution of fish assemblages was investigated in Lajes Reservoir in Brazil
(Araujo and Santos. 2001) to detect patterns of available habitat use by fish. Lajes s
unusual compared to most Brazilian reservoirs in that there is no marked longitudinal
gradient due to small tributary contributions. forming a more restricted habitat with no
available lotic environment to allow for fish migrations into and out of the lake. Three zones
were distinguished - an upper zone near the tributary inflows, and middle and lower zones
progressively nearer the dam.  Fish abundance. number of species and biomass were higher
in the upper zone (probably due to higher food availability and habitat diversity) but only
two species were more abundant there, all other species showing no difference in their
abundance among the zones. Seasonal environmental vanables of temperature. pH.
transparency and water level did not show an association with fish occurrence. Most fish
used the different zones of the reservoir with no sign of spatial separation.

The pelagic zone of reservoirs has been considered by some authors to be a vacant habitat
for fish. and not inhabited by nvenne species (Gaedke et al.. 1998). Although pelagic fish
are scarce in some reservoirs (Straile and Geller, 199%). in some others fish may be quite
abundant (Adnian ¢t al., 1999). In Lake Kanba, tigerfish have adapted to inshore pelagic
zones. while in Lake Hume. a warm monomictic lake in Australia (Matveev et al.. 2002). the
presence of significant numbers of small planktivorous fish. mostly juvenile introduced
European perch and Australian smelt were determined concordantly in hydro acoustic
surveys and direct catches from pelagic water.

The inflow zone situated at the boundary between the river and the reservoir is ofien an
important migration path. All the main types of fish migration as defined by Lucas and
Baras (2001) (feeding. refuge-seeking. spawning migrations. post-disturbance movements.,
recolonization and exploratory migration can be expected to happen in this ecotone (Hladik
and Kubecka, 2003). Upstream and downstream migration of fish between the Rimov
Reservoir and its only tnbutary, the Malse, in the Czech Republic was studied by Hladik and
Kubecka (2003). Due to many of the fish species being of riverine origin. they require
access 10 the river habitat during crucial periods. In addition, the nver fish may use the
reservoir as a refuge or feeding ground. This study was carmed out to provide a detailed
understanding of fish migration events in the river/reservoir ecotone and 1o estimate the
importance of the tnbutary for the functioning and management of the fish stock. It was
found that the reservoir tributary zone was an extremely important area for fish. a significant
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proportion of the total fish stock migrating through it. Some species (asp. bleak. chub and
white bream), seemed to be strictly dependent on the tnbutary zone (obligate tnbutary
spawners) as they were never observed reproducing in the reservoir. while others (roach.
bream. pike. perch. ruffe). were facultative tnbutary users or generalists, spawning in
suitable places both in the reservoir and in the tributary (roach, bream, pike. perch, ruffe). A
third group (carp. pikeperch. catfish and eel) spawned out of the tributary (i.¢. in the
reservorr). Six penods of migration succession were identified durning spring and summer,
which differed in species dominance. gonadal status and migration rates.

Allanson and Jackson (1983), in Paxton (2004) investigated the effects of flow reduction
resulting from the construction of the Vanderkloof and Ganep dams on the Orange River
(South Afnca) on reproduction. growth, dispersal and monality of freshwater fish in the
nver between the two dams. Regulation by the Ganep Dam was found to have significanmt
biological consequences for the populations of two species of vellowfish (Barbus) in the
Vanderkloof Dam downstream. Both species migrate upstream from the lower reservoir to
the lotic region between the reservoirs where they spawn in gravel-bed nffles. The entire
population of yvellowfish in the Vanderkloof Dam is believed to depend on recrutment from
this region. In addition. these Barbus spp. generally spawn during the first floods of spring.
Allanson and Jackson (19583) suggested that continuous flows from the Ganep Dam through
the year resulted in spawning events being tnggered pnmanly by temperature (Paxton,
2004)

2.6.6.4 The effect of fish on reservoir trophic relationships

Current theory holds that. in lentic systems. the pelagic trophic level biomass is controlled
both from below by producers (bottom up) and from above by consumers (top down) (see
Section 2.6.7). The evidence supporting this assermion derives from studies of individual
lakes and mesocosm and enclosure expenments (¢.2. Vanm ¢t al.. 1990 Lazzaro. ¢t al..
1992 Menjer et al.. 1994, and many others). Trophic cascade hypotheses were mostly
developed from north temperate lake data but Lazzaro (1997) has reviewed these data in
order 1o analyse their application to tropical lakes and reservoirs. He concluded that it
remains unclear whether hvpotheses developed for temperate svstems are appropriate for the
tropics. Food webs of tropical systems are typically more complex and for practical reasons,
the relevance of alternative models should be explored

It has been suggested that the effects of particular fish assemblages might cascade down the
food web in both lakes and reservorrs. but that bottom-up and top-down effects may be
asymmetrical (Quiros and Bovern. 1999). Top-down trophic interactions at the
macrozooplankton-phytoplankton level have been quened by DeMelo et al L (1992), who
concur with other studies that question the validity of the biomanipulation trophic

cascade top-down model.

Quiros and Boveri (1999) examined the differences between reservoirs supporting different
fish assemblages. In 31 reservoirs in Argentina, they differentiated between Type |
reservoirs with planktivorous fish but no piscivores, and Type H reservoirs with both
piscivores and planktivores and found that in Tyvpe | reservoirs, there was a huge increase in
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macrozooplankton biomass with decreased body size. In Type 1l reservoirs they found that
both biomass and size of macro-zooplankton had decreased or remamned unchanged. They
mterpreted this to mean that planktivores had not suppressed macrozooplankton biomass, but
they may control macrozooplankton size. For both types of reservoirs, bottom-up effects
from nutnients to algae were strong. but top-down effects on phytoplankton increased in the
planktivore dominated Type | reservorrs.

These results are coincident with the view that in reservoirs where facultative
zooplanktivores are dominant, such fish play a central role in reservoir ecosystem function
by controlling zooplankton size, and also with the hypothesis (Pace. 1986) that zooplankton
size structure, not biomass influences nutrient-phytoplankton relationships (Quiros and
Boven. 1999). For reservoirs with both piscivores and planktivores it would be expected that
efficiency of nutrient transfer would diminish from the bottom up (Quiros. 1998a). These
patterns were not entirely displayed in the above results. Speculations as 1o the reasons for
this might be that human actions influence both bottom-up (nutnient loading) and top-down
(fish stocking) mechamisms. In reservoirs fish assemblage is usually dependent on human
action through fish introductions and stocking. The dependence of facultative planktivorous
fish on benthic resources may also explain some of the results (Quiros and Boven, 1999),

Durning recent vears there has been increasing interest in determining the role played by
perch (Perca fluviarilis L.). the dominant species in temperate lakes and reservoirs,
especially in relation to their pressure on the zooplankton communities (Zalewska et al.,
1990). These authors. however. are of the opinion that insufficient attention has been paid 1o
the fish fry communities as a biomanipulating tool. Despite the usually lower biomass of fry
than mature fishes, production of juveniles of fish such as Percidae and Cyprinidae has been
found to be mostly on the level of 60-70% of the total production of a fish community. In
addition adult fish from the above two groups consume a much smaller amount of
zooplankton than the juveniles (Persson. 1986, in Zalewski et al.. 1990). In a five-year study
on the Sulejow Reservoir in Poland (Zalewski et al., 1990) the feeding strategy of perch and
the strong correlation between the density of the dominating perch fry and their growth rate.
indicated their influence on the density of large filter-feeding zooplankton, and thus water
quality. These authors believe that efforts should be focused on the claboration of the
optimal fry density from the point of view of water quality and fishenies management. Their
data indicate that the level of 500 fry 100m™ in mid-July would be optimal for Sulejow
Reservoir 1o maintain populations of large Cladocera at a high and balanced level. On the
other hand. sufficient optimal food would accelerate growth of fry to increase their winter
survival and reduce their vulnerability to predators, thus increase amount and quality of fish
vield.

Fish can alter both the internal cycling of nutnients and the primary producer biomass in
aquatic systems through a vanety of mechanisms (Schaus et al.. 1997). These include
incorporating nutrients into body tissue (Deegan. 1993) and the converse release by
decomposition of fish tissue (Parmenter and Lamarra, 1991). as well as by excretion
(Braband ¢t al.. 1990). Excretion by fish has been shown to affect phytoplankton biomass,
productivity and community structure, and serves to recyele nutrients within the water
column or transport nutrients from the benthos to the epilimnetic phytoplankton depending
on the feeding habits and movement patterns of the fish. The release of nutnients from
benthic feeders can be viewed as a source of new nutrients that 1s fundamentally different
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from nutrients recyeled by pelagic feeding fish or zooplankton. Schaus et al. (1997)
quantified nutnient release by gizzard shad. a detntivorous fish in a eutrophic reservorr,
Acton Lake. Ohio, USA. Their results indicated that nutnient excretion by detnivorous fish
can be an important source of nutrients to open waters, especially when other sources of
nutrients are reduced.

A study on the shallow, hypertrophic Bautzen Reservoir in Germany showed that diet shifts
in under vearling fish may change the patterns of P recyeling and distribution. In the case of
the dominant perch. this bottom-up impact of nutrient regeneration by fish was connected to
shifts in zooplankton density,  Especially dunng the midsummer dechine of Daphnia when
the under yearling fish fed mainly on benthic prey. excretion of P by fish was higher than
removal by feeding of P stored in pelagic prey. In companson. dunng penods of high
zooplanktivory. in spring and autumn. pelagic P consumption dominated and P release by
fish was comparatively lower (Mehner ¢t al., 1998b).

Despite the importance of internal nutnent loading by gizzard shad. nutnent transport by
other fish species and nutnient recyching by planktivorous fish. many lake nutnent budgets
have either downplayed or ignored the role of fish. Although fish may not regulate major
nutrient fluxes in lakes. inclusion of their roles may help to balance nutnient budgets and
depict more accurately the cycling of nutrients within these systems. Inclusion of fish is
especially warranted in systems with a high fish biomass or where detnitivorous or benthae
feeding fish are abundant. In addition population biomass and size structure of fish may
alter the impact that fish populations and commumities have on nutnient dynamics and
ecosvstem productivity. Approaches that integrate fisheries biology and ecosvstem ecology
will foster insight into the processes underlying the structure and function of aquatic
ccosystems

2.6.6.5 Management

In South Africa there have been relatively few studies on the consequences of resenvoir
construction on indigenous fish populations and 1ts effect on recruitment. In many cases
knowledge of the relationship between the hydrological regime and the life-histories of the
SA fish fauna 1s sparse or non-existent. The causal links between niver regulation and the
demographic dechine of freshwater fish populations are therefore inadequately understood
(Paxton, 2004).

Management of fishenies involving introduced species in South African reservors is a
specialized study which will not be discussed in this review

2.6.7 The reservoir food web

2.6.7.1 Introduction

Species composition and biomass of biota in any water body depend on a number of factors
Resources for growth, such as nutnents (which occur at the “bottom™ of the stvhzed food
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chain) are referred to as bottom-up factors. and controlling factors such as grazing and
predation (at the “top” of the food chain) are known as top-down factors (Komarkova et al..
1995: Hom and Hom. 1995: Mehner et al., 1998a: Lazzaro et al.. 2003; Matveev, 2003;
Hom, 2003; Korponai ¢t al., 2003). (Figure 16)

For management purposes. the more that is known about the food web of a reservoir - the
organisms that occur there and their interrelationships - the more possible i1t 1s to manage the
system in an informed. productive and sustainable manner.

ulnents

Figure 16. A hypothetical food web of a typical sub-tropical African lake. (After Davies and Day,
1 998)

In addition. microbial studies in the last two decades have demonstrated the existence of a
diverse microbial commumity in aquatic planktonic ecosystems where microbal production
1s integrated into the pelagic food web at all levels (Gaedke et al., 1995 in Comerma et al..
2003). The microbial loop mediates carbon and energy flow from bactenoplankton to
zooplankton (Thouvenot et al.. 1999a: Comerma et al.. 2003). Sommaruga and Robarts
(1997) concluded that bactena are relevant members of the hmnetic planktonic food web. in
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terms of both biomass and production. and Riemann and Chnistoffersen (1993) suge
ncreasing importance of the microbial food chain compared 1o the classic

(Figure 17) along a gradient of increased product
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and Vaque. 1994: Bums and Schallenberg. 1996: Thouvenot et al.. 1999b). Heterotrophic
flagellates are generally thought to be the main consumers of bactena in fresh waters
(Riemann, 1985: Gude 1986, both in Thouvenot et al.. 1999). but phagotrophic
phytoflagellates (photosynthetic flagellates which are also particle feeders) have grazing
rates that are similar to heterotrophic flagellates (Bird and Kalff 1986 in Thouvenot et al.,
1999b). In addition ciliates can be important consumers of bactena in fresh water (Simek et
al., 1995). To date very few reports are available in which bactenvory or picoplanktivory of
freshwater pelagic ciliates have been well documented in situ (Sherr et al.. 1991: Simek and
Straskrabova, 1992: Sommaruga and Psenner, 1993: Simek et al., 1995). On the other hand.
increasing evidence from marine systems indicates that some ciliate taxa are voracious
consumers of bactena (Sherr and Sherr 1987: E.B. Sherr et al.. 1989: B.F. Sherr ¢t al., 1989,
all in Simek et al.. 1995). In Rimov Reservoir in Czechoslovakia, Simek et al. (1995) found
that cihiates consumed a sigmificant proportion of the bactenal production in the reservoir
(2076 as opposed 1o 70"s consumed by heterotrophic flagellates). However, some taxa were
found to consume mostly picoplankton in natural conditions where availability of organic
carbon in picoplankton is almost equal to bacteria. Most cihate species preferred larger
picoplankton, as has been reported for freshwater heterotrophic flagellates (Simek and
Chrzanowski, 1992). This size-selective grazing may have ecological impacts on natural
bactenal assemblages (Gonzalez et al.. 1990; Simek et al.. 1994),

Although protists are thought to be the main consumers of bactena, some metazoans can
nevertheless play an important role in regulating bactenal communities (Jurgens et al.,
1994). Among these. Cladocera rather than Copepoda are thought to be effective consumers
of bactena (Geller and Muller, 1981: Pace et al.. 1983: Gude. 1988: Jurgens et al.. 1994) that
can be an important food source during the summer in some temperate waterbodies (Pace et
al., 1983). Although some rotifers consume heterotrophic bactena (Boon and Shiel, 1990;
Ooms-Wilms ¢t al.. 1995: Ooms-Wilms, 1997: Thouvenot et al.. 1999), their contnibution to
regulating the bactenal plankton is thought to be modest (Sanders et al.. 1989: Pace et al..
1990: Permie et al., 1990).

In the newly flooded Sep Reservoir in France, Thouvenot et al. (1999a) measured bactenal
consumption in the epilimnion (1m) and metalimnion (7m) during the penod of thermal
stratification. They found that the main consumers were the cladocerans Daphnia longispina
and Ceriodaphnia quadrangula, accounting for, on average. 72% of the potential total
predation of bacteria at Im and 56% at 7m. especially duning May., June and August.
Heterotrophie nanoflagellates accounted for 12% at Im and 13% at 7m, and cihates, 4% at
Im. They concluded that in a newly flooded reservoir. metazoan zooplankton seemed to be
the main consumers of bacteria. and that predation of heterotrophic nanoflagellates and
cihates by zooplankton Crustacea could account for the low contribution of these organisms
1o bactenal consumption.

Straskrabova and Simek (1993) considered the possibility that protozooplankton and
metazooplankton might compete with one another as microbial grazers, and concluded that
the protozooplankton were more advantaged than the metazooplankton as follows:

I They are capable of faster growth and thus a faster adaptation to changing food
resources.  This favours protozooplankton after spring overturn until the slower
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growing cladoceran grazers increase and control both phytoplankton and

protozooplankton (Simek ct al., 1990; Amdt and Nixdorf, 1991: Simek and

Straskrabova. 1992). The capability for faster growth 1s also an advantage for

protozooplankton in arcas of low and heterogeneous food resources. for example

during winter in temperate lakes (Arndt and Nixdorf, 1991). The low temperature
itself also seems 1o favour the occurrence of larger protozoans (Sime-Ngando and

Harmann, 1991).

They survive better under high planktivorous fish predation pressure.

3 In some adverse conditions. the abundance of metazooplankion decreases sharply
and then the pelagic assemblage consists entirely of microbes (e.g. in oligotrophic
mountain ¢lear-water lakes with low alkalinity (Simek and Straskrabova, 1992)).
Similarly. in anoxic layers of cutrophic and dystrophic lakes. protozooplankton
usually prevanls over metazooplankton (Simek and Straskrabova, 1992: Sime-
Ngando and Hartmann, 1991).

(]

1.6.7.3 Phytoplankton-zooplankton-fish interrelationships

Zooplankton - representing an important trophic level and a deciding factor for the flow of
matter and energy ~ can show a conspicuous scasonal and annual vanability of its biomass
caused by availability of food sources (Horn and Horn. 1990: Urabe. 1990: Mason and
Abdul-Husscin, 1991 Matsumura-Tundisi ¢t al.. 2002: Roue ¢t al., 2002; Korponai ¢t al..
2003; Hormn. 2003). predator structures (Urabe. 1990; Mason and Abdul-Hussein, 1991
Ketelaars and van Breemen, 1993: Seda and Duncan, 1994: Gliwicz, 1994 Korponai et al.,
1997, Mchner et al., 1998a: Pichlova and Brandl. 2003: Vasek et al.. 2003; Matveey, 2003,
Hom. 2003: Lazzaro ¢t al., 2003: Hrbacek et al., 2003; Korponar ¢t al., 2003: Tatrai et al..
2003) and environmental conditions (Urabe. 1990. Schram and Marzolf. 1993 Hulsmann
and Weiler, 2000; Benndorf et al.. 2001: Hom, 2003; Hart. 2004). Its dvnamic and long-term
changes are of particular interest in terms of ats great importance in the issue of water
quality. This is the basis of biomanipulation in lakes and resenvoirs tHom, 2003)
Biomampulation as a management method will be discussed in Section 3 1.2, However
reference will be made to it in this section where relevant

2.6.7.3.1 Herbivory

Numerous investigations on the interactions between phytoplankton and zooplankton have
been undertaken. Mostly they have been based on short-term expeniments in enclosures,
laboratory or in situ experiments. Long-term observations of these relationships are scarce
(Hom and Horn, 1990, 1995),

Different indices have been suggested for assessing grazing effects at the level of whole
lakes (Matveev and Mamveeva. 1997). Lampert ( 198X) used total zooplankton biomass to
predict declines of phytoplankton in lakes due to grazing. He suggested a threshold of 1. 5g
m-2 of zooplankton biomass to be sufficient to cause a clear-water phase. Pace (1984) in
Matveev and Marveey (1997) suggested that zooplankton composition and mean body size
(not absolute biomass) influences the P-Chl a relationship in lakes. Zooplankton body length
was found to be a good predictor of the intensity of grazing and vanance in phytoplankton
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biomass n 25 North American lakes as well as in whole-lake expennments (Carpenter et al.,
1991, 1996). The ratios of biomass of zooplankton to phytoplankton (McCauley and Kalff,
1981: Jeppesen et al.. 1990; Boon et al.. 1994) or Cladocera to phytoplankton (Schriver et
al., 1995) have also been used as indices of grazing. Zooplankton community grazing rates
have also been estimated for different lakes (Hant, 1986: Jarvis. 1986) and compared with
phytoplankton growth (Reynolds. 1984 and Stermer, 1989, both in Matveev and Matveeva,
1997).

Phosphorus and chlorophyll a relationships have been used for the prediction of lake trophic
state and thus lake restoration measures. However, because of loganthmic scale and high
residual vaniance, this relationship predicts a sigmificant decline in algal abundance only
when P-reduction is strong. Chl @ can vary as much as two orders of magnitude for a given
constant P-value for inter-lake compansons (Mazumder. 1994: Baigun and Marinone, 1995),
or one order of magnitude for intra-lake companisons (Fermis and Tyler, 1985 in Matveev and
Matveeva, 1997). Zooplankton grazing may determine a considerable part of this residual
variance in Chl a (Carpenter et al.. 1995). Inter-lake compansons revealed that when grazers
are not under intensive fish pressure, Chl @ increases with total P at a much slower rate than
when they are (Hansson, 1992; Samelle, 1992; Mazumder, 1994).

Population dynamics of algac can be affected directly, by grazing (or conversely by non-
grazing), or indirectly, for example, by elimination of competitors or changes in nutrient
conditions by the zooplankton (Hom and Hom. 1995). Colony forming green algae can take
advantage of the zooplankton suppression of other competing algae. and of nutrient uptake
via gut passage (Hom and Hom, 1990). Those with gelatinous sheaths are protected from an
herbivore's digestive enzymes and are therefore hardly digestible, but they are permeable to
certain nutrient ions (Porter. 1976, in Hom and Hom, 1995). Cyanobactena can also profit
from Crustacea that suppress their competitors (Hom and Hom, 1995). Certain species may
inhibit zooplankton mechanically or by toxins (see Section 2.6.1) (Benndorf and Henning.
1989: de Bernardi and Grussami, 1990: Fulton and Jones, 1991: Nauwerck, 1991: Lathrop
and Carpenter, 1992). Filamentous cyanobacteria reduce the growth rate of Daphnia species,
but their effect is smaller on small species. When the filament density reaches a enitical
concentration, zooplankton is no longer able to control it (Gliwicz, 1990a). Gliwicz (1990b)
showed that at high levels of abundance. Aphanizomenon sp reduces the growth rate of large
Daphnia species (D. magna and D. pulicaria), whereas small species (D. cucullata and D.
hvalina) tend to grow faster.

Hom and Hom (1990, 1995) investigating the diatom Asrerionella formosa in the
Saidenbach Reservoir in Germany, found that it was ingested by Daphnia galeara and the
dominant cyclopoid (Cvclops vicinus). However, their analysis revealed that the dynamics
of this diatom was essentially influenced by other factors such as stratification conditions
(good mixing in the epilimnion) and sedimentation. A further important fact for diatoms is
the climination of nanoplankton competitors by Daphnia, thus improving the nutrient
conditions by removing P-competition. Because diatoms are important for phosphorus
expont to the sediment. and therefore for self-purification of the water column (Gnim, 1967,
in Horn and Homn. 1995). this possible shift as a result of Daphnia grazing can serve a
desired effect (Hom and Horn, 1995),
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It 1s widely accepted that nanoplankton is a good ingestible food source and is therefore
intensively grazed upon by filter feeding crustaceans. particularly cladocerans. On the other
hand copepods are not primanly “micro-filter feeders” and are not able to graze on particles
as small as those filtered by cladocerans (Hom and Homn, 1990, 1995),

Studies of the role of zooplankton grazing in the Southern Hemisphere are less numerous
than the Northern hemusphere (Matveev and Matveeva, 1997). However. for 97 Argentinean
lakes and reservoirs, Quiros., (1990) found that mean zooplankton size was a significant
predictor of residual vanance in the TP-Chl @ relanonship. suggesting that grazing was
important. In spite of this. vanous authors have claimed that neither TP-Chl a models of the
Northerm Hemusphere (Baigun and Mannone. 1995) nor the concept of biomanipulation top-
down control (Boon et al., 1994) are likely to be applicable to regions in the Southemn
hemisphere. Boon et al. (1994) maintained that in Austrahian inland waters. grazing on
phytoplankton 1s unhikely to be enhanced by biomanipulation because efficient Cladoceran
grazers arc rare. They also speculated that cyanobactena might have detnmental effects on
zooplankton. restraining grazers” growth

Testing the above contradictions, Matveev and Matveeva (1997) studied grazer control and
nutrient limitation of phyvtoplankton biomass 1in two Austrahian reservorrs, Lake Hume and
Lake Dartmouth. Their results showed that. in fact, zooplankton grazing might be sufficient
10 affect the residual vanance in TP-Chl a regressions as desenbed for other regions of the
world (Quiros, 1990: Sarnelle. 1992: Mazumder. 1994: Carpenter et al., 1995). Therr
findings also suggested that the observed grazing cffects were sufficient 10 make the
crustacean length model for bilomanipulation potential apphicable to the conditions of the two
reservoirs studied. Matveev and Matvees (1997) also hypothesized that Australian water
bodies contaiming large daphnids have a higher potential for blomanipulation than other
lakes in the world. They qualified this with the caution that the hypothesis may be limited to
the situations where total grazing impacts are not confounded by ungrazability of
phytoplankton. or not overnidden by positive food web interactions such as stimulation of
phytoplankton by fish (Matveev et al.. 1993a), by invertebrate predators (Matveeva and
Matveev, 1995) or by copepods (Cruz-Pizarro and Camnillo, 1991: Lyche et al.. 1996)

There are studies showing that southern hemisphere Cladocera (Marveey and Balseiro. 1990)
and Copepoda (Bumns and Xu, 19904 can benefit from feeding on evanobactena at a
population level. However, as Australian zooplankton differ taxonomically from other
continents, conclusions about grazer-¢vanobactena interactions based on northern
hemisphere studies should be transferred with considerable caution (Matveev and Marveeva.
1997)

2.6.7.3.2 Predation
The effects of predation on zooplankton

Predation is considered 1o be a major driving foree in shaping zooplankton communities
(Gliwicz, 1994; Seda and Kubecka. 1997). Planktonic herbivores are extremely vulnerable
to predation. particularly by visually onented planktivorous fish that are forced to feed in the
most illuminated strata of the waterbody where food 1s most abundant. but where fish can
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visually locate their prey at hight intensities as low as 10 lux (Ghwicz. 1994). Large-bodied
herbivores such as Daphnia are most conspicuous, resulting in their being the first 10 be
decimated or even locally drniven to extinction (Hrbacek et al., 1961: Brooks and Dodson.
1965: Hall et al., 1976; Lazzaro. 1987, all in Glhiwicz, 1994).

Mortality is the most apparent direct top-down effect of predation. However. there are other
top-down and bottom-up indirect effects of predation on prey density that are transmitted
through individual growth and reproduction (Gliwicz, 1994; Seda and Kubecka, 1997). The
effect of predation 1s always combined with food limitation, since each prey individual has
to compromise between the two conflicting demands — to cat well in order to grow and
reproduce. and the imperative to survive long enough to reproduce. Because of this trade-
off. 1t is often difficult 1o determine whether a decrease observed in a prey population
exposed to strong predation is really a direct effect (predator induced mortality) or an
indirect effect (a decline in the prey’s reproduction caused by reduced foraging associated
with predator avoidance). When a visually onented predator selects for large prey body size
or body mass (optimal foraging). it also selects for other prey body characteristics that would
make prey more conspicuous and less evasive. This is evident in increased clutch size in
cladocerans and copepods. Larger clutch size also results in larger body mass making a prey
individual even more desirable by an optimally foraging predator. When a predator sclects
for an ovigerous female. it also causes a decrease in reproduction. thus the birth rate and
death rate in the prey population are simultancously affected (Gliwicz, 1994),

A sudden decline in the population density of a planktonic herbivore (or even its local
extinction) should not be regarded automatically as a direct effect of predation due to
increased mortality rate. It should rather be considered as a result of both effects working
simultaneously: a direct effect of predation through mortality and an indirect effect of
predation that has resulted from a decrease in growth and reproduction (Gliwicz, 1994).

2.6.7.3.3 The effect of fish communities on freshwater ecosystems

The role of fish in regulating the structure and function of freshwater ecosystems (top-down
control) either directly or indirectly is now generally accepted in limnological Interature.
Nevertheless, several authors have cast some doubts on the vahidity of top-down regulation
and 1ts application for management of water quality (biomanipulation) (Evans, 1990;
McQueen, 1990: McQueen et al.. 1992: De Melo et al.. 1992 Seda and Kubecka, 1997;
Hart. submitted). Wetzel (2001) even cautions against the use of the terms bottom-up and
top-down, claiming that they are not only highly ambiguous but that they promulgate
concepts that are not founded in thermodynamic relationships of nutrient storage and
recyeling and are used without recognition of the true complexinies of the regulation of food
web interactions.

It has been observed in many studies that with a decrease in the biomass of planktivorous
fish. the biomass of zooplankton increases (Carpenter et al.. 1987: Luecke et al., 1992, both
in Korponai et al.. 1997: Riemann et al.. 1990: Chnistoffersen et al.. 1993, Korponai et al..
1997: Sarvala et al.. 199%), resulting in a decrease in algal biomass (Jeppesen et al., 1997:
Bergman et al., 1999; Drenner and Hambright, 1999). Within the zooplankton community,
the relative abundance of cladocerans, as well as the average size of daphmids increases with
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decrease in predation pressure by fish (Giussam and Galanti, 1992). With an increase in the
biomass of planktivorous fish. the biomass of the cladoceran plankton decreases (Jeppesen et
al.. 1997: Matyas et al.. 2003). and in tumn. that of the phytoplankton increases (Carpenter et
al.. 1957, in Korponas et al., 1997; Riemann ¢t al., 1990: Vanm et al.. 1990). At the same
time. the size of adult daphniid females gets smaller in response to an increase in the
predation pressure by positively size selective fish (Machacek, 1991, 1993: Subor, 1992;
Taylor and Gabnel. 1992: Tatrai et al.. 2003: Korponai et al.. 2003). imposing the reduced
fecundity associated with the general direct relationship of body size and brood size in
copepods and cladocerans. Small-bodied cladocerans like Bosmina spp and Chvdorus spp
are generally more abundant than large-bodied species when the predation by fish is intense
(Ramcharan et al.. 1996: Vijverberg and Boersma, 1997). Besides small cladocerans,
copepods dominate the zooplankton under such conditions (Vijverberg et al., 1990). |

Several enclosure and whole-lake experiments have shown that the reduction in stocks of |
planktivorous fish may cause decreases in both algal biomass and the proportion of

cyanobacteria (Reinertsen et al.. 1990: Jeppesen et al.. 1997; Bergman et al., 1999: Drenner

and Hambnght. 1999: Tatrai et al., 2003). Reduction of planktivorous fish biomass often

does produce clear water conditions initially, but the probability of sustained ¢ffects depends

on nutnient loading and the development of stabilizing feedback mechanisms (Benndorf, |
1990; Lammens. 1999). Field studies have also shown that fish community composition |
could have profound cffects on phytoplankton productivity by several indireet effects and |
interactions that affect nutrient availability (Persson et al.. 1999). Many fish species use

resources from different habitats and trophic levels that may either suppress or promote

phytoplankton productivity (Braband et al.. 1990; Schindler et al.. 1993). If shallow lakes

are cutrophied. the fish community typically shafts from percds to cyprimids such as bream,

carp and roach. which are omnivorous under certain circumstances (Simomian et al.. 1995:

Tatrai ¢t al.. 199%). When feeding on bottom dwelling organisms. these species potentially

translocate nutrients from the sediments 1o the water column ( Tatrai et al.. 1990; Breukelaar

ctal, 1994; Persson, 1997). Populations of these species are in turm dominated by small

voung individuals many. of which are planktivores. This results in high predation pressure

on zooplankton. and consequently a low predation pressure on phytoplankton,

The removal of about 50%¢ of ¢yprinids and their replacement by predatory fish, from a
shallow lake in the Kis-Balaton Reservoir Svstem (Tatran et al . 2003) had an impact on
almost all of the observed parameters. Summer mean chlorophyll a values decreased by
43", the phytoplankton community changed from being dominated by filamentous bloom-
causing cyanobacteria to a much more diverse community with green algae. dinoflagellates
and cryptomonads in the vear following fish removal. However, the zooplankton community
showed the composition typical of lakes with high predatory pressure of omnivorous
cyprinid fish leading 1o a decrease in mean body length and fecundity of daphnids. The
authors concluded that the reduction of biomass of ommivorous fish cascaded down to
phytoplankton via changes in nutnent availability rather than grazing pressure from
cnustaceans.

The entical fish biomass below which herbivore cladoceran species can dominate the
zooplankton differs depending on which species dominate the fish community ( Benndorf.
1995). Effects on the phyvtoplankton of different fish communities were studied by Matyvas
et al. (2003) 1n three shallow Hunganan reservoirs - Casette, the outer resenvoir of the Kis-
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Balaton Water Protection System., and the Marcali Reservoir. Possible interactions between
nutrient concentrations and phytoplankton biomass in these reservoirs were also examined.
Considerable differences in the phytoplankton population dynamics and the proportions of
different nutnent forms were observed between the three sites. which could be explained by
the presence of different fish stocks in these reservoirs. The predominance of Prussian carp.,
which can consume cither planktonic or benthic organisms (Korponai et al., 2003) controlled
the zooplankton in the outer Kis-Balaton reservoir. In the Casette, a massive fish kill
decimated most of the Prussian carp leaving roach (grazers of larger-bodied species)
(Paulovits et al., 1998) and young Prussian carp as the charactenstic fish species that were
not able to control the zooplankton biomass. In the Marcali Reservorr, silver carp grazing
affected the quality rather than the quantity of phytoplankton.

To ascertain whether an investigation of the size composition of the cladoceran and copepod
fractions of the zooplankton could supply important information on the impact of fish on
zooplankton, Hrbacck et al. (1986) introduced a (then) new parameter, namely the
percentage of biomass of large cladocerans in the total cladoceran biomass (“oL.Cla). This
method was used by Hrbaccek et al. (2003) to investigate the long-term changes in
zooplankton biomass in Slapy Reservoir in the Czech Republic in relation to changes in the
composition of the fish stock. By monitoring changes in this parameter. information was
obtained on changes in the feeding activity of individual groups within the fish stock. both in
the long-term and durning the year.

2.6.7.34 Effects of fish on the longitudinal distribution of zooplankton in
reservoirs.,

Among studies focusing on longitudinal biotic trends in deep clongated reservoirs., a
relatively large number have dealt with causes of heterogeneity in zooplankton abundance
and community structure (Hart, 1990: Betsill and van den Avyle. 1994 Thys et al.. 1998
Seda and Machacek. 1998: Seda and Devetter, 2000). However. less attention has been paid
to the spatial distribution of fish (Fernando and Holcik. 1991: Kubecka and Wittengerova,
1998: Brosse et al.. 1999), and very few studies have addressed the longitudinal distribution
patterns of both groups simultancously (Pont and Amrani. 1990: Urabe. 1990). Vasck et al.
(2003) mantained that until their study on Rimov Reservoir in the Czech Republic. no
apparent attention had been paid to spatial heterogeneity in fish diet in the open waters of an
clongated reservoir. The objectives of their study were (1) 1o assess the longitudinal
distnbutions of fish and zooplankton in the Rimov Reservoir. (ii) to describe diet spectra and
diet overlap for the three most abundant fish species i.¢. roach (Rutilus rutilus), bleak
(Alburnus alburnus) and bream (4bramis brama), and (1) 10 evaluate size-selective
predation on Daphnia by these cyprinids at the scale of the entire longitudinal transect.

(1) Previous work camed out on the nutrient and phytoplankton concentrations (Hejzlar and
Vyhnalek. 199%8; Seda and Devetter, 2000) and zooplankton (Seda and Machacek, 1998
Seda and Devetter. 2000) had found that small-bodied zooplankton were more dominant in
upstream than downstream sites. Vasek et al. (2003) found higher fish abundance in the
niverine zone which could have been related to spawning in May. and its suitability as a
nursery habitat in August (Vasck et al.. 2002, in Vasek et al.. 2003). Other authors have also
recorded higher fish abundance in the upper part of elongated reservoirs during thermal
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stratification (Urabe, 1990: Pont and Amrani. 1990: Fernando and Holcik. 1991: Brosse et
al.. 1999: Swierzovski et al.. 2000). Thus the distinct longitudinal gradient in fish
distnbution seems to be common within elongated reservoirs having natural tnbutanes.
although further investigations of the importance of the tnbutary zone for reservoir fish
stocks are required (Vasek et al.. 2003)

(11) The three fish species. roach, bream and bleak foraged almost exclusively on crustacean
zooplankton. This was apparently the result of scarcity of alternative food sources as the
fauna of the hittoral zone 1s impovenshed due 10 steep reservorr sides and water level
fluctuations (Duncan and Kubecka, 1995) forcing the fish to forage offshore. In addimon,
most of the reservoir bottom hies in the anoxic hypolimnion during the warm months and is
thus unavailable for fish (Hejzlar and Vyhnalek. 199%) making the epilimnion the only
available habiat for fish feeding. Such planktivory in large roach and bream has been
observed elsewhere as a consequence of food avarlabihity and competition (Michelsen et al..
1994:; Garcia-Berthou. 1999: Persson and Hansson, 1999), although the diet of larger roach
and bream usually consists of benthic invertebrates, detritus. and in the case of roach. also
molluscs. filamentous algae and macrophytes. In May. Daphnia galeara was the highly
preferred prey item of all fish except the smaller length class in the nvenne zone that
consumed mainly bosmimids. In August all bleak and roach and large bream preved on D.
walcata and Leptodora kindrii, with large bream also feeding significantly on Diaphanosoma
hrachvurum. Higher proportions of L. kindtii occurred in the transition and lacustrine sites,
All bream preved on cyclopoid copepods in the riverine zone. but this was insignificant in
bleak and roach. One reason for the observed differences in predation might be the fact thar
roach and blcak forage by visual particulate feeding (Lammens and Hoogenboezem. 1991,
in Vasek et al.. 2003) while bream use mainly filter feeding (van den Berg et al.. 1994b. in
Vasck etal.. 2003)

() A decreasing mean size of 1. galeata was observed from dam to niver site in May and
August. This indicates stronger fish predation in the upstream part of the reservoir. Lower
dict overlaps of the three fish species in the nvenne site compared to the transition and
lacustrine sites suggested intense competition for food at the upstream station,

Since it s widely recognised that zooplankton composition and biomass can be strongly
influcnced by planktivorous fish, there is a great need for more detailed information on

longitudinal vanation of fish predation on zooplankton to better understand the complex
ecology of reservoirs having persistent environmental gradients (Vasek et al., 2003).

2.6.7.3.5 Non-predatory mortality of zooplankton

Non-predatory mortabity (also sometimes designated as ecological. realized or non-
consumptive mortality ) includes natural death due to senescence. discase. hmiting physical
or chemical factors (Gladyshev et al., 2003). Esumations of non-predatory mortality are
important for the study of detritus food webs and fluxes of matter and energy in aguatic
ecosvstems (Velimirov. 1991 Wetzel, 1995). Top-down biomanipulation theory is based on
increasing the abundance of large daphmids by decreasing their predation (consumptine
mortality ). by reducing the abundance of planktivorous fish. If non-predatory mortality of
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daphnids predominates in a particular water body. biomamipulation will be ineffective
(Gladyshev et al., 2003: Dubovskava et al., 2003).

A number of attempts 10 estimate non-predatory mortality have been made (Gladyshev and
Gubanov. 1996: Dubovskava ¢t al.. 1999; both in Gladyshev et al., 2003: Gnes and Gude.
1999). Gladyshev ¢t al. (2003) and Dubovskaya et al. (2003) evaluated non-predatory
monality of Daphma cucullata. D. longispina and Cvclops vicinus in Bugach Pond, a
reservoir in Russia. finding 1t to be considerable. and often the determinant component of the
zooplankton population dynamics. This is in agreement with other authors who
demonstrated a low contribution of fish predation to Daphnia mortality (Boersma et al.,
1996: Mchner et al., 1998a: Hulsmann et al.. 1999: Romare et al.. 1999: Hulsmann and
Weiler. 2000). Comparatively high mortality at the beginming of the growing scason was
recorded in agreement with Boersma et al. (1996). Mchner et al. (1998a) and Hulsmann and
Weiler (2000). Sharp fluctuations of mortality within and between sampling scasons could
not be explained but may have been caused by a species-specific infection (Gries and Gude.
1999). poisoning by cyanobactenal toxins such as microcystin (Rohrlack et al.. 1999) or low
food quahity (Muller-Navarra, 1995; Gulan and DeMott, 1997 Elser et al., 2000). More
studies are necessary to understand non-predatory monality fluctuations (Gladyshev et al.,
2003),

A midsummer decline of large-bodied cladocerans 1s a common phenomenon in temperate
and some sub-tropical lakes and reservoirs (Hulsmann and Weiler, 2000; Benndorf et al.,
2001; Hart, 2004). Many studies have analysed Daphnia population dynamics during
midsummer declines but explanations for the observed mortality patterns have remained
speculative and contradictory (Threlkeld 1979: De Stasio et al., 1995: Wu and Culver. 1994;
Boersma et al., 1996: Wemer et al., 1996: Hansen et al.. 1993 Whiteside and Hatch, 1997:
Cemy and Bytel. 1991: Hulsmann and Mchner, 1997). Hulsmann and Weiler (2000)
analysed the dynamics and structure of a Daphnia galcata population in Bautzen Reservoir
in Germany. prior to, and dunng a midsummer declhine of this species. They concluded the
following progression of events:

] A quick increase in Daphinia abundance leads to the formation of a strong “peak
cohort” of about the same age.

2 During the clear-water phase, food conditions detenorate. fecundity declines and
hence recruitment is low: juvenile mortality 1s low but present,

3 Adult montality increases when the “peak cohort” reaches its mean life span
which 1s reduced due to interactions between age-specific and starvation-induced
mortality.

4 At this point. Daphnia population dvnamics can no longer be explained without

the onset of size-selective predation.

Hence the timing between enhanced mortality due to senescence on the one hand and
predation on the other hand. may be decisive. Timing of both sources of mortality and hence
the onsct of a midsummer dechine 1s thus controlled by the water temperature in the
preceding winter and carly spring (Hulsmann and Weiler, 2000: Benndorf et al.. 2001).
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2.6.7.3.6 Predatory invertebrates and their effect on the food web

Ventebrate and inventebrate predators have a widely recognmized impact on zooplankton
through size selective predation (Caramujo et al.. 1997). The selective removal of large prey
individuals by vertebrate predators 1s counteracted by the sclective removal of smaller
individuals by invertebrate predators. Gliwicz and Lampen (1993) found a total depletion of
small cladoceran prey species in the presence of natural densities of the predatory copepod
Acanthocvclops robustus. In the same enclosure expeniment they found that in the large
bodied prey species, old individuals were dominant and neonates nearly absent. The feeding
rate of Acanthocvelops robustus has been shown 10 decrease with increasing prey body size
(Gliwicz and Umana. 1994)

The predatory cladoceran, Leprodora kindtii 1s reported as being able to influence the
zooplankton community significantly (Herzig and Auer. 1990: Lunte and Luecke, 1990,
Branstrator ¢t al.. 1991: Amdt et al.. 1993: Herzig, 1994). It consumes a great vanety of
mamnly cladoceran species and also feeds on rotifers and naupln (Herzig and Aucer, 1990;
Lunte and Luecke. 1990: Branstrator et al.. 1991). It s size selective in its prey choice.
feeding on smaller species or smaller individuals of larger species. The limiting factor for
the capture of prev is the size of the “feeding basket’. a structure formed by five pairs of
thoracic appendages (Herzig and Auer. 1990 Branstrator, 199%). Pichlova and Brandl
(2003) studied the predatory impact of L. kindrir on the zooplankton community of Slapy
Reservorr (Czech Rep) and concluded that it does influence the zooplankton in this reservorr,
but only in limited periods duning the summer. with the most pronounced impact in August.

Other morphological and behavioural features unrelated to body size may also be of extreme
importance in regulating invenebrate predation (Liand Li. 1979). In the presence of
waterborne cues produced by Chaohorus, cladocerans produce progeny with neckieeth or
cnlurgod crests (helmets) (Havel, 19585 Havel and Dodson, 1984). Another common
response 1s the presence of elongated tail spines in juveniles (Luning. 1992) and the
production of larger newbomns (Luning. 1995). Cyclopowd copepods also have the ability 1o
induce tail spine elongation in daphnids (Caramujo et al. 1997).

As a result of enclosure experiments in Maranhoa. a mesotrophic reservoir in Portugal,
Caramujo et al. (1997) concluded that the only important predation impact controlling the
Daphnia population seemed to have onginated from vertebrate predators.  Elongation of the
tail spines of juvenile daphmids scemed to have enabled them to coexist with the invertebrate
predator, Acanthocyclops robustus. These authors emphasize that further evidence 1s
needed. as is information on the role of fish kairomones on tail spine induction in Daphinia.
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3. FACTORS AFFECTING WATER QUALITY OF
RESERVOIRS, THEIR CONSEQUENCES AND THEIR
MANAGEMENT

3.1 Pollution (Externally derived)

3.1 Suspended Sediments

3.1 Introduction

Although not a typical pollutant. sediment accumulation in reservoirs 1s convemently treated
in this context 1.¢. as a substance occurnng or accumulating in unnatural or excessive
quantities.

3112 The need for sediment management in reseroirs

Most natural nver reaches are approximately balanced with respect to sediment inflow and
outflow. Dam construction alters this balance. creating an impounded nver reach
charactenzed by low flow velocities and efficient sediment trapping. The impounded reach
will accumulate sediment and lose storage capacity until a balance 1s again achieved which
would. if left unmanaged. occur afier the impoundment has “filled up™ with sediment
(Moms and Fan, 1998: US Army Corps of Engincers, 1977: Salas and Shin, 1999)

As reservorrs age and sediments continue to accumulate, sediment-related problems will
increase in seventy and more sites will be affected. At any dam or reservoir where
sustamable long-term use 1s 10 be achieved. it will be necessary to manage sediments as well
as water (Mommis and Fan, 1998: De Cesare et al., 2001).

3 P Factors affecting sedimentation of reservoirs

Some of the most important factors affecting reservoir sedimentation are (Salas and Shin,
1999):

Quantity of streamflow

Quantity of sediment inflow nto a reservoir
Sediment particle size

Reservoir operation
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e  Quantity of streamflow

In general. the stream order is higher and the drainage basin bigger for reservoirs
than for lakes (Thomton et al. 1981, in Thomton et al. 1990). The larger drainage
basins associated with reservoirs may result in greater annual flows entering
reservoirs than lakes. These factors indicate the potential for greater sediment loads
to reservoirs. However, there is a finite amount of energy in rainfall that determines
the rate of crosion and transport of particulate matter from the watershed to the
stream ( Thomton et al.. 1990).

Sediment (as well as particulate organic marter and adsorbed constituents) 1s
transported pnmanly dunng storm events and ¢levated flows (Bilby and Likens.
1979: Johnson et al., 1976 Kennedy et al., 1981: Sharpley and Seyers. 1979; Verhoff
and Melfi. 1978, all in Thomton ¢t al.. 1990). Ranfall frequency. intensity and
duration as well as the amount of rain determine the rate of erosion and transpont of
sediment (Straskraba and Tundisi, 1999). Lohman et al.. 1988, in An and Jones.
2000, reported that the volume in Nepalese lakes can be replaced fifteen times by
monsoon runoff. River flow in South Africa tends to be in the form of scasonal high-
flood peaks of short duration (Allanson, 1995)

e Quantity of sediment inflow into a reseryoir

Sediment export from a catchment is the result of the interaction between the
weathering process acting on the parent matenal. and the hyvdraulic properties of
flowing water which detach sediment particles. take them into suspension. and
transport them to a point further downstream (Allanson, 1995),

Sediment vield to water 1s determined by a vancety of interactions namely rainfall
crosivity. soil erodibility, slope steepness, slope length and vegetation cover
(Allanson 1995; Pacini ¢t al.. 1993; Straskraba and Tundisi, 1999). Arcas of
intermediate precipitation appear to be the most susceptible to sediment production
for in very and arcas. runoftis insufficient to move large amounts of sediment while
in wet, humid areas. good vegetation cover stabihizes soil loss (Allanson, 1995)
Erosion is generally higher in semi-and and and regions (Stradkraba and Tundisi.
1999). Chanson ( 199X) found that reservoir sedimentation has been a senous
problem in Australia, several reservoirs having become fully silted due to the
designers not taking the sediment transport processes into account, and thus not
introducing appropriate soil consenvation practices

Agriculture 1s a major source of increased erosion, most agnicultural soil remaining
fallow and often barren or with insufficiently devcloped vegetation for long penods
of time. Other sources of ¢rosion include road construction, and any other buillding
activities. that leave the soil barren for prolonged periods (Straskraba and Tundisi.
1999). The Masinga dam in Kenyva. the top reservoir in a cascade of five, 1s
described as a sediment-dominated impoundment (Pacini et al.. 1993). The upper
catchment 1s among the most fertile and productive regions in the country. Intensinve
agncultural practices with loss of soil cover, ¢rosion by cultivation of steep slopes
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and fertilizer application dominate the physiography of the catchment, increasing
erosion and leaching processes.

e Sediment particle size

The finite energy of ranfall is reflected in differential transport of particulate matter
(Thornton. 1990). Fluvial sediments generally contain finer clay and silt particles
relative to the contributing watershed soils since less energy is required to transpornt
the finer particles (Dendy. 1981: Duffy et al., 1978: Rhoten et al., 1979, all in
Thornton, 1990). This fine matenal is then readily transported downstream to the
reservoir, particularly duning storm events or elevated flows.

Fine matenal such as the colloidal and silt fractions tend to move through the system
in a single flood event. whereas coarser particles are not taken into suspension but
“leapfrog™ from point 10 point down the niver bed (Allanson. 1995). These coarser
fractions constitute the bed matenal afier the passage of the flood event.

Sediment particle size has an important impact on the patterns of sedimentation
within a reservoir, as discussed below.

* Reservoir operation

Hydrological management of stored water. with its attendant consequences on water
levels and depth stability, has major impacts on sedimentation. These are elaborated
below (Section 3.2.4).

3114 Distribution of sediments in reservoirs

The spatial distnbution of sediment loading differs fundamentally in lakes and reservoirs. In
lakes there is generally an equitable distnbution of inflow around the periphery of the
system. Reservoirs on the other hand, generally receive the majonty of their inflow from
one or two major tnbutaries located a considerable distance from the outflow. This
promotes the development of pronounced physical and chemical gradients within the
reservoirs that have important consequences for biological productivity and water quality
(Moms and Fan. 1998).

Sediment deposition s the main problem affecting the useful hife of reservoirs. Knowledge
of both the rate and pattern of sediment deposition in a reservoir is accordingly required 1o
predict the types of service impairments that will occur. the time frame in which they wall
develop, and the types of remedial strategies that may be practicable (Momis and Fan, 1998),

31140 Longitudinal deposition zones

A reservoir changes the hydraulics of flow by forcing the energy gradient to approach zero.
This results in a loss of transport capacity with resulting deposition of suspended sediment
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(Thornton. 1990: US Army Corps of Engineers, 1997: Moms and Fan. 1998; Tarela and
Menendez, 1999: Yu et al., 2000; Morgu et al., 1993).

Longitudinal deposition in reservoirs may be divided into three main zones (Momms and Fan,
199%). (See Figure I¥)

I Fopset beds correspond to delta deposits of rapidly settling sediment. The
downstream limit corresponds to the downstream limit of bed matenal transport
Inaresemnvorr

2 Foreset deposits represent the face of the dela advancing into the reservoir and
are differentiated from the topset beds by an increase in slope and decrease in
grain size

3

Bottomset beds consist of fine sediments that are deposited beyond the delta by
turbidity currents or nonstratified flow

Figure IX. Generahized depositional zones in a resenvoir (from Morris and Fan, 1995)

Where nivers enter the broad. open expanses of a lake or an estuary. the flow veloginy.,
sediment load and particle size. vany both laterally and longitudinally. generally resulting in
a fan-shaped delta (Sundborg 1967 in Thormnton, 1990). The longitudinal dimension s the
more important factor in reservoir delta formation. The mver is generally confined to the old
channel in the reservoir headwater so that the lateral dimension remains constant while the
velocity. sediment load and particle size vary longitudinally (Thomton. 1990: Moms and
Fan. 199%)
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The longitudinal dimension is also important in sediment distnbutions within the reservoir.
River inflow and its constituent sediment load generally follow the thalweg (river channel);
therefore sediment deposition is imitially greatest in the old channel (Thomton, 1990: Morms
and Fan. 199%).

Longitudinal gradients in sediment deposition also reflect the occurrence of longitudinal size
sorting of particulate matter (McHenry et al.. 1982: Olness and Rausch. 1977: Pharo and
Carmack. 1979, all in Thomton 1990). The larger heavier sands and coarse silts scttle in the
delta areas. and then as flow velocities and turbulence continue to diminish, additional
particle size-sorting occurs along the longitudinal axis of the reservoir. The silts and coarse
clays are the next particle size class to settle with the fine clays and colloidal matenal
setthing very slowly (Morns and Fan, 1998 Tarcla and Menendez, 1999 US Army Corps of
Engineers, 1997). In South Africa. the inorganic suspensoids are primanly fine clay
particles (Allanson. 1995), explaining why so many of its reservoirs have high turbidity.

Stratified flow occurs frequently in reservoirs because of density differences caused by
differences in temperature. dissolved sohids. turbidity or combinations thereof. Because of
the high densities imparted by high turbadity levels, turbadity currents may plunge and flow
along the bottom of a reservoir, regardless of the temperature regime (Morris and Fan, 1998;
De¢ Cesare et al.. 2001). Turbadity currents arc often the governing process in reservoir
sedimentation by transporting fine matenals over long distances through the impoundment to
the vicinity of the dam (De Cesare et al., 2001: Yu et al., 2000).

The zone where the inflowing turbid water entering a reservoir plunges beneath the clear
water 1s called the plunge point or plunge line. In a narrow reservoir the plunging flow will
form a line across the width of the reservoir, with turbid surface water upstream of the line
and clear water downstream.  As the turbadity current travels downstream. it will deposit the
coarser part of its sediment along the bottom, filling the thalweg first and eventually
producing a relatively flat layer of deposits. If enough sediment is deposited. the current will
dissipate (Morris and Fan, 1998: Yu et al.. 2000).

If the current reaches the dam. it will accumulate to form a submerged muddy lake. This
occurs when the forward velocity of the current causes it to nse up against the face of the
barrier and subsequently fall back to initiate formation of a muddy lake with a nearly
honzontal profile upstream from the dam (Morms and Fan. 1998; Yu et al.. 2000) (Figure
19).

Yu et al. (2000) drew attention to deposition behaviour in the quasi-homogenous flow region
which they maintain is not usually mentioned in the hiterature, and without which the
description of the deposition system i1s not complete. This is the non-stratified arca. which
occurs between the downstream end of the deposition delta and the plunge section. It is
shorter in cases of smaller discharge and/or higher sediment concentration and longer in
cases of larger discharge and or lower sediment concentration (Figure 20). Hvdraulic sorting
of particles exists in this region, becoming less significant with distance downstream.
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Figure 19. Schemate diagram of the passage of a turbidity current through a reservoir and being
vented through a low-level outlet (after Mormis and Fan, 199K)
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Figure 20 Schematic diagram of flow of sediment-laden water in a resenvorr showing the position of

the region of guasi-homogenous tlow (after Yu et al., 20600)
L1142 Lateral deposition patterns

Sediment deposition 1s imtially focused in the thalweg or deepest pant of each cross section
creating deposits with a near honzontal surface regardless of the onginal channel cross
section. Vanations from this pattern can usually be explained by phenomena such as local
sediment inflow from a tnibutary, scour at bends or channel ¢rosion dunng drawdown and
flushing (Moms and Fan. 199%)
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31143 Reservoir operation

Water control represents a major difference between lakes and reservoirs. It not only affects
the zone and depth of withdrawal. but also sediment distnbutions within reservoir (Thomton,
1990; Morms and Fan, 1998).

Reservoirs used for flood control. hydroelectne power generation, imgation and municipal
and industrial water supply commonly exhibit significant fluctuations in water level. Lake
Red Rock in the USA can increase from 10 to 25km in length, 1010 22m in depthand 1.2 10
9.6 x 10°m" in volume during flood control operations. Fluctuations such as these can
influence sedimentation patterns by altening reservoir morphometry (length. depth or
volume). mixing regime. water exchange between coves and the main pool. or water
residence ime.

Periods of clevated flow may result in delta formation and sedimentation upstream. Then. as
the pool retumns to normal scasonal levels, sediment deposited. sorted and processed
upstream may be resuspended and transported downstream into the pool. Similar particle
resuspension and transport may occur during withdrawal (Thomton, 1990). The rapid
advancement of the delta deposits towards Tarbela Dam in Pakistan is caused by seasonal
drawdown - one of the management strategies considered at that site 1s 1o limit drawdown to
focus delta deposition further upstream. thereby delaying adverse impacts on the low-level
intakes at the dam (Moms and Fan 1998).

3.1.1.5 Consequences of sedimentation in reservoirs

31151 Storage loss:

The most direct consequence of siltation in reservoirs is the comresponding decrease in
reservoir capacity (Straskraba and Tundisi, 1999: Tarela and Menendez, 1999 Momis and
Fan, 1998). Sediment deposition in the reservoir pool reduces and eventually eliminates
usable storage capacity. making the reservoir useless for either water supply or flood control
(Morris and Fan, 1998 Yang et al., 2003).

There are nearly 45 000 large dams (over 15m tall) worldwide. the majority of which were
constructed after 1950 (1ICOLD 1988; Schmitter, 1994, in Palmien ¢t al.. 2001). for a vanety
of purposes. Until now the common engineening practice has been to design and operate
reservoirs 1o fill with sediment slowly. The consequences of sedimentation and project
abandonment have been left to be taken care of by future generations. For many dams “this
future has amived. and in some cases carlier than anticipated.™ (Palmien et al., 2001),

The majonty of dams in the world are designed and operated to trap sediment continuously,
without provisions for sustained long-term use. Neither current nor projected levels of
population and economic activity can be sustained if storage rescrvoirs are lost to
sedimentation. Demands on the services provided by dams are increasing. with reservoir-
dependent societies ranging from technically advanced urban and agricultural systems in the
western United States 1o village imgators in India.
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Sudden loss of the world’s reservoir capacity would be a catastrophe of unprecedented
magnitude. vet their gradual loss due to sedimentation receives little attention or corrective
action (Moms and Fan, 1998),

The average rate of sediment accumulation in reservoirs can be expressed in volumetnic
units, but for comparing reservoirs of different sizes. it is convenient 1o express the rate of
sedimentation as the percent of the onginal storage volume lost per vear. Sedimentation rate
can also be expressed in terms of the reservoir half-life - the time required to infill half the
ongmal capacity. Because the efficiency of sediment trapping declines as reservoir capacity
1s reduced. the half-hife does not represent half the time required 1o lose all storage capacity
(Lajczak. 1995). The ability of a storage reservorr to fulfil its design function will already be
severely compromised by the time half the storage capacity has been lost (Dendy et al..
1973: Murthy, 1977). Thus the concept of half-life 1s a much more realistic indicator of the
“lhife” of a conventional storage reservoir than the time required for complete sedimentation
(Momis and Fan, 199%)

Crowder ( 1987) estimated the rate of storage loss in the United States as 0.22% per vear. In
other areas of the world. however sedimentation rates are often significantly higher. Van
Den Wall Bake (1986) suggested that about half the reservoirs in Zimbabwe are losing
capacity at the rate of more than 0.5% per year. Data examined from 16 reservoirs in Turkey
(Gogus and Yalcinkaya. 1992) indicated that the annual rate of storage loss ranged from
0.20% 1o 2.40%, with a mean of 1.2%. Annual storage loss rates of 0.7% in Morocco and
2.3% in Tunisia are recorded by Abdelhadi (1995). Storage loss in China’s 82000 reservoirs
1s reported at an average annual rate of 2.3%. the highest rate of loss of any country in the
world (Zhou, 1993: Morris and Fan, 1995), while an annual sedimentation rate of 0.5%, has
been recorded in India by Varma et al., 1992 (All in Mormns and Fan, 1998).

Loss of reservoir capacity can be extreme and may decrease the life span of reservoirs 1o just
a few decades (Straskraba and Tundisi. 1999). Mahmood (1987) summarnized the situation
of worldwide resenvoir sedimentation as follows: ™. _the average age of man-made storage
reservoirs in the world is estimated to be around 22 vears. The loss of capacity due to
stltation 1s already being felt at a number of structures. 1t s entirely possible that, unless
ingemous solunions are developed. we will lose the struggle to enhance the avanlable water
resources.” (Palmient et al . 2001)

China has 82 000 reservoirs which are losing storage capacity at an average annual rate of

2.3%. the highest rate of loss of any country in the world (Zhou, 1993. Morns and Fan,
| 998).

3.1.1.5.2 Delta deposition:

The coarser portion of the inflowing sediment load 1s deposited where nvers enter resenvorrs,
forming delta deposits which not only deplete reservoir storage. but ¢can also cause channel
aggradations extending many Kilometres upstream from the resenvoir poo! (Momis and Fan,
l\)t‘h‘,_
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Channel aggradation can:
increase flooding of infrastructure, communities and agricultural lands on
floodplains.
increase groundwater levels, create waterlogging and soil salinization.
reduce navigational clearance beneath bridges and submerge upstream intakes.
further enhance sediment entrapment promoting further aggradation in cases
where delta areas become vegetated.
significantly increase water losses from the reservoir by evapotranspiration
from large areas of phreatophytic vegetation in delta areas, especially in arid
zones.

In Lake Nassar located on the Nile River. a major problem is the continuous deposition of
sediments. resulting in a bed-level increase, a decrease in lake capacity and the creation of a
delta at the lake entrance that might eventually hinder navigation. Although the expansion
of the delta i1s multudirectional. its advance towards the High Aswan Dam 1s driven by the
frequent occurrence of high floods following extended drought peniods (El-Manadely et al..
2002).

3.1.1.53 Mechanical Abrasion

In hydropower facihities. sediment coarser than 0. )mm greatly accelerates the erosive
abrasion of turbine runners and Pelton wheel nozzles. This reduces power generation
efficiency and requires removal of generating units for repair. Sediment sizes up 1o boulders
can ofien pass through bottom outlets. Abrasion can damage gate seals. outlet works. aprons
and spillways (Moms and Fan, 1998).

3. 1.1.54 Intakes and outlets

Sediments can block or clog intakes and low-level outlets at dams, and clog or otherwise
damage gates not designed for sediment passage (De Cesare et al., 2001: Boillat and De
Cesare, 1994; Schleiss et al., 1996 in De Cesare et al., 2001). Duning extreme floods,
deposition of many meters of matenal can occur in a few hours e.g. sediment and debris 17m
deep were deposited in front of Valdesia Dam in the Domimican Republic duning the passage
of Hurmcane David in 1979, clogging the power intakes for 6 months (Moms and Fan,
1998).

3L1LLAS  Ecology

Consideration of the physical accumulation of sediment in reservoirs alone would indicate
its potential importance in ecosystem structure and function (Thomton. 1990). In addition.
changes in sediment loading and sediment accumulation within the pool can dramatically
alter reservoir ecology. affecting species composition and both recreational and subsistence
fishing. (Thomnton. 1990: Momns and Fan, 1998).

Sediment 1s not only the major water pollutant by weight and volume: it 1s also a major
carrier and catalyst for pesticides. organic residues. nutrients and pathogenic organisms
(Bachmann, 1980: Ogg ¢t al., 1980: Sharpley et al.. 1980, in Thomton, 1990). Fine silt and
clay particles, in particular. have a high sorptive capacity for phosphorus. dissolved organic
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acids and other nutnents and contaminants. Contaminated sediments which have
accumulated on the floor of the reservoir can be remobilized by sediment resuspension or
removal (Morns and Fan, 199K).

In arcas where sedimentation continues unabated. open water habitat will be transformed
into wetland and eventually into dry land because of continued sediment deposition (Moms
and Fan, 1998)

3.1.1L5.6 Energy loss:

Loss of storage climinates the potential to capture high flows for subsequent energy
generation  (Moms and Fan. 199%)

31157 Navigation:

Both commercial and recreational navigation can be severely impared by sediment
accumulation, especially in delta arcas and in the vicimity of locks. Recreational access can
be impaired as sediment accumulates at mannas and boat ramps (Moms and Fan. 1998%)

J.1LLIAS Landslides and debris flows:

These can partially or completely fill reservorrs ¢.g. landshdes totalling 177 Mm- collapsed
into Sanmenxia Reservoir in China duning the first 16 months of impoundment (Qian, 1952
in Moms and Fan, 1998). These events can also cause catastrophic davbreak-type floods
The 265m Vaont thin arch dam in haly was filled by a 2340 Mm~  rock shde in 1963,
displacing water in the reservoir which overtopped the wall to a depth of 100m and created a
flood which killed 2600 people downstream (Jansen 1985, in Moms and Fan, 199%)

LL1LSY Earthquake hazard:

Sediment deposits have a greater mass than water. and some rescarch indicates that the
presence of sediment against the dam wall can significantly increase the force of an
carthquake shaking against the structure (Chen and Hung. 1993 Sediments accumulating
near the dam may be hquified by earthquake shaking so that they flow towards. and bury
bottom outlets. entening and clogging any conduits that are open. At the Tarbela dam on the
Indus River in Pakistan, 1t was estimated that it would take 6 10 12 months 10 restore
imgation and hydropower service after an event of this nature (Lowe and Fox. 1995, 1n
Mommns and Fan, 1998)

JLL5Y9 Air pollution:

In seasonally empty imgation reservoirs, desiccated deposits of fine sediment can be eroded
and transported by wind. creating a nuwisance and health hazard 10 nearby communities
(Damiclevsky. 1993 Tolowe, 1993, in Momis and Fan, 199X), especially where toxic
pollutants such as heavy metals are sediment bound.
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3116 Management of sedimentation in reservoirs

Conversion of sedimenting reservoirs into sustainable resources. which generate long-term
benefits, requires fundamental changes to the way they are designed and operated. It
requires that the prevailing concept of a reservoir life limited by sedimentation be replaced
by a concept of managing both water and sediment to sustain reservoir function (Moms and
Fan. 1998).

The cost and apphicability of cach management strategy will vary from one site to another

and also as a function of sediment accumulation. However. even the largest reservoirs will
eventually be reduced to small reservoirs by sedimentation and sooner or later will require
sediment management (Mormis and Fan, 1998),

The actual choice of the most convenient strategy 1s a complex process involving hvdrology.
hydrogeology. morphology and dam engineening. The results will always be site specific
and no standardization 1s possible apart from the basic principles on which the solution is
based (Palmien et al., 2001).

3.1.1.6.1 Reduction of sediment inflow

Sediment delivery to a reservoir can be reduced by techmques such as soil conservation
measures (erosion control, reforestation or revegetation), and upstream sediment trapping
(Momms and Fan. 1998: Palmien et al., 2001).

3.1.1.62 Routing of sediments

Some or all of the inflowing sediment may be hydraulically routed bevond the storage pool
by vanous technmiques (Morris and Fan, 1998; Palmien et al.. 2001). The sediment may be
passed through or around storage or intake areas while minimizing objectionable deposition
(Mormis and Fan, 1998). Generally, routing is environmentally the most benign sediment
management strategy. while flushing is potentially the most damaging. This is because
sediment routing partially preserves the natural sediment transpon charactenstics of the
river. whercas flushing usually changes them dramatically. Unlike sediment routing which
attempts to prevent deposition during flood events, flushing uses drawdown and emptying to
scour and release sediment afier it has been deposited.

Seasonal drawdown

The reservoir is partially or completely emptied during the flood season at a
predetermined time each yvear. This serves to increase flow velocity with a
corresponding decrease in retention time and sediment trapping. Under
appropriate conditions, a sediment input-output balance can be achieved with
vear-round uninterrupted reservoir operation by using partial drawdown. An
example of partial drawdown is the Three Gorges Project on the Yangtze River
in China (Morris and Fan, 1998).
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Sluicing

This is an operational technique aimed at reducing the trap efficiency of the
reservoir by releasing most of the sediment load with the flow through the dam
before the sediment particles settle. This is usually accomplished by operating
the reservoir at a lower level during the flood season in order to maintain
sufficient sediment transport capacity through the reservoir. After the flood
season the pool level is raised to store relatively clear water. A disadvantage is
that storage capacity is limited to a fraction of the annual runoff and reservoir
operation is limited to part of the vear (Palmicri et al., 2001), clearly not an
optimal option in arid or semi-arid areas...

Sediment bypass

When topographic conditions are favourable, a large capacity channel or tunnel
can be constructed to by pass sediment-laden flow around an instream storage
reservoir. Nagle Dam in South Africa uses this method (Annandale, 1987, in
Morris and Fan, 1998) (See Figure 21),

Figure 21. Sediment by pass configuration at Nagle Reservoir in South Africa
(after Annandale. 1987).

Offstream reservoirs:
Since inflow can be controlled at the diversion point. an off-stream reservoir can

be prevented from receiving sediment-laden water in various ways. An
advantage is that downstream transport of bed material can be maintained. Of
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the 33 major reservoirs in Taiwan, 9 are designed to bypass sediment (Morris
and Fan, 1998) (See Figure 22).

Sediment Bypass Off-Stream Reservoir Sediment Pass-Through

Figure 22. Methods of sediment routing, generally the most environmentally
benign management strategy (after Morris and Fan, 1998).

Venting of turbid density currents:

Turbidity currents can be vented from reservoirs by opening a low-level outlet
at the dam. In some reservoirs it has been possible to release more than half the
total sediment load in an individual flood by venting the turbidity current.
Successful venting depends on properly located low-level outlets that are opened
in time to release the current, using a discharge rate that matches the turbidity
current flow. However, the behaviour of turbid underflows in reservoirs is not
casy to quantify (Morris and Fan, 1998).

31163 Removal of sediments

Deposited sediments may be removed penodically (Moms and Fan, 1998; Palmieni et al.,
2001) by vanous means:

Hydraulic flushing

Flow velocities in a reservoir are increased 1o such an extent that deposited sediments
are remobilized and transported through bottom outlets (Shen, 1999, a review). Unlike
sediment routing which attempts to prevent deposition during flood events, flushing uses
drawdown and emptying to scour and release sediment after it has been deposited.
However, many reservoirs cannot be removed from service for flushing and in many
cases flushing cannot restore or maintain the original reservoir volume. Flushing also
releases large amounts of sediment downstream creating potentially senous problems
including interference with water intakes, increased sediment loading on downstream
reservoirs and adverse impacts on fishenies, the environment and recreational uses. The
Cachi Hydropower Reservoir in Costa Rica. built in 1966 has been emptied for flushing
14 times. It s considered to demonstrate the effectiveness of regular flushing for
sediment removal (Morris and Fan, 1998).  (Figure 23),
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Hydraulic dredging and dry excavation

To retain capacity, dredging must continue for as long as the reservoir is to
remain in service, creating recurrent costs and long-term disposal problems,
For example, if Lake Powell on the Colorado River were fully sedimented. it
would cost S83 billion at current rates to fully restore its original capacity,
assuming that a suitable disposal site could be found for 33km’ of sediment
(Morris and Fan, 1998; Yang et al.. 2003),

Hydrosuction sediment removal systems (HSRS)

This system holds promise as a method of removing deposited or incoming
sediments from reservoirs using the energy represented by the difference
between water levels upstream and downstream from the dam (HotchKkiss and
Huang, 1995). There are two types of hydrosuction sediment removal, (i)
hydrosuction dredging in which deposited sediment is dredged and transported
to cither a downstream receiving stream or to a holding treatment basin
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(Figure 24a), and (ii) hydrosuction bypassing in which incoming sediment is
transported without deposition, past the dam to the downstream receiving
stream (Figure 24b).

Conventional methods of hydraulic dredging use a mechanical pump to supply the
energy to remove deposited sediment. Hydrosuction dredging uses the hydrauhic
head represented by the different levels. No external energy 1s required to transport
the sediment through pipehines from the intake point to the point of discharge. Two
vanations of the method have been used: bottom discharge when the pipeline passes
through the low level outlets, and siphon dredging when the discharge pipeline is
passed over the top of the wall. Both methods may employ a floating barge which
moves the pipeline inlet around the reservoir to access a larger arca.

(@) Dredge Pipeline

To Discharge Facility

Figure 24. Hydrosuction sediment removal systems (HSRS). (a) Hydrosuction dredging: (b)

Hydrosuction byvpassing (after Eftekharzadch, 1991, in Hotchkiss and Huang, 1995)

Hydrosuction bypassing would employ the same principle but would feature a permanent
inlet station upstream from the reservoir deposition zone to collect the sediment into a
pipeline. Presently, this is a theoretical concept since no such system is known to have been
constructed yet.
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31164 Provision of large storage volume

Reservoirs may be considered sustainable if the storage volume provided exceeds the
volume of the sediment supply in the watershed. The required sediment storage may be
included within the reservoir pool or in one or more upstream impoundments (Morms and
Fan, 1998). But this option too appears theoretical rather than practical

1LL6S Sediment placement

Sediment deposition may be focused in areas where its subsequent removal s facilntated or
where it minimizes interference with reservoir operation. Intakes and other facilities should
be configured 1o mimmize interference from transported or deposited sediments

11166 Sediment Management Tools
Modelling approaches

Many modelling studies have been camed out. and vanous computer models are
available to assist in the prediction of sedimentation in reservoirs. its measurement,
its management and 1ts economics (Tarcla and Menendez, 1999: Goodwill et al..
1995: Chang et al.. 1996; Nicklow and Mays. 2000; De Cesare et al., 2001 Salas and
Shin. 1999; Zicgler and Nisbet, 1995 Nicklow and Mays, 2001 Palmicen et al.,
2001)

Empirical remote sensing

The conventional techmque of resenvoir sediment deposition quantification using
hvdrographic survevs and the inflow-outflow methods is cumbersome. costly and
tume-consuming. With the avalabihity of high-resolution satelhite data, capacity
surveys of resenvoirs by remote sensing are gaining recognition and acceptance. In
comunction with GIS. the temporal change in waterspread area can be analysed to
evaluate the sediment deposition pattern in a reservoir (Goel et al., 2002: Jain and
Singh, 2002). There are hmitations to this method. however. For example, remote
sensing techmiques provide information on reservorr capacities only within the zone
of water level fluctuation

3.1.1.7 Turbidity of reseryoirs

The most obvious effect of suspensoids in water 15 to increase turbidity (Allanson, 1995)
Waters in arcas with fine silt and ¢clay tend 1o have persistent turbadity that lasts long after
the croding waters have reached therr destination. Sedimentation rates are low and ordmnary
turbulence in the water 1s enough to keep these fine particles suspended for months
(Straskraba and Tundisi. 1999), In South Afnca, turbid waters occur naturally. It is when
the suspensond load increases bevond the natural limat that sigmificant impairment of the
aquatic ecosvstem occurs (Allanson, 1995)
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Suspended clay. an attribute of reservoirs situated n centain geographic regions has
numerous physical, chemical and biological impacts on the limnological processes of these
ecosystems (Lind and Davalos-Lind. 1999). The most obvious effect of suspended clay in
reservoirs is reduction of phytoplankton photosynthesis due to competition for light. This
may be desirable in reservoirs with high nutrient loading. where eutrophication is a potential
problem.

This suspended material is a significant component of aquatic ecosystems as most
nteractions between solutes and suspensoids occur at the surface of the particles. Their
surface areas. which relate 1o particle size. is thus of particular impontance (Figure 25),
Organic and inorganic compounds adsorbed onto the surface of the particles include plant
nutnents, pesticides, heavy metals and orgamic molecules. all of which are of concern 10 the
water manager. Adsorbed nitrate and ammonium are weakly bonded and are readily
available for algal growth. Phosphate complexes form phosphate pools of varying
avanlability 10 phytoplankion (Allanson. 1995).

Size spectrum of particles
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Figure 25. Size spectrum of particles dissolved or suspended in natural waters expressed as particle
diameter in metres * (after Allanson, 1995, from Bruton, 1984),

Marzolf (1984) in Lind and Davalos-Lind. 1999, drew attention to the adsorptive properties
of clays as competitor with phytoplankton for nutrients and with bactenioplankton for
organic substrate. One of the best-studied adsorptive associations with clay is that of
phosphorus because of its importance as a growth-regulating nutnent.  Clays can deprive
algae of phosphorus by competing in the water column. and ultimately by carrying it out of
the photic zone in sedimentation. Temperature. pH. 1omic strength of the solution and the
presence of adsorbed organics on the clay surface. cach affect the phosphorus adsorption
kinetics.  Nevertheless, clays can also provide an accessible reservoir of phosphorus to
phytoplankton,

Suspended clay can adsorb large quantities of dissolved orgamic matenals and concentrate
them on the clay surface.
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Based on studies of turbid sub-tropical reservoirs (Lind and Davalos, 1990), it was found
that clays often bind with dissolved organic carbon to form large amorphous aggregates (up
to 65um). The formation of such aggregates varies greatly and what causes the differences in
unknown. In Waco Reservoir, Texas, clays remamn independent. while in nearby Lake
Brazos (a reservoir). aggregates that are colomzed by bactena are formed.

Bactenoplankton are possibly the most intimately related to suspended clays of any of the
hmnetic commumties (Lind and Davalos-Lind. 1999).  This 1s in pant because much
dissolved organic maner (DOM). which provides bactenoplankton nutrition 1s adsorbed to
the clay. Lind and Davalos (1990) proposed that the organmic component of interest to
microbial ecologists in clay turbid waters should be the particulate and not the dissolved
fracion. This 15 not 1o suggest that phytoplankion photosynthesis 1s not important to
bactenoplankton. These authors found that the highest rates of bactenoplankton production
in Waco Reservoir (Texas) occurred at the transition zone of the reservoir where turbadiny
was intermediate and algal biomass was greatest.

Clay adsorbed organic matter 1s an important food source for microcrustaceans and
copepods (Arruda and Foulk. 1983: Gliwicz, 1986, both 1in Lind and Davalos-Lind. 1999).
This use of ngested clay-organic martter 1s seen as compensatory for the loss of
phytoplankton due to light limitation. Although the quantity and quality of organic matter
avanlable by this means vanes greatly, depending on both ¢clay and environmental factors. it
appears that for many reservoirs the ambient clay turbidity 1s sufficient to provide food at
lcast in excess of the starvation level

As a consequence of the clay facilitation of bactenal production, Lind et al.. 1997, proposed
that greater microheterotrophy can replace part of the lost food web base caused by light
himitation of photosynthesis (Figure 26). This food web incorporates the role of suspended
clay with the shift from photosynthetic autotrophy to microheterotrophy.  Features of this
model include the concentration of DOM on the clay with the formation of COBA (clay-
organic-bacteria-aggregates) that increases bactenal use efficiency and the use of the COBA
by macrozooplankion thus byv-passing the microzooplankton hink of nanoflagellates and
ciliates. It also suggests the possibility of direct fish consumption of the COBA with even
greater trophic level efficiency. Lind et al. 1994, in Lind and Davalos-Lind. 1999, used thas
maodel to explain the relatively large fishery on Lake Chapala (Mexico). which was in excess
of that predicted by any of the usual photosyathesis or algal biomass based fishery models.
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Figure 26. A portrayal of some clay-mediated processes in lakes and reservoirs with particular
reference 10 production and trophic relations. (Afier Lind and Davalos-Lind, 1999). Heterotrophic
nanoflagellates are designated as HNAN.,

3.1.1.8 Sustainable use of reservoirs with respect to sediments

Concepts of long-term sustainability and sediment management have rarely been
incorporated into reservoir projects. The design strategy for China’s Three Gorges Project
represents a significant departure in this respect. Sustained use was established as an
engincening cnitenion, and the project incorporated the structural and operational features
required to achieve a long-term sediment balance with no loss in project benefits from the
carly planning stage. (Alternatively it could be stated that project benefits were limited to
those that could be sustained. as opposed to focusing on high initial benefits alone). A
balance between sediment inflow and outflow 1s expected to be achieved after about 100
years of operation (Mommis and Fan, 1998: Palmieri et al., 2001),

The sustaiability cniteria suggested for new reservoirs is to design for a minimum of 1000
years of operation. This may be accomplished by balancing sediment inflow and outflow,
by providing 1000 vears of sediment storage capacity, or some combination thereof.

Many benefits from existing reservoirs may not be sustainable as sedimentation progresses.
For existing reservoirs, sustainable sediment management should seck to balance sediment
inflow and outflow across the impounded reach while maximizing long-term benefits.
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This may involve strategies to minimize sediment inflow. enhance sediment release. ora
combination of both.

However. sustainable sediment management encompasses the entire fluvial sediment system.
It 1s not achieved without cost. At a minimum it involves better information and improved
management. It may also involve large operational and capital costs for watershed
management. construction, and temporary removal of the dam from service or the release of
increased volumes of water downstream. Nevertheless continued operation with reduced net
benefits 1s preferred to project abandonment (Mommis and Fan, 1998)

3.1.2 Nutrient Pollution - Eutrophication

3.1.2.1 Introduction

Eutrophication - the ennchment of water bodies with plant nutnients, typically nitrogen and
phosphorus. and the subsequent effects on water quality and biological structure and
function - 1s a process rather than a state (Rast and Thornton, 1996). It represents the ageing
process of lakes whereby external sources of nutnients and organic matter of terrestnal origin
accumulate in a lake basin, gradually decreasing the depth and ultimately filling
completely. Under natural conditions (without human interference) this process takes place
over geological ume. However, “cultural cutrophication™ can accelerate the ennchment
process to a few decades, especially in the case of reservoirs. which usually have
disproportionally large catchment arcas.

Plant nutrients which enter the water body as solutes or bound 10 organic and inorgamc
particles result in enhanced growth and increased abundance of aguatic plants. both algae
and macrophytes. often resulting in reduction of water quality (UNEP. 1999; Baker ¢t al..
2001).

Eutrophication of inland waters ranks as one of the most widespread environmental
problems and has many sigmificant and negative ccological. health and economic problems

In both developed and developing countries everywhere in the world. with a few local
caceptions, 1t s recognized to be an acute problem (UNEP, 1999)

3.1.2.2 Factors that contribute to cutrophication

3.1.2.2.1 I'he reservoir ecosystem

Many different imnological aspects are important to the understanding of eutrophicatnion and
thus 1ts management. These were discussed in detail in Section 2 and will therefore be only
briefly revisited in this section

Physical factors

Solar radiation and its dissipation as heat are of fundamental importance in the
reservorr ecosystem and have a great influence on the development of eutrophication
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if other conditions arc favourable. Light is essential for photosynthesis, while
temperature differences dnve the vertical stratification process.

In reservours, transpornt processes, either related to heat and momentum exchanges at
the water surface. or to flow. play a significant role in cutrophication. Nutrient
transport, distnbution and circulation are influenced by water movements, while
hydraulic residence time influences the time available for plant growth.

Chemical factors

Chemical conditions in reservoirs are influenced by biogeochemical and hydrological
processes in the watershed. as well as by ecological and chemical processes within
the water and sediments of the waterbody. Eutrophication, by defimition is the result
of the increase in the amount of available phosphorus and nitrogen and other
nutnients in the water, but dissolved oxygen, organic and inorganic carbon are also
essential elements in the many and complex interactions which occur. The role of
sediments in the chemistry of reservoirs 1s vitally imponant and the exchange of
nutnients between the sediments and the water column plays a very significant part in
the cutrophication process

Biotic factors

Biotic communities in reservoirs can be divided into those in the pelagic zone, those
in the profundal zone and those in the littoral zone. Contributions to. and the effects
of eutrophication vary from zone to zone. and among different biota. Pelagic
organisms include fish, zooplankton, phytoplankton and free-living and attached
bacteria. Organisms in the profundal zone include a wide vanety of invertebrates
and microbes. the abundance and species composition of which is strongly
influenced by the presence or absence of dissolved oxygen. Emergent, floating and
submerged macrophytes occur in the hittoral zone of reservoirs when conditions are
favourable. They provide a habitat for antached algae and bactena (periphyviton) and
for free swimming fish and invertebrates.

Food webs
Interactions among trophic levels can modulate the effects of eutrophication.  Factors

such as predation and grazing pressure, and their effects on community structure and
size range within populations, are significant.

3.1.2.2.2 External loading

The role of the watershed in the eutrophication of reservoirs 1s the subject of much research.,
and 1s of great sigmificance with respect 10 1ts management and control. However, in spite of
1ts considerable importance, 1t 1s not within the scope of this repon.
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3.1.2.2.3 Internal loading

Internal recycling of nitrogen and phosphorus from sediments of reservoirs can sustain
cutrophic conditions for long penods after external loading 1s reduced (Hom, 2003).

Ammonium 15 produced by the decomposition of organic matter in reservoir sediments. A
portion of the ammonium may be nitrified to nitrate, which may be partially nitrified to
nitrous oxide and gaseous mitrogen depending on the oxidation-reduction status of the
sediments. High concentrations of dissolved orgamie mtrogen in the surface sediments
tvpically diffuse into the overlying water.

31.2.2.4 Limiting factors

Light and nutnents, respectively functioning as rate- and yield-limiting factors, determine
the growth of algae and aquatic macrophytes in reservoirs. These resources are therefore
considered to be miting factors when they are in “short supply.”™ Although one factor
seldom consistently limats plant growth under the varying and interactive conditions of the
aquatic ecosystem, dommnant control at a particular time and in a particular place can ofien
be attnbuted to a single factor (UNEP. 1999: Sherman et al.. 1998: Hemandez-Aviles et al..
2001)

Light avanlability plays a key role in the growth of submerged macrophytes which are
usually rooted and can therefore access the sediments for nutnients. Turbidity caused by
suspended sediments or algal blooms, or shading by floating plants would thus be
instrumental in imiting light. Floating plants. on the other hand. are casily able to receive
light, but depend on nutnients in the water

Phytoplankton abundance and species composition changes with different ratios of nutnients
in the water and underwater light conditions. Some ¢vanobacteria can regulate their
buovancy and often become dominant under turbid conditions.  Different ratios of. for
example, nitrogen to phosphorus (Ahn et al.. 2002) or phosphorus to silicon can alter
competitive relationships among some algal species

3 1.2.3 Effects of Eutrophication
3. 1.2.3.1  Algal blooms

A pervasive result of nutrient enrichment of reservorrs 1s increased algal growth. Some
species of green algae (Chlorophyta). evanobactena and dinoflagellates can cause off-
flavours and odours in water (Baker et al.. 2001: Wang et al., 2002: van Ginkel et al., 2001;
lzagwirre et al., 1999; Yamada et al., 1998; Fukuju ¢t al., 199%) and fish, and or clog filters
in water treatment and industnal facihues (UNEP. 1999 van Gankel et al.. 2001). Some
diatom species ¢.g. Asterionella formosa are known to interfere with the treatment of
drinking water supplies ( Bertrand ¢t al.. 2003)

Cyanobactena are an especially problematic group. They can form unsightly surface scums
due to the fact that the buovant cells of some species float to the surface (UNEP. 1999;
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Olsen et al., 2000; Wang et al., 2002), generating “hyperscums™ in hypertrophic reservoirs
such as Hartbeespoort (Robarts and Zohary. 1984: Zohary and Robarts. 1989). This
buovancy also causes water quality problems associated with the local accumulation of algae
downwind (Pivasin, 2001). causing attenuation of light and oxygen depletion (Olsen et al..
2000). Fish mortalities may occur on die-off of some species of cyanobacteria. (UNEP,
1999).

Dinoflagellates often form blooms (van Ginkel et al., 2001) and develop red tides that can
include toxic strains (Yamada et al.. 1998:; Fukuju et al., 199%).

A by-product of dense algal blooms is high concentrations of dissolved organic carbon.
When water with high DOC 1s chlonnated. potentially carcinogenic and mutagenic
tnhalomethanes are formed.

3.1.2.3.2  Algal toxins

Freshwater toxins are produced almost exclusively by cyanobactena (UNEP. 1999). The
most common genera of potentially toxic cvanobactena in water S10rage reservoirs are
Microcystis. Anabacna and Cvlindrospermopsis (Vieira et al.. 2003). Toxic cvanobacterial
blooms in reservoirs pose a potential health nisk 1o humans, hivestock and other biota
(Chellappa and Costa. 2003: Caleffi et al.. 1994), whether the water is used for imgation.
recreation or potable purposes (Wang ¢t al., 2002). In 1988, 88 deaths in 42 days in Brazil
were attributed to cyanobacterial toxins in the dnnking water from the ltapanca Dam. while,
in China, high incidence of pnmary liver cancer was attnbuted to cvanobactenal toxin
contaminated drinking water (Wang et al.. 2002).

Various genera and species produce different toxic compounds generally classified as
neurotoxins. hepatotoxins, cvtotoxins and endotoxins. Neurotoxins are highly toxic but their
degradation in the water is rapid.  Hepatotoxin removal from reservoirs containing toxic
cyanobactena is difficult because some forms are stable and resistant to chemical hydrolysis
or oxidation and can casily pass through traditional water treatment processes (Wang et al.,
2002). They may persist for months or even vears, and remain potent even afier boiling
(McGregor and Fabbro, 2000).

The majonty of the approximately 50 known microcystins have been isolated from species
and strains of Microcvstis. They are extremely toxic and can cause death in laboratory mice
in 1-3 hours. Microcystins are hepatotoxins that can accumulate in vertebrates and
invertebrates. including fish. mussels and zooplankton. Because of their potential for
bioaccumulation and their slow rate of degradation. microcystins have considerable potential
for toxicity in aquatic food chains.

The alkaloid cylindrospermopsin is considered a cytotoxin because it attacks cells
throughout the body. Gastroenteritis. renal malfunction and hepatitis have been observed in
animals and humans poisoned by water containing cylindrospermopsin producing
cvanobacteria (McGregor and Fabbro, 2000).

Several environmental factors 1.¢. light, temperature. nutrient concentration or pH can
influence the degree of toxin production but the genetic structure of the bloom seems 1o be
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the major factor determining its toxaicity. Typically about half all blooms tested are toxic and
the occurrence of toxic blooms 1s becoming more frequent. (Humment et al. (2001) Bleiloch
Reservoir, Germany; Oudra et al. (2002) Lalla Takerkoust Reservoir. Morocco: Vieira et

al. (2003) Utinga Reservoir. Brazil. where microcystins were recorded from Radiocysris
fermandoi for the first ime: Blaha and Marsakek (2003) Czech Republic: van Ginkel et al
(2000) South Africa: McGregor and Fabbro (2000): Baker et al.. (2001) Australia: Pizzolon
ctal. (1999) Argentinag: Wang et al. (2002) Bang Phra Reservoir, Thailand: Panosso et al.
(2003) Funil Reservoir, Brazil).

Toxin content is highest within actively growing cyvanobactenal cells and release 10 the water
appears to occur duning cell senescence. Since algal scums commonly accumulate against
dam walls in proximuty to water off-take sites. this problem assumes especially great
significance 1n reservoirs.

3.1.2.3.3  Growth of macrophytes

Dense mats of floating aquatic plants ¢ g Eichhornia crassipes (Magadza, 2003, Lake
Chivero, Zimbabwe: Fernandes and Crnisman. 1994, Lake Paranoa, Brazil), Salvima molesta
(Moreau, 1997; Mhlanga, 2001, Lake Kanba) and Pistia srratiotes (Sommaruga et al., 1993,
Cisne Reservoir, Uruguay) develop and often cover large arcas, especially in wind sheltered
arcas within reservoirs. These mats prevent light from reaching submerged macrophytes and
phytoplankton.

They produce large quantitics of organic detritus that can lead to anoxia and emission of
gases such as methane and hvdrogen sulphide.  The matenal denved from these plants s
usually of low nutnitional value and not usually an important component of the diet of
zooplankton or fish,

Accumulations of aguatic macrophyvtes may restrict access for fishing or recreational arcas
and can block irmgation or navigation channels as well as hydroelectric power plant intakes.

3.1.2.34 Anovia

A by-product of increase in abundance of algae or macrophytes is generation of more
organic matter. As this decomposes in the water column or in the sediments, the
concentration of dissolved oxygen decreases due to bactenal activity. This can lead to
deoxygenation of the sediments and decper waters. threatening the survival of fish and
invertebrates. especially benthic organisms

Under anoxic conditions, ammonia, iron, manganese and hydrogen sulphide concentrations
can nise to levels deletenious 1o the biota and to hydroelectnie power facilities. Phosphate
and ammonium are released into the water from anoxic sediments. further enniching the
resenonr
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3.1.2.3.5 Species changes

Shifts in the abundance and species composition of aquatic organisms are frequently a
consequence of cutrophication. Algal blooms or floating macrophytes reduce light
penetration, reducing or elimmating submerged macrophytes. Changes in food quality
associated with shifts in algal or macrophyte composition, and decreases in oxygen
concentration ofien alter the species composition of fish,

3.1.2.3.5 Hypercutrophy

Hypereutrophic lakes and reservoirs represent the ultimate stage of the eutrophication
process. Unhike other eutrophic systems where reductions in nutrient loading may reverse
the process. these measures are seldom feasible in hypereutrophic conditions. They usually
have uncontrollable nutnient inputs. from diffuse and non-point sources.

3.1.2.3.6 Enhanced internal recycling of nutrients

Internal recycling of nutnients into a reservoir from the sediments can be significant and can
exceed external loading. Once a system has reached a eutrophic or hypercutrophic state its
dependence on external sources of nutnients 1s dimimished

3.1.2.3.7  Elevated nitrate concentrations

High concentrations of mitrate resulting from mitrate-rich runoff or nitrification of ammonium
within the waterbody can cause public health problems. Methylhacmoglobinaemia in infants
results from mitrate levels above 10mg/1 in dnnking water. By interfering with the oxygen
carrying capacity of the blood. high nitrate levels can lead to life-threatening oxygen
deficiency

3.L238  Increased fish viclds

Yields of fish tend 10 increase as pnimary productivity increases - up 1o a cut-off level, when
oxvgen depletion or elevated pH and ammonia levels impose limits to, or even decrease fish
vields. Assuming that the fish whose yields are improved are edible and marketable. the
increase in pimary productivity associated with nutrient enrichment can have a positive
result. Partly as a consequence of this response. distinet cultural differences may be evoked
by eutrophication. Developing nations show greater tolerance to the consequences of
cutrophication than industnahzed socicties. However, it 1s relevant to stress that the human
health impacts of eutrophication are commonly greater for developing than developed
societies, for a vanety of reasons.

3.1.2.4 Assessment of Eutrophication
3.1.2.4.1 Limiting nutrients

The following factors determine the relative role of phosphorus or nitrogen in limiting the
productivity of phyvtoplankion n reservoirs,
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the ratio of nitrogen to phosphorus in hydrologic and meteorologic inputs, and
in the vertical Mluxes of dissolved nutrients within the reservoir.

e preferential losses from the cuphotic zone by processes such as denmnfication.
sorption of phosphorus to particles and differential settling of particles with different
nitrogen 1o phosphorus ratios.
the relative magnitude of the external supply to intemal recycling and redistnbution.
the contnibution from nitrogen fixation.

Unfortunately. coordinated measurements of these processes have been undertaken in very
few lakes and reservoirs. Instead. inferences from several indicators of nutnent mitation
must be made.

3.1.2.4.2 Evaluatory modelling approaches

Many empincal models have been developed to predict the concentration of total
phosphorus in lakes and reservoirs as a function of annual phosphorus loading. Extensions
of such models offer predictions of chlorophyll concentrations 1n phytoplankton, of Secchs
disc visibility or of dissolved oxvgen levels. However, these models often have very high
uncertainty levels and usually require modification for different regions.

Dynamic simulation models incorporate mathematical descniptions of physical. chemical and
bological processes in lakes and reservoirs (Olsen et al., 2000, Eglwys Reservorr, Wales:
Easthope and Howard. 1999. Howard and Easthope. 2002, Farmoor Reservoir. UK Bonnet
and Poulin, 2002, 2004, Lake Villerest. France, Burrinjuck Reservoir. Australia: Lavnk ¢t
al., 2002, Dnicper Reservoirs, Russia; Wu et al., 2004, Shilmen Reservoir, Taiwan: Soyupak
etal.. 1997, Kehan Dam, Turkev). If properly designed and calibrated these models can
assist with management decisions that require the consideration of alternative scenarios

They often offer sufficient spatial and temporal resolution to model algal blooms and other
responses to cutrophication. However, the data requirements and process-level
understanding demanded by dynamic models can be formidable

3L1.2.5 Management of Eutrophication

Ihe primary step in the reduction of cutrophication in reservorrs is to limat, divert or treat
inputs of nutrients and associated particles 1.¢. preventative intervention.  In many north
temperate lakes and resernvoirs, such control of external phosphorus supphies has improved
water quality. However. in other regions. mitrogen. which is much more difficult to control,
15 sometimes the pnimary nutnient

Because reservoirs can trap and recyvele nutrients and organic matter. reduction in loading
from the watershed may not rapadly reverse the impacts of cutrophication. Hence. it may be
necessary to modify internal physical. chemical or biological processes. as described below
under “in-lake-management”.

e Management and Restoration
Theoretically. a reservoir will respond to “management™ in accordance with the
impact of the forcing functions or external vanables. Management therefore has no
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meaning unless the forcing functions are changed (UNEP. 1999). From a
management point of view, however. it may take much too long before the response
of the reservoir can be observed after forcing functions are changed. especially 1if
there is a long retention time In such situations, restoration methods may
significantly speed up the response to the changed forcing functions.

In-lake (ecotechnological) management

Many techniques are available for the improvement of water quality within the body of a
reservoir. Information in this section is taken from Stradkraba and Tundisi (1999) unless

otherwise indicated.

31251 Mixing and oxygenation

The aim of artificial mixing 1s oxidation of either a deoxvgenated hypolimnion or the entire
waterbody and’or inhibition of phytoplankton growth. Figure 27 shows the basic tvpes of

mixing.

HYPOLIMNETIC
DESTRATIFICATION AERATION

IMix
i

A

EPILIMNETIC
MIXING

M
opt

N

3

LAYER
AERATICN

(

Figure 27. Four basic types of mixing (after Stradkraba and Tundisi, 1999)

e Destratification - artificial circulation

Destratification 1s accomplished by injection of compressed air from a diffuser into
the water at the reservoir bottom. (See Figure 28)

The aims of such artificial circulation are firstly to reduce algal biomass by means of
hght hmitation of cells. which 1s achieved due to their spending less time in the
illuminated zone and. secondly. to maintain oxygenated conditions at the sediment-
water interface in order to prevent internal loading of nutrients from the sediment.
Thirdly. shifts from nuisance cyvanobactena to populations of green algae or diatoms
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may be achieved through increased CO; and thus lowered pH, loss of effectiveness
of buoyancy controlling mechamisms. particularly in the case of subsurface
populations such as Osciflatoria. and reduced sinking of heavier species such as
diatoms (Barbiero et al.. 1996b).
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Figurc 28. Destratification with a compressor and diffuser (afier Straskraba and Tundisi. 1999)

This method 1s not inevitable successful however. Insufficient mixing can have extremely
negative effects and water quality may become degraded rather then improved (Schladow,
1993). Compressed air caused supersaturation of dissolved nitrogen. causing downstream
fish kills (Fast and Hulguist. 19X2, both in Straskraba and Tundisi (1999)

Case studies

! From results obtained in East Sidney Lake, a small cutrophic reservoir in
LUSA. Barbiero et al. (1996a) concluded that. in and of themselves. changes in
the physical structure of the water column should not be expected to alter
phytoplankton community makeup unless they effect changes in the
underlying physical or chemical factors that determine successional
sequences. Of the factors examined in this study. these included TN: TP,
temperature and flushing rate. none of which were sufficiently altered by
irtificial circulation to affect phytoplankton community size or structun

2 I'he eftects of amificial circulation in a small tropical reservoir. Solomon
Dam. on Palm Island. ofY the coast of Queensland. Australia, were reported

by Hawkins and Gniffiths (1993). In this study. the general tendency was for
total chlorophyll 1o be higher during penods of anificial straufication than
during unmanaged pentods. This was probably related to extensive drawdown
during the latter part of the destratification period which reduced the ratio Z,
Z.,trom 2010 1.2 The method was nevertheless effective in changing the
structure of the phytoplankton commumity. switching dominance from bloom-
forming ¢vanobactena to diatoms

3 A long term data set from North Pine Dam in Bnishane, Australia ( Antenuccr
et al., 2005), proved invaluable in assessing both the long-term impact of
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destratfication on water quality. and the factors affecting the dominant
cvanobactenal species. Cviindrospermopsis raciborskii. Although
destratification was successful in reducing chlorophyll a in some arcas of the
reservoir, the method was not successful in avoiding the dominance by
Cvlindrospermopsis. This indicates that the adaptive features of
phytoplankton must be considered when implementing amelioration strategies
in reservoirs, and that attempts to reduce internal loading should also be
matched with concurrent efforts 1o reduce external nutnent loading

- The use of an intermittent destratification strategy (Simmons, 1998) was used
1o prevent stratification from becoming established in Hanmingfield Reservoir
(UK). It was anticipated that the constant desclection of any one type of
environment would promote competition among the algae. leading 1o lower
overall biomass. The results showed a 66% reduction in mean annual
phytoplankton biomass after three vears. but no change in type or succession
of phytoplankton. However, the author cautions that even though the results
are encouraging. the observed outcomes cannot be conclusively attnbuted 10
the intervention used.

N

Problems of manganese release from the bottom sediments in Teddington
Weir. (Queensland. Austrahia) prompted the installation of an automatic
stratification device. controlled by temperature sensors (Burns, 1998). By
controlling mixing automatically. to take place only when stratified
conditions are detected. stratification can be kept under control at mimmum
cost, and the resulting intermittent mixing has been found to have advantages
over continuous mixing for algal control (Steinberg and Gruhl, 1991: Burns,
1994, both in Burns, 199%).

Bums® design of air-diffusion mixing is based on the assumption that
localized mixing creates the unstable condition of having a column of
uniform density water surrounded by non-uniform water stratified into
vanous densities. By providing sufficient energy to maintain the uniform
density column of water, convection eddies are generated which destratfy the
whole water body. (Figure 29). The successful application of these design
methods on many projects (Bums. 1996 in Burns, 1998: Daldorph, 1998) and
the speed at which destratification happens even in very large water bodies
with no visible disturbance other than at the acrator (Bumns, 1995a in Burns,
1998) gives support to the theory (Bums, 199%).
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Figure 30. Consequences of circulation for water quality according to Pastorok et al. (1981) in
Straskraba and Tundisi (1999)

¢  Hypolimnetic acration

Several types of commercial acrators are available that can aerate the hypolimnmion
without destroying the thermocline. (Figure 31). This 1s appropniate as a corrective
techmique in cases of hypolimnetic oxygen deficits, but 1s not apphicable for shallow
lakes or narrow, near-bottom anoxic layers.

Theoretically. the advantages of this method are that (1) acration 1s accomplished
without transfernng clements (e.g. nutnents) from the hypolimmon to the epilimmion,
and thus algal growth is not enhanced. (1) water quality 1s improved by the decrease
of ron, manganese and taste and odour problems in dnnking water supphies, (1)
improved oxygen conditions in the hypolimnion permit cultivation of sensitive fish,
and (1v) damage by corrosion to turbines and other structures is reduced thus
improving downstream water quality and the cost of repair (StraSkraba and Tundisi.
1999).
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1. Schematic representation of a hypolimnetic acrator (atter Burnis and Little, [998)

The investment cost is higher than destraufication because of speciahized equipment
requirements. The operating costs depend on the arcas of the hypolimmon. rate of
oxygen consumption of the reservorr and the degree of thermal stratnfication. These
costs can be estimated by a method devised by Cooke ¢t al. (1993)

A hypolimncenc aerator operation was tested in Lake Prince. a water supply reservonr
in Norfolk. USA by Bumis and Little ( 199%). Improvements in hypolimnetic water
quality had been recorded since the installation of the aerator, including lowered
concentrations of iron, manganese, sulphide and phosphorus. However, steady
oxygen loss from the hypolimmon, found dunng acrated penods. [ead to increased
relcases of ron and manganese from lake sediments with corresponding detenoration
in water quality. A model that had been developed tor a Speece Cone (MceGinnis and
Litle.

By varving a

1995) was modified to conform 10 the conditions of the hypolimnenc acrator

sing

¢ parameter (the imuial bubble si1ze¢) the model was able 10 show

that a doubling 1n oxygen transfer could be achieved 1f initial bubble size was

"~

reduced from Smm 10 2.5mm

Epilimnetic mixing

This method s recommended because. as opposed to other miving methods that

CONSIST OF COMmeCTIN e achions, eplimnetic mining Seckhs 10 prevent or reduce the

o |
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formation of phytoplankton biomass. Surface waters are mixed to an optimum depth
ZmixOpt (the depth corresponding 1o z.,). In shallower impoundments (where the
depth corresponds 10 Zgopt) the formation of a hypolimnion with resulting
deoxygenation 1s prevented.

No negative environmental impacts are evident but if the technology fails, rapid
growth of algae follows. with the associated costs.

e Layer acration

T'his approach is based on detailed knowledge of the stranfication conditions of a
given reservoir and the consequences of these in terms of water quality. Heat and
oxygen in a stratified reservoir are redistnibuted into discrete layers. Mampulation of
the thermal structure can create desirable physical and chemical (in particular
oxygen) condinions.

Detailed imnological knowledge s required for successful implementation of this
method.

¢  Speece cone

The Speece Cone (Speece et al., 1952: Speece. 1994) 1s a highly technical device
designed to oxygenate water with little mixing. The device works by releasing water
supersaturated with oxygen into the hypolimnion by means of diffusers (Figure 32).
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N
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Water In .

I || Diffuser

- = v
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Figure 32. Diagram of a Speece Cone (after McGinnis and Little, 199%)

A model that predicts bubble dynamics and oxygen transfer within a Speece Cone
has been developed by McGinnis and Little (1998). Kennedy et al. (1995) report that
the investment costs for a large reservoir are approximately S million SUS.
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e Propeller mixing and oxygenation

T'his method differs from all those already discussed in terms of how the mixing is
achieved. The previously described methods are based on mixing by raising air
bubbles from below. This method involves mixing from above by the use of a
propeller that i1s attached to the bottom of a pontoon and can be used 1n many
difterent applications (Figure 33)
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Figure 33 Schematic diagram of onc type of surface mixer (after Lewis et al., 2003).

A laboratory study by Stephens and Imberger (1993) examined the efficiency of
energy conversion from mechamical energy to buoyant flux as a function of impeller
diameter. the speed of rotation and the degree and tvpe of straufication. The authors
concluded that it remains 10 be seen whether mechamcal mixers are a viable
altermative stratification techmique 1o the above methods. Baines and Lench (1992)
examined expennmentally, the mechanics of hquid transport by bubbies n a stratified
environment. A stream of bubbles carries with it an upward hiquid flow. In an
unstratified environment. the hquid nses in an expanding turbulent jet until it 1s
expelled at the surface. However. when the environment is stratified. both the
upflow in the hiquid plume and the return motion are affected by buovancy. All the
fluid in the liguid plume has been entrained from lower in the stratification, so will
always be denser than its surroundings. Any of this fluid that s detrained will flow
downward to the elevation of static equilibrium.  Although this expeniment was
performed 1in a small tank, these results can be used to evaluate the use of a bubble
plume 10 mix a stratfied resen orr
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3.1.2.5.2 Sediment removal

*  Dredging the sediments

This method involves removing the phosphorus-nich upper layers of the sediment
using vanous types of dredging equipment (See Fig 34).

The main advantage of this method is that the results are long-lasting. as long as the
external loading of nutnients from the watershed in minimized (UNEP, 1999).

A disadvantage 1s that extensive areas are needed 1o store dredged slurry while it is
dryving and before it can be used as a fertilizer (only when 1t has a low heavy metal
content) or otherwise disposed of (UNEP, 1999), In many countnies the management
of dredged matenal is an issue of growing concern because the volumes are so large
and the contamination may be very high. Ecological nsk or hazard assessment
approaches are frequently used as decision support tools (Babut et al.. 2003).

Figure 34, Schematic representation of sediment removal. |- The bottom mud suction dredger, 2-
Settling pond for sediment drying, 3-Runoff water to the aluminium sulphate automatic dosing
instrument 4a and its acration basin 4b. The overlying water is returned from the sedimentation hasin
4¢ 1o the lake through tube 5, while the dried treated sediment is used as fertilizer in agniculture 6.
(Redrawn from Eiseltova (1994) in X1X).

31253 Sediment aeration and oxidation - sediment injection
The goal of this method is 1o decrease phosphorus release from the sediments. This

may be achieved by the application of fernic chlonde to sediments that are low in iron
to decrease phosphorus release. Lime may be added to create a pH level that is
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optimal for denitnification, or calcium nitrate is injected into the top 30cm of
sediments to oxidize and break down organic matter. and denitnfy the elements.

This procedure must be specifically adapted for cach apphication in accordance with
existing chemical conditions in the sediments. However. this method requires special
cquipment that can be used on flat and shallow bottoms only

3.1.254 Sediment capping - covering sediments with inert matter

An altermative to sediment acration or oxadation 1s simply to cap the sediments with
foil. raw ash. crushed bricks. sand. clay or other inert matenal. This method is
relativelyv inexpensive and effective

3.1.25858 Phosphorus inactivation

e Alum precipitation

Spreading alum (AISO;) over the lake surface 1s a procedure used to precipitate
phosphorus from the lake and scal the bottom against phosphorus release. Alum
forms gelatinous flocs that sorb dissolved phosphorus and accumulate on the bottom
where '.hu“\ sorb Pht‘\pht'ﬂl\ that lcaches out of the sediments

The hypolimmon, only, of Eau Galle Reservorr, Wisconsin, USA (James et al., 1991)
was treated with alum as it was assumed that only anoxic sediments contnbuted to
the internal loading of phosphorus. Theoretically. the dose applied was sufficient to
control sediment phosphorus release for S years. However, the effectiveness of the
treatment was greatly diminished after! vear. Several possible factors may have
contnibuted 10 this, including bunal and iactivation of alum by sedimentation.
phosphorus release from the untreated hittoral zone. and phosphorus inputs from
ungauged hvdraulic sources (groundwater inputs)

Advantages of this method are that no special equipment 1s needed and the effect s
long lasting (up to 14 vears). Negative environmental impacts can occur in
connection with toxicity of aluminium at pH less than 6. However, Al
concentrations below S0 ug.l " are not considered harmful to organisms. In addition.
this method 1s not feasible in waterbodies overgrown with macrophytes or where
there 1S INIeNSIVe resuspension. a senous constraint in many reservorrs where marked
drawdown occurs

Phosphate can also be precipitated by the addition of fermic sulphate, femic chlonde
or calcium hyvdroxide. These chemicals are added either 1o the pumped input, the
water column or the sediment (Perkins and Underwood. 2002)
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3.1.2.5.6 Biomanipulation

The principle of biomanipulation as a means of eutrophication management 1s the
manipulation of the food chain. Control 1s theorctically achieved by maintaining low
feeding pressure on zooplankton by fish. so that large species of zooplankton predominate
that are capable of keeping phytoplankton biomass under control (Moss, 1998: Straskraba
and Tundisi. 1999). (Figure 35)
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Figure 35. A schematic representation of biomanipulation. The lefi pancl shows the consequence of
low predatory fish biomass on the composition of zooplankton and phytoplankton, and consequently
low transparency, high pH and low hypolimnctic oxygen concentration. The right panel shows the
consequences of increasing the predator biomass thus decreasing the biomass of zooplanktivores and
allowing an increase in zooplankion which decreases the phytoplankion biomass resulting in high
transparency. lower pH and sufficient oxygen in the hypolimnion (from Benndorf et al, 1984, in
Stradkraba and Tundisi, 1999).
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J.1.2.5.6.1 Manipulation of fish populations

Development of fish populations to maintain a desirable zooplankton phytoplankton ratio
can be achieved in vanous ways (Straskraba and Tundisi. 1999),

. The eradication of overcrowded. stunted fish populations, which due to their
high numbers and greater food requirements grow very slowly. can be managed
by means of Rotenone poisoning followed by predator stocking.

. The continuous introduction of predatory fish and net harvesting of non-
predatory fish has been utilized in many cases (Seda and Kubecka, 1997),
Collaboration with local sport fishery organizations and commercial fisheries s
uscful, if not necessary.

. Reservoir drawdown dunng reproductive penods of undesirable fish species. by
exposing the eggs on shore vegetation or gravel 1s another method of
controlling populations (Seda and Kubecka. 1997).

Recent reviews of biomanipulation (StraSkraba and Tundisi, 1999: Gulati et al.. 1990;
DeBernardi and Grussani (Eds). 1995: Shapiro. 1995: DeMelo et al., 1992) have shown that
this method 1s only partally successful and only under certain conditions. A thorough
evaluation of biomanipulation expenments published prior to 1992 (22 whole lake
experniments and 10 enclosure experiments) 1s summanzed in the box below (after Straskraba
and Tundisi. 1999). With one exception. these were all performed in the well-watered
regions of the north temperate zone.

1) 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.

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

3) Success is generally more pronounced in shallow and small water bodies, more specifically
because contro! of fish populations is easier undar such conditions.

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

5) Creation and stabilization of a streng population of piscivorous, predatory fish population
is difficult and time consuming, unless achieved by commercial net fisheries. The use of rotenone
poisoning 1s often required to start the conversion

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

7) 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

8) 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

9) Criteria for successful application of biomanipulation must be based upon local and
waterbody type specifics
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Some case studies in temperate regions since 1992

o Rimov Reservoir Czech Republic (Seda and Kubecka, 1997: Komarkova
et al., 1995)

Biomampulative management of planktivorous fish involved 3 strategies. (1)
control of spawning success of cyprinids by water level manipulation, (i1) capture
and removal of undesirable fish. and (1) enhancement of predatory fish
populations.

The only parameter influenced by the changes in fish stock was the zooplankton
body size structure. The biomass and density of large-bodied Daphnia were
neghgble dunng penods of high fish stock and increased up 10 109 of total
zooplankton when fish stocks were reduced. No significant differences in total
phytoplankton biomass were found. These authors mamntain that the assumption
of managed control of fish stock in lakes and reservoirs becomes more and more
fragile with the increase in size of the water body.  Planktivorous fish cannot
practically be removed by poisoning or by draining. any substantial lowering of
the impact of planktivory requiring a massive stocking programme of adult fish
predators. The cost-effectiveness of such stocking 1s often questionable,
especially because of the uncertainty of its stability.

The authors posed the question whether a threshold level of fish predation or
zooplankton status exists above which the top-down effects on the lowering of
phytoplankton biomass become evident. Based on this study. the
biomanipulation experiment on Hubenov Reservorir in the Czech Republic
(Hrbacek et al., 1978; 1986, in Seda and Kubecka. 1997). and the work of Seda
and Duncan (1994) in the London reservoirs, they concluded that this critical
limit rehies on a total zooplankton community biomass compnising between 20
and 30" of large daphmids in total biomass.

o  Maltanski Reservoir Poland (Goldyn et al., 1997)

This reservoir was emptied in September. 1992, and all fish were harvested.
After refilling the following year. it was stocked with fry of cel. pike and wels,
and a year later with adult pike in spring. pike fry in summer and pike and perch-
pike fry in autumn. However, high water transparency was only retained in the
first vear when large-bodied Daphmia were present. A changed composition of
cladocerans then resulted in uncontrolled growth of the colonial cyanobacterium
Aphanizomenon flos-aguae. Similar situations were reported by Benndorf
(1990). Gliwicz (1990). Sondergaard et al. (1990, 1997) and Kasprzak et al.
(1993). It was concluded that insufficient predatory fish had been introduced in
this experiment. with a resultant inadequate control of planktivorous fry and
cascading effects. According to Sondergaard et al. (1997) and Prejs et al. (1994)
stocking of 1000 piscivorous fry ha' is needed 1o achieve a strong effect on lower
trophic levels. while introduction in the Maltanski Reservoir was only 236 ha™' in
the first year. and 156 ha' and 413 ha ' subsequently.
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3.1.2.5.6.2 Food web manipulation in tropical and subtropical waterbodies

Theory concerning lake and reservoir food webs, and in particular regarding the key
role of fish. has been based largely on research in temperate lakes of Europe and
North Amenca (Drenner et al. 1996). Research s sull needed to assess whether
these theones apply to tropical and subtropical systems (Lazzaro. 1997: Arcifa and
Northcote. 1997: Lazzaro et al., 2003).

Lazzaro (1997) listed the following “pecubianties™ of tropical lakes compared with
temperate lakes.

(1) In many tropical lakes. visual feeding zooplanktivores coexist with filter
feeding omnivores (clupeids. cyprinids and cichlids. occurming naturally or as
a consequence of stocking) that feed on several trophie levels. These
omnivores are neither limited by zooplankton (because they can feed
altiermatively on phyvtoplankton and detritus) nor controlled by fish predators
(because of fast growth enabling them to quickly reach a size larger than
predator mouth gape). Systems dominated by omnivory have complex web-
like structures in addition to weaker trophic links and their dynamics are
poorly predictable from the “trophic cascade model™ (Lazzaro. 1997 Lazzaro
etal., 2003).

() Invertebrate predation by ¢.g. Chavhorus and Culex species (analogous to
Leprodora and Neomysis species in temperate waters) is often strong and
occurs all year round. It may prevent the increase in abundance of large
herbivores even in the absence of zooplanktivorous fish.

(i Large-bodied herbivorous crustaceans (mannly cladocerans) are relatively less
abundant and or species reach smaller sizes. This weakens any possible
control of phytoplankton by zooplankton

(iv)  Contrary to the tvpical scasonality of fish reproduction in temperate svstems,
in tropical syvstems fish species may spawn at difterent times. Therefore
juvenile fish that are predominantly planktivorous. regardless of their feeding
habits as adults. maintain a quasi-permanent size selective predation pressure
on zooplankton. This favours small zooplankton species and reduces even
more the grazing control of phytoplankton by zooplankton

(v) Duc 10 high temperature regimes in tropical waters, zooplankton generation
times are shorter. As a result. food requirements. which are higher. may
occasionally not be met. Both circumstances favour smaller species. (This s
questionable in terms of the “Size Efficiency Hypothesis™ (SEH)).

(vi)  Large open-water piscivores that are the dominant fish predators in North
Amenica and Europe often have no equivalent in tropical lakes or reservoirs,
They are replaced by gencralists, predominantly camivorous, fish, often
small-sized and sedentary (e.g. carmivorous cichlids and envthrimids in South
Amenca)
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The above charactenstics of tropical lakes and reservoirs weaken the top-down links
between piscivores and planktivores, and between zooplankton and phytoplankton.
These links must be strong for trophic cascades 10 occur. thus, the weaker the links,
the weaker the chance of successful biomanipulation based on trophic cascades alone
(Lazzaro. 1997).

Arcifa and Northcote (1977), reviewing their work on the Americana reservoir in
Brazil and the fish fauna in other Brazihan water bodies. suggested that the complex
food web structure would not allow regulation by simple chain linkages typical of
trophic cascades in northern temperate lakes, a conclusion also reached for lower
latitude reservoirs in the United States by Stein et al.. 1995, Thus in prospective
biomanipulation experiments in Brazilian reservoirs there is a great need for holistic
approaches in designing the expenments, interpreting their results and applying their
findings to practical management measures (Arcifa and Northcote, 1997). This need
anses for the following reasons:

(1) The ongin of the rich fish community 1s nverine, has been subjected to
marked changes in habitat and food web structure. and is ofien not fully
stabilized after the multiple effects of impoundment.

(1)  The stnctly zooplanktivorous fish species are of lesser importance, while
omnivores, insectivores, detntivores, piscivores and iliophagous forms are of
greater importance.

() Turbidity levels are higher, especially in the wet season, combined with
nocturnal vertical migration of zooplankton.

(iv)  Small zooplankton species are dominant. even under low predation pressure
or in the absence of zooplanktivores.

(v)  There is a great opportunity for strong experimental method interactions with
physical. chemical and biological factors during the course of the
expenments.

The control of phytoplankton biomass through the direct exploitation by a filter
feeding fish (¢.g. Hypophthalmus edentatus) able to feed also on large inedible algae
(Arcifa et al., 1995) scems 10 be the most suitable method for Brazilian reservoirs. in
addition 10 bottom-up control (Arcifa and Northcote. 1997).

The potential use of food web manipulation for controlling cyanobactena has also
been addressed for Australian waters (Boon et al., 1994: Gehrke and Hamnis, 1994;
Matveev et al., 1994: all in Hunt et al.. 2003: Matveev. 1998, 2003). Arguments are
largely unfavourable. mainly on the basis of resistance of cyanobacteria to
zooplankton grazing duc to uningestible size, grazing resistant coverings and toxicity
(Boon et al. 1994). However, results from food web manipulation studies suggest
that both grazing and nutnient recycling can affect cyvanobactena (Elser, 1999).
Substantial declines of cyanobactena biomass have been observed in response 1o
reductions or removal of planktivorous fish. This has been attributed to increased
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zooplankton grazing (Sanni and Waevagen. 1990: Chnistoffersen et al.. 1993; Bonics
et al.. 2000), 1o different rates of nutnient regencration (Vanm et al.. 1990) or to both
(Lyche et al.. 1990; Sondergaard et al.. 1990). However. the positive correlation of
cvanobacteria with planktivorous fish does not always apply. Reduction or removal
of such fish has resulted in increased cyanobacteria biomass (Lyche, 1989, in Hunt et
al.. 2003). and has shifted the dominance to a different species of cyanobaciena
(Carpenter ¢t al., 1995). Hence the complex interactions occurning in lake and
reservoir food webs result in unpredictability in the response of a system to
manipulation (Hunt et al.. 2003).

The subtropical reservoirs of Austraha present novel environments for food web
manipulation in terms of their biota. climate. physical limnology. age. and nutnient
fluxes (Banens and Davis, 1995; Matveev, 2003).

Hunt et al. (2003) expennmentally evaluated the short-term response of phyto- and
zooplankton to complete removal. reduced density and an ambient densaty of the
filter-feeding Australian gudgeon (Hhvpseleorris sp). a zooplanktivore. in Lake
Maroon, a subtropical reservorr. duning a summer penod when the phytoplankton
was dominated by the cvanobactenum Anahacena circinalis. The results revealed that
the density of Hypseleorris can have strong effects on the biomass and community
structure of phytoplankton, this being particularly evident in the response of
cvanobactenia. The possibility that the N: P ratios of nutrient excretion could explain
the relative abundance of grazer-resistant nitrogen-fixing bactena and chlorophytes at
different densities of Hiypseleorris imphies that nutnient excretion s an important
mechanism in determining phytoplankton community structure. These authors
propose that nutnient regeneration becomes increasingly impontant in determining
phytoplankton response to food web manipulation as the degree of nutrient limitation
INCTCascs.

As previously mentioned the response of subtropical lakes 1o food web manipulations
has been shown to deviate from expectations based on temperate lakes (Crisman and
Beaver, 1990; Havens etal, 1996). One of the deviations of subtropical and tropical
freshwater environments in Australia is an observed tendency for nitrogen to exceed
phosphorus as the predominant limiting nutnient (Hunt ¢t 2l unpublished data: Udy
et al.. 1999, in Hunt et al., 2003). Consequently such systems may not fit with
models developed within the “phosphorus paradigm™ from studies conducted in
temperate environments (Hunt et al.. 2003)

3.1.25.6.3  Assessment of biomanipulation as a method of cutrophication
management.

T'he man advantage of this method 1s that 1t is environmentally friendly. with no
machinery or chemicals required (as long as Rotenone is not used). It 1s not desirable
to use Rotenone in dnnking water supplies. In addition 1t may result in Kills of
desirable species. although 1t 1s not toxic to invertebrates or phytoplankton.
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It combines the requirements of fishenes with those of water quality. but in this
regard. education of fishermen 1s necessary. Continuous control of fish populations 1s
important especially where sport fishery selectively removes predatory rather than
planktivorous fish.

Expert limnological knowledge 1s essential and cach system needs to be thoroughly
mvestigated before restorative action 1s taken. Continuous control of fish
populations 1s necessary, especially where spont fishery selectively removes
predatory rather than planktivorous fish

Logically. however. the prospects of bilomanipulation as a tool for cutrophication
management in southern African reservoirs have also been cautioned on the
following grounds (Hart, submitted).

(1) High mineral turbidity counters the development of large-bodied cladoceran
grazers (even though hght-limitation serves as a pnimary constraint on algal
growth under such conditions).

(n)  Large-bodied cladoceran grazers are mostly ineffective feeders on large
colomal/filamentous cyanobacteria that are fundamentally more favoured by
the N: P ratios and light climates expressed in hypertrophic reservoirs, hike
Hartbeespoort Dam.

(m)  The absence of obligate planktivores in reservoirs himits the impact of
predation by facultative zooplanktivores largely to littoral of inshore margins.
Zooplankton grazing control in offshore waters 1s naturally not constrained by
planktivores.

3.1.2.5.7 Hydraulic regulation

Selective off-takes

Flushing of either the epilimmon or the hypolimnion will depend on the goal - either
a decrease of algal mass in the surface waters, or flushing of the deoxygenated
bottom waters with high nutrient concentration and’or other undesirable pollutants.
Another function is 1o pass water. with high nutrient input or pollutants, through the
reservoir as quickly as possible with the least possible mixing with other layers and
before it can settle. (Figure 36)
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Figurc 36. Function of sclective off-takes. From top left - withdrawal through the surface outlet s
used for the flushing of excessive algac. Hypolimnion flushing is used to release anoxic and iron.,
phosphorus and mangancse nich hypolimnetic water. By creating density currents, a peak of turbad or
pollution-rich water (during floods) can pass rapidly through the reservorr before it has time to sink

Several scenanos are possible provided the imnological regime of the reservoir s
understood.

T'he best scenano 1s that a reservoir i1s built with multiple outlets. with outlet pipes
placed at about Sm intervals. A mimimum provision 1s to include a surface and a
bottom water discharge. Reservoirs with multiple oft takes atford much better
control in that good quality water can always be abstracted by sclecting the
appropnate outlet depth in relation to thermal stratification. (Klapper. 2002)

The disadvantages of this method are that knowledge 1s required of the inflow water
quality and depth distnbution in the reservoir. Dynamic changes in the quality of a
specific water layer can take place as a result of selective offtakes and these are not
casily understood unless hvdrodynamic models are used. Possible negative
downstream impacts caused by releases must be considered

Hy polimnetic siphoning

This simple method consists of siphoming water from the hypolimmion of & lake or
reservoir. An estimate of the character of the water that will replace what is siphoned
ot 15 needed (Straskraba and Tundisi, 1999)

Curtains

The use of plastic curtains 1o modify outflow depth can substitute 1o some degree for
multiple outlets. Near surface or near bottom outlets are more feasible than those at

intermediate depths

Amongst other functions. the Teraucht Reservoir in Japan supplies water for paddy
ficld irmgation. Because paddy ficld imgation requires water warmer than 17 C.
destruction of the thermoclhine is not an option in the management of cutrophication
(Prnivantha et al.. 1997: Asacda et al.. 1996; 2001). As a means of reducing algal
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blooms in the reservoir, two cuntains with the same depth as the epilimnion were
suspended vertically from the surface. This method reduced algal growth in the
down-stream zone of the reservoir (Asaeda et al., 1996). (See figure 37)

Curtain 2 Curtain | Ruver flow

River flow

b. Late Spring & Summer

Figure 37. Nlustration of possible mechanisms afier installing cuntains in the Terauchi Dam Reservoir
in Japan (after Priyantha ct al. 1997).

A submerged flexible curtain 160m long and 6m deep was installed in the Saidenbach
Reservoir, Germany (Paul et al., 1998). The results were (1) an interruption of hydraulic
short-circuits between inlet and main reservoir basin, (1) a longer retention time of the
mflowing water, and (m) a 30-407, increase in the elimination of soluble reactive
phosphorus in the mouth region during summer stratification. It 1s proposed that flexible
curtains may be cost effective substitutions for conventional pre-dams of thermally stratified
lakes or reservoirs (Paul et al.. 1998).

31.258 LUse of chemicals

According to Lam and Prepas (1997). chemical treatments to reduce phytoplankton biomass
in freshwater ecosystems can be categonzed into two groups. Chemicals in the first group
(e.g. copper sulphate, Reglone A, chlonne and potassium permanganate) disrupt cell
functions and induce cell lysis. Chemicals in the second group (e.g. lime and alum)
precipitate phytoplankton and leave cells essentially intact  The second group of chemicals
are recommended for treating toxic phytoplankton blooms because they induce minimal
release of toxins into the water (Naselh-Flores ¢t al.. 2003),

The addition of copper sulphate has been used ofien as an emergency measure in controlling
excessive algal growth (Fermandes and Cnisman. 1994). Its only advantage is that it works
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quickly. The disadvantages include the short duration of its effects. In alkaline waters or
waters with high orgamic content, a chelated form must be used otherwise Cu is rapidly lost
from solution. The method has negative environmental impacts as CuSO; s toxic to fish,
zooplankton and other orgamisms. and the application of copper leads to long-term
accumulation in the sediments (Straskraba and Tundisi. 1999).

The quality of Sicihan waters has detenorated to a cntical level, often posing a threat to
human health (Nasclli-Flores et al.. 2003).  As an emergency measure, the apphication of
lime was tested as a possible short-term solution. The results indicated that the water bodies
were suitable for lime treatments in spite of the high content of sulphate of geological ongin,
and an extreme hydrological regime. The recommendation was that the timing and method
of lime treatment needed to be carefully planned

In the case of algicide use. addition of a toxic chemical 1o dnnking water. even in low
concentrations is undesirable. Costs depend on the dosage and frequency of apphication

3.1.2.59 Manipulation of underwater light regime
Light limitation can be imposed in two ways

e The quantity of hight that reaches the water surface 1s decreased. This can be
achieved 10 some degree by shading the waterbody by means of surrounding tree
growth, but this has obvious limitations. The placement of soot on the water surface
has been suggested but is casily displaced by wind

e The hght absorption capacity of the water 1s decreased. The light attenuation
coefficient may be increased by artificially colouring small waterbodies

A decrease in light availability to the algal populations can be achieved by deep miving of
these populations with some of the techmques desenbed above

LLIS Macrophyie control
The need to control aquatic macrophytes

While 1t 1s advantageous to have healthy, stable macrophyte communities 1n agquatic
ecosystems. overgrowth of macrophyies occurs in reservorrs as a result of changes in the
physical. chemical and biological conditions brought about by the uncontrolled flow of
nutnients from urban, agncultural and industnal centres and in silt eroded from the
watersheds.

These “aguatic weeds™ cause water loss through evapotranspiration. detenoration of water
' [ '

quahity, displacement of native species and the consequent loss of biodiversity in water

bodies. public health nisks. obstruction of channels and drans in irmgation systems and

intakes to hvdroelectne plants, restnction of tounst. recreational and fishing activities and
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increased sedimentation with subsequent shortening of the useful life of the reservorr

(Gutierrez et al., 1994),

Biological control

Biological control is defined as the use of one living organism to control another.

The controlling agent may be bactenal. viral. amimal or vegetable and may debilitate,
eat or compete with the species targeted for control (Gutierrez et al.. 1994: Riemer.
1988: Grodowitz, 1998; Chikwenhere, 1994: Picterse et al.. 2002). As a management
strategy biological control i1s possibly the most economical in the long run, however,
the controlling agent should be extremely well researched and preferably host
specific 1o prevent it becoming an imvasive ahien (Gutierrez et al . 1994).

Approximately 70 species of arthropods have been cited by authors in 12 countnies as
possible controlling agents of Eichhornia crassipes (Gutierrez et al.. 1994). In South
Afnca a weevil Neochetina cichhorniae has been imported from South Amenica
where 1t feeds naturally on the plant, boring into the stem and leaves and severely
damaging it. It has already proved successful in Namibia and has also been
introduced into Lake Victonia (Davies and Day. 1998). The grasshopper Paulinia
acuminara (also from South Amenca) was used successfully 1o control Salvinia
molesta on Lake Kanba after long and careful screening to ensure it would not attack
agricultural crops (Davies and Day, 1998. Morcau. 1997).

Grass carp (Crenopharvgodon idella) have been used successfully in many parts of
the USA and Europe to control submersed macrophytes (Kalff. 2002: Pieterse and
Murphy. 1990). A plant cating (phytophagous) fish native to northeast Asia, it is
capable of consuming large amounts of vegetation (Macemna et al., 1992). However
in many arcas waterbodies are. by law, stocked with infertile triploid individuals
(which display the same feeding behaviour as diploid fish). in order to prevent their
overpopulation (Maceina et al.. 1992). or accidental dispersal 1o other waterbodies.

Another similar species (Hyvpophthalmichthys molithrix) is successfully used in other
regions for the reduction of macrophytes (Maceina et al., 1992). This species is also
capable of feeding on large colonies of Cvanobactena, thus contnbuting to another
positive water quahity effect. As it is edible, it provides a food source for human
consumption. which can offset management costs to some extent.

Mechanical control

Macrophyte harvesting is usually accomplished by the use of specially adapted boats.
the design of which depends on the type of plants to be harvested and whether they
are floating and softly-rooted or tightly-rooted submerged forms. Mechanical control
1s used 1o destroy them in situ or after the plants are transported to a disposal site
(Gutierrez et al.. 1994). This is generally a high cost method. If the harvested plants
can be used as fertilizers or fodder. the cost may be recovered 10 some degree.
However, in addition, the process needs 1o be repeated at regular intervals and has
little or no long-term effect on biomass or arcas covered by macrophytes. In addition
it may actually stimulate the spread of nuisance species as many are able to
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propagate from small fragments produced during the cutting. It can also remove
large numbers of small fish and invertebrates (Kalff, 2002). This system 1s mostly
used selectively on small areas as a means of clearing channels. canals or outlets.

e Chemical control

Chemical control of macrophyvies by means of pesticides 1s the most commonly used
and widespread method (Kalff. 2002: Gutierrez et al.. 1994). These toxins are easy to
apply. are usually effective and act rapidly. However, their use 15 expensive over
large areas. and requires repeating after regrowth. The biggest 1ssue 1s the increasing
unacceptabihity of chemical controls involving the introduction of toxins to
waterbodies (Kalff, 2002)

e Habitat manipulation

'he most often used method of habitat mampulation in reservorrs 1s water level
management. which is obviously limited by operational policies and seasonal
vanation (Gutierrez et al., 1994). Water level s lowered. the resulting stranded
macrophytes die off and are bumt. This may indeed eliminate macrophytes but
depending on the timing and duration may simply select for species able to cope
(Kalff, 2002). The nutrients contained may also simply be recycled upon
reimnundation

Other methods of habitat mamipulation include the use of artificial covenngs to himit
sunlight and plant growth. However the cost is prohibitive and 1t 1s usually only
applicable on a small scale in recreational arcas or small dams

NB  Emphasis should be placed on methods that do not require the use of toxic chemicals,
the use of ecotechnological methods based on the use of the natural enemies of plants
being obvious. However, extreme care and thorough investigation and evaluation are
necessary before organisms are introduced into areas outside their natural ranges.
There is great danger that they might eat other plants as well such as agncultural
crops, and desirable indigenous species

Precautions in macrophyte control

Based on expenence with Hartbeespoort Dam. very careful assessment of trade-offs should
be made before macrophyvte control s implemented. Here, chemical eradication of
Eichhornia (Ashton ¢t al. 1980) actually invoked a much more serious problem of algal
blooms which were precluded by hight limitation when this macrophyte was prohific
Despite mechamical damage to boats, and inconvenience to recreational boaters, Eicliivornia
was the lesser of two evils in this hypertrophic resenvoir
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sz Barley straw

The use of decomposing barley straw to inhibit the growth of algae (both green algae and
cyanobacteria) is a technique that i1s becoming more widely known (Barrert et al.. 1996;
Ridge and Pillinger, 1996: Newman and Barrett, 1993),

3.1.5.2.12 Pre-reservoirs

Pre-reservoirs may or may not be considered to be a “within reservoir™ water quahity
treatment method: however. they will be included in this report. Pre-reservoirs are
comparatively small reservoirs with an average water retention time of a few days. They are
normally situated immediately above the larger main reservoir whose water quality they are
designed to improve (Putz, 1995 Putz and Benndorf, 1998).

Water quality is improved by reduction in loads of suspended matter and dissolved nutnients
(especially soluble reactive phosphorus) (Paul, 2003). Chemical binding or adsorption of the
orthophosphates in solution can take place in the inflowing waters, but uptake by the algae is
more important in the pre-reservoir. particularly in the pH range 6.0 - X.0. Algal
sedimentation is enhanced by natural precipitants and flocculants, and by an appropriate
phytoplankton community in the pre-reservoir. Algae that have a high sedimentation
velocity, especially diatoms are favourable. whereas cyanobactena are highly undesirable.
Mass developments of zooplankton, especially filter feeders must be avoided in a pre-
reservoir because of the high loss by grazing of phytoplankton and the associated nutrient
remineralization. Both the desired phytoplankton structure and the absence of planktonic
crustaccans can be achieved by an optimal water retention time within the pre-reservoir.
which allows diatoms and other fast growing algae to grow but flushes away or precludes the
development of slow-growing cyanobacteria and zooplankton. No predatory fish should be
present in pre-reservoirs, assuring the control of zooplankton by planktivores.

Other important prerequisites for the optimal management of pre-reservoirs are:

(1)  The mean depth should not exceed the depth of the cuphotic zone z.,. If 1t does,
which is the case in most existing pre-reservoirs, surface release 1s an urgent
necessity (Figure 38),

(1) The bottom sediment must be removed at time intervals of 5-10 years.

The reduction of inorganic nitrogen by phytoplankton uptake and denitnfication 1s low n
pre-reservoirs because of their short retention times. Rapid siltation may also reduce the
nutrient elimination capacity of pre-reservoirs (Paul, 2003).

Although pre-reservoirs are an important tool for reservoir water quality management,
especially when the water entering a reservoir is of poor quality. they can be no substitute for
remedial actions in the catchment arca (Salvia-Castellvi et al., 2001),
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3.1.5.2.13 Modelling as a management tool

Modelling was discussed as an and to prediction and management of eutrophication in
Section 3.1.2.5 Modelling 1s used for many other purposes including the simulation of the
ettects of different management methods e.g. Privantha et al., 1997 (the cuntain method in
Terauchi Dam Reservoir in Japan): Imteaz and Asaeda, 2000 (artificial mixing by the bubble
plume method in Lake Calhoun. USA): Sahoo and Luketina. 2003: Abdelwahed et al ., 2002
Schladow, 1993 (bubble plume design): Lewis et al., 2003 (arificial mixing and copper
sulphate dosing in Myponga reservoir, Australia). McGms and Lutle. 1995 (Specce Cone)
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3.1.3 Pollution by toxic substances
3.1.3.1 Introduction

“The solutions to the toxic chemical problems are much more complex and intractable than
those associated with eutrophication and acidifving precipitation. Better wastewater
treatment and agncultural practices can reverse eutrophication. Emission controls on power
plants and vehicles are resulting in major reductions in H or acid precursors emitted into the
atmosphere of Western countrics. In contrast. the number and variety of toxic chemicals that
are subject to release in the environment i1s vast — nearly 80,000 synthetic organic chemicals
plus a small number of toxic metals are now in daily use (Stumm et al., 1982)." (Kalff, 2002)

Toxic management of reservoirs 1s aimed at the protection of aquatic hife and human health
from impacts caused by the relcase of toxic substances into surface waters. The increasing
release of toxicants into reservoirs (and lakes) 1s of great concern because of the umque
physical and chemical charactenstics of confined water. Toxic substances are retained
longer in water and sediments than in flowing water, which increases the nisk of exposure of
toxicants in terms of concentration and duration. to both aquatic organisms and humans who
depend on drinking water and food from lakes and reservoirs (Matsui, 1992)

3.1.3.2 Toxicity

Toxicity may be defined or classified in vanous ways, ¢.g. (Table 2)

TOXIC SUBSTANCES have ong or mors of 1nrea propertes

® oy
o Bacaccumwlaton
® Persstence
OXACITY e « F[FFECT
* Acune » Quick gaarh
o Sutiethal/Chrom + Imparment of growt*
Dréac NG SUCTesS. &°

o Carcmogencity — - Impa rment, Ceat

1) » -
p 7-.‘ - e &= Eftects on fAure

- - L3

A generatons
e Genctonsty —s POSSIDE eMects O

‘Utre generglions
BICACCUNMULATION

o Capacity 10 entes 1004 Chain

PERSISTENCE
o Res£1ance 10 OEZTACELON Unce” emronmantal CoNarRIo™:

VOLATILITY
e Ease o evaporaton ard atmosphenc ranspon

Table 2. Properties of toxic substances (modified from Kaiser (1983) in Kalit (2002))

Project K8'612 FINAL REPORT Page 133




3.1.3.3  The fate of toxic substances in reservoirs

The chemical properties of the toxic substance and the physical and chemical properties of
the lake or reservoir will determine the fate of a toxic substance. A continuing interaction
between the toxic substance and the receiving system may lead to storage or concentration of
toxic substances, producing conditions that may present a hazard  In addition the dynamics
of reservoirs. specifically shorter retention times and greater transport potential, will lead to
dilution and transport as a major mechanism of concentration change (Herricks, 1992). This
will be discussed in more detail under the separate headings of inorganic and organic
contaminants. Table 3 shows the processes that control the fate of toxic substances. and
their effects.

: - ¥
Physical Charsciensue Primary Process or Processes Effect Anticipated '
That Control Toxic Substance i
Corcenrranon ’
—e
Surface area | Photodegradationyactivation Concentration change, chemical
| iransformation
Depeh (maximum, average) Photodegradation, Partitioning, Concentration change, chemical
! Dilution, Storage wansformation accumulation /
| bioconcentraticn
Volume . Dilution Concentralion change
Shoreline development, Shoreline | Partitioning, Biotransformation, | Concentration change,
length | Storage | accumulation / bioconcentration
TemperatureHeal Budge Chemical Reazuon Rae, Conzentration change, chemical
Biotransformanon Rate trarsformation,

accumulation / leoconcentration

s WENESEE——

Seaificanon™ixing |  Dilution, Transpor, Isolauon Corncentration change {(seasonal
| cycles)
|

Retention Time Dilution, Transpor: Concenuation change,

gistribution m basin
1
|

Cuereats Dilution, Transpont | Concentration change.
distnbution n basin

Color/Light Penetration Photodegradavon/activation Concentration change, chemical
| transformation
e —— T —

Table 3. Phyvsical charactenistics of lakes and reservoirs, control processes and effects (atier Hemricks
"J‘J".
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3.1.3.4 Inorganic toxic pollutants - heavy metals.
3.1.34.1 Types and sources

The heavy metals occurnng in natural waters may be divided into two groups (Bren. 2001)
(Figure 39). Bio metals of predominantly natural origin include Fe,. Mn, Cu. Co. Zn. Mo,
and V. Contaminants of predominantly anthropic ongin include Hg. Cd. Cr, Pb. Sn. As and
Ni. Both groups exist in water bodies in vanous forms. Heavy metals, depending on their
chemical propertics are found as suspensions and collowds, simple and complex hydrated
cations and amons, mono- and polynuclear hydroxycomplexes. low and high-molecular
complex compounds with inorganic and organic ligands varying in their structure and
strength. The sources of contamination are numerous. diverse and difficult to dentify
(Jackson. 1992).

Fe Cu 2n Cd Pb

o
o

N
0 ] N

"Natural portion”
B waste water
From atmosphere (rain)

Figure 39, Proportions of natural and anthropogenic portions in the heavy metal load of a prealpine
lake (from Stumm and Baccin, 197X, in Jackson 1992).

Natural processes

Natural physical and chemical processes such as weathening and leaching of soils and
rocks are some of the main sources of “background™ levels of metals in fresh waters.
Surface waters in certain areas have relatively high concentrations of individual
clements as a result of contact with particular soils or rocks (e.g. fluonde or
selenium). which may be associated with health problems (Jackson. 1992).
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Human activities

The main sources of heavy metals in water bodies other than natural processes are
industnal wastes, imgation system wastewaters, urban. industnal and domestic
wastewater sewage, stormwater runofl from urban arcas (Tkalitch et al.. 1996),
mining and smelting of metals, use of pesticides containing heavy metals, fossil fucl
combustion processes (Crutchficld. 2000: Lemley. 1997), pre-mixes to cattle fodders,
active silts as fertilizers, and recirculation of solid waste (Bren. 2001: Jackson,
1992). (Tablc 4).

AVQIate Cor atrations in ug/.i

inustry oy or . on (o

Meal processing S - N 460

Fat rendering it P ke ol 850 .

Fish processing 240 230 14 1.5%0 14

Dakery =50 23 430 <B0

Migcellaneous foods LL1c 150 118 1,500

Breawery - 6 &0 470

Soft drinks and flavourings 2.040 4 el 2,.3%0 5

Toe croan ¢ ‘ 12 780 1 |
Textile dveing Ly 82s %0 SOC

Pur dressing and dyeing 7.04 40 3¢ 1.5

Miscellanecus cheomicals 8¢ * &0 7 |
Laundry 1, 70C 1.220 . 1.7 & ] |

Car wash RC : 0 s.C 18

Table 4, Mcetals in industrial wastewaters in New York (after Klemn et al. 1973 in Jackson, 1992)

Many studies of heavy metal contamination of reservoir water and sediments due 1o
human activities have been made These include the following: Avila-Perez et al..
1999, 2002 (Jose Antonio Alzate Reservoir, Mexico): Wang et al., 2003 (Guanting
Reservoir. People’s Republic of China): Linmik and Zubenko., 2000; Linnik, 2000,
2001 (Dnieper Reservorrs, Ukraine). Carvalho and Zanardi, 1997 (Billings Reservoir,
Brazily: Arnason and Fletcher, 2003 (Patroon Reservorr, NY. USA): Audny et al..
2004 (Lot River Reservours. France). Moalla et al., 1998 (Lake Nasser, Egypt).
Tkalitch et al.. 1996 (Kranji Reservoir. Singapore): Zakova and Kockova. 1999
(Vranov and Nove Mivny Reservoirs. Czech Republic): Juracek and Mau, 2003
(Turtle Creek Lake. Kansas. USA): Loska and Wiechula, 2003 (Rybnik Reservorr.,
Poland)

In many areas. the atmosphere 1s also a sigmificant route of transport of heavy metals
entering a water body
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31342 The fate of inorganic toxic pollutants in aquatic systems

e Physical and chemical factors

The transport and distribution of heavy metals in lakes and reservoirs are dependent
on the physical and chemical charactenstics of the recerving water body and the nature
of the contaminants and their sources (Jackson. 1992). Unlike organic contaminants,
which can be degraded to vanous degrees. heavy metals do not undergo such
transformations. They are always present in aquatic ecosystems and redistribute only
among different components (Linnik and Zubenko. 2000: Bren. 2001)

Physical charactenistics such as temperature, colour, light penetration, flow dynamics and
retention time of reservoirs may produce conditions that lead 1o the storage or
transformation of metals.

The chemical form of metals is of great importance in determining their behaviour and
impact in fresh waters (Jackson, 1992 Linmik. 2000; Rudd. 1995). Speciation 1s of
special significance for biological availability and toxicity. different chemical species of
the same element often having quite different biological effects (Chen et al., 1996;
Schintu et al.. 2000). Free (hydrated) metal ions are regarded as the most toxic form
(Gouvea et al.. 2005). Bound in complexes with inorganic. and particularly with
naturally occurring organic substances. their toxicity is often decreased or completely
suppressed (Linnik, 2000; Flemming and Travers, 1989). Many factors influence the
chemical speciation of heavy metals (Wang et al.. 2003) - sediment particle size. organic
matter content. salinity, pH and redox potential. These factors are not completely
understood and simple relationships are seldom found. Zhang et al. (2002) showed that
the total concentrations of heavy metals in sediments were significantly linked to the
particle size distnbution. The finer particles showed higher concentrations due to
increased surface area, higher clay mincrals and organic matter content, and the presence
of Fe-Mn oxide phases.

Complexation of metals with inorganic and organic hgands i1s of importance in
transforming metals in aquatic systems (Gouvea et al., 2005). A significant amount 1s in
association with either dissolved organic matter or with organic or inorganic particulates
(Jackson, 1992). In particular, studies relating phytoplankton metabolic products to trace
metals in natural aquatic systems are of interest due to the important role of
phytoplankton as the first link in the aquatic food chain (Gouvea et al.. 2005: Lombardi
and Vicira, 1998).

Forstner and Wittmann (1953) in Jackson (1992) identified complexation and
flocculation with organic matter, co-precipitation with hydrous iron and manganese
oxides. and uptake by biota as being of particular importance for the sedimentation of
heavy metals. Once in the sediment. redox reactions are important in determining their
form and mobility, and may result in release of metals from particulates, resulting in
renewed availability to biota and the potential for resuspension into the water column
(Munk and Faure, 2004: Brandenberger et al.. 2004; Carignan and Lean, 1991 Linnik
and Zubenko, 2000). Most redox reactions tend to be biologically mediated by micro

Project K8/612 FINAL REPORT Page 137



organisms (Jackson. 1992). Movements of metals back into the water column from the
sediment may also occur as a result of sediment resuspension by physical influences
(currents. waves). biological action (benthic animals) or human action (dredging, boating
¢tc). Deposited sediments typically contain particulate and colloidal matenals which
exhibit high sorption affimity for trace metals (Elbaz-Poulichet et al.. 1997: Canavan et
al.. 2000; Knecbone et al., 2002)

Water bodies with longer retention time (lakes and some reservorrs) accumulate heavy
metals in their bottom sediments in considerable quantities (Linmk and Zubenko. 2000;
Chen et al.. 1996). This has both positive and negative implications. On the one hand.,
the bottom sediments promote self-punfication of the overlying water because of heavy
metal accumulation. On the other hand. this accumulation can be reversed and under
certain conditions, bottom sediments can be a strong source of secondary pollution
(Linnik. 2000). The release of heavy metals from the bottom sediments 1s promoted by a
deficit in dissolved oxvgen, a decrease in pH and redox-potential. and an increase in
mineralization and dissolved organic matter concentration (Chen ¢t al.. 1996).

The mobility of heavy metals depends on the form in which they occur in the sohd
substrates and the pore solutions of the bottom sediments. as well as on the physico-
chemical conditions that anse on the boundary of solid and hquid phases. Heavy metal
flow from pore solutions 1s one of the most important methods of exchange between
bottom sediments and water (Linnik and Zubanko. 2000).

Field data and laboratory expenments conducted by Linmik and Zubenko (2000)
indicated that complexes of heavy metals with relatively low molecular weight play the
principal role in secondary water pollution

* Biological factors

Biota are central 1o the study of. and control of heavy metals and other inorganic toxic
substances in reservoirs. Transport of metals is influenced by

o uptake or adsorption by biota
© binding to particles of biogenic ongin, or

O

complexing by dissolved organic matter. especially of plant onigin (Gouvea
et al, 2005)

Transfer to. and storage in. sediment. is influenced by setthing of biological particles with
which the metals are associated (such as dead phytoplankton cells or zooplankton faeces)
and biological action in sediments such as bioturbation or microbial action, which
change mobility (Jackson, 1992).

T'he uptake and accumulation of trace clements In aquatic consumers I1s important in
assessing the fate and effect of contaminants and food web dynamics (Klochenko and
Medved. 1999; Allinson et al., 2002: Vinot and Pihan, 2005; Martinez-Tabehe et al.,
2001: Bolotova and Konovalov, 2002: Park and Curtis, 1997: Vemott et al.. 2001
Tremblay et al.. 1998a: Porvari. 1998: Ikingura and Akagi. 2003; Wong and Pak. 2004),
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For many aquatic invertebrates, trophic transfer accounts for a major portion of 1otal
trace element accumulation (Luoma ct al.. 1992). In the field. the ecotoxicological
approach is very difficult for evaluation of the impact of heavy metals on the aquatic
environment due to the complexity of interrelationships between organisms and the
ecosystem. However. field studies can enable assessment of the long term effect on
organisms of heavy metals like copper: Vinot and Pihan (2005). for example. showed the
bioavailability. bicaccumulation, biotransference and long-term toxicity of copper in the
food chain of a freshwater ecosystem. the Mirgenbach Reservoir in France

Mercury in water may be converted by bactena in the sediments into organic mercurials
(Matilainen, 1995) particularly the highly toxic alkylmercunals. methyl- and
dimethylmercury, which may, in tumm be concentrated by fish and other orgamisms (Park
and Curtis, 1997: Bodaly and Fudge, 1999: Becker and Bigham, 1995).

® The problem of mercury in newly flooded reservoirs

A large amount of literature 1s available on the problem of mercury in newly flooded
reservoirs (most often those built for hydroelectnic power generation), and its uptake in
the form of methyl mercury (CH:Hg"). by aquatic organisms. Recent research has
shown that there are three important sources of methyl mercury to lakes and reservoirs -
internal production, inputs from watersheds that contain wetlands, and atmospheric
inputs. with intemal production being very important in reservorrs (Rudd. 1995).

Mcthyl mercury 1s a neurotoxin that damages the central nervous system in humans
(Clarkson, 1990). Its uptake by fish is therefore a significant problem as this is the
dominant pathway of Hg 1o humans. As of 2002, there were 2140 water bodies in 45
states of the USA that had advisories reccommending against human consumption of Hg-
contaminated fish (USEPA, 2003). The US Environmental Protection Agency (USEPA)
has indicated that of all pollutants mentioned in the Clean Air Act. mercury has the
greatest potential to impact on human health (Gray ¢t al.. 2005).

The creation of reservoirs, with the associated flooding of soils and vegetation, results in
elevated concentrations of mercury in the newly formed water bodies. Natural and
anthropogenic mercury 1s widely dispersed via atmospheric transport and accumulates in
the vegetation and soils following wet and dry deposition (Grondin et al., 1995, Lucotte
et al., 1995; Caldwell et al.. 2000). The inundated soils and vegetation then release the
mercury into the water column duning flooding ( Thermault and Schneider. 1998: Plourde
et al.. 1997; Tremblay et al.. 1996: Porvan, 1998 Tremblay et al.. 1998a; Montgomery ¢t
al.. 2000).

Flooding also releases organic matter. providing nutnents for bacterial communities that
methylate morganic mercury (Therniault and Schneider. 1998: Porvari, 1998). Flooding
of both podzolic and peat so1l has been found to increase mercury methylation (Porvan
and Verta, 1994: Rudd. 1995: Morrison and Therien, 1995).

Mecthylation by bactena. followed by bioaccumulation via the food web (Hall et al. 1997)
is the primary pathway for mercury accumulation in fish (Themault and Schneider.

Project K8'612 FINAL REPORT Page 139




1998: Tremblay et al.. 1998b). Invertebrates. which represent up 1o 90%¢ of the diet of
non-piscivorous fish, play a key role in their contamination ( Tremblay et al.. 1998b: Spry
and Wiener. 1991: Plourde et al.. 1997). with bottom feeding benthic insect larvae
(Tremblay et al., 1998) and zooplankion feeding on penphyton and suspended particulate
matter (Grondin et al.. 1995) constituting the link between flooded soils and fish (Hall et
al.. 1997: Plourde ¢t al.. 1997: Tremblay and Lucotte, 1997: Tremblay ct al.. 1996:
Bodaly and Fudge. 1999). Mercury concentrations have been found to be higher in
larger, older fish (Themault and Schneider, 1998), and also in species at the highest
trophic levels of new reservoirs (Potter et al.. 1975). reflecting the phenomenon of
biomagnification.

Typically fish mercury levels rise rapidly within the first few years after impoundment,
and remain high for penods ranging from 10-20 years for non-piscivorous species and
for 20-30 years in piscivores (Schetagne et al.. 2000; Thermault and Schnewder, 1998:
Tremblay ¢t al., 1998a; Porvan, 1998). Depending on species and reservorr
charactenstics the maximum total mercury concentrations in reservoir fish reach levels
3-6 umes higher than in fish found in natural surrounding lakes (Schetagne et al., 2000)

Whereas the phenomenon of elevated mercury levels in fish has been demonstrated in
hydroelectric reservoirs in many different geographical regions. there is a lack of
information from reservoirs in Afnica. Four reservoirs in two different geographical
areas in Tanzama were investigated (Ikingura and Akagi. 2003). In general. the fish
from these reservoirs had very low mercury concentrations compared to those in
reservoirs of similar age and temperature in other regions.  This suggested a reservoir
environment that has not been sigmificantly impacted by mercury contamination from
natural or anthropogenic sources.

3.1.343 T'he effect of inorganic contaminants on the biota

The effects and uptake of metals by aquatic orgamisms depends on a number of factors that
influence the avallability of the substance to the orgamism.  The concentration of the metal
1on is a basic factor. but not necessanly in absolute terms because different chemical forms
will have different avalabilities

e Phyvtoplankton

The influence of heavy metals on phototrophic organmisms, including algae. 1s registered
at the level of cells. organisms and populations. manifesting in the disruption of
photosynthetic activity, respiration and synthesis of proteins. nuclerc acids. hipads, sugars
and pigments (Klochenko and Medved. 2001).

Munawar et al. (19588) in Jackson ( 1992). group the effects of contaminants on algae as
(1) community structure responses (changes in size and species composition) (1)
physiological responses related to biomass production with possible effects on food
chamns. and (m1) ultrastructural responses.
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Figure 40 gives an indication of the physiological effect of metals on phytoplankton,
showing decreased carbon assimilation (primary production) with the addition of metals.
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Figure 40. Effects of metal mixture additions in algal size fractions at different depths in Lake
Ontario during a stratified period (from Munawar et al., 1998 in Jackson, 1992)

e Zooplankton and zoobenthos

Reduction in biomass production has been observed in zooplankton and zoobenthos as a
result of exposure to heavy metals. both in terms of growth and reproduction (Vinot and
Pihan, 2005). but there are considerable difficultics in working with natural
communities and in dentifving the effects of heavy metals as phenomena distinet from
natural fluctuations (Jackson. 1992). Many effects have. however. been observed in the

laboratory

The causes of morphological abnormalities in microcrustaceans have not been
sufficiently investigated ( Elmoor-Loureiro. 2004), however. environments contaminated
by industnal and urban waste have been associated with the occurrence of morphological
anomalies in copepods and ostracods (Dias, 1999) and bioassays have shown that some
environmental toxicants can produce morphological abnormalities in cladocerans (Shunn
and Dodson, 1997; Otha et al.. 1995%)

e Fish

Sublcthal effects of heavy metals on fish have been well desenibed as a result of
laboratory studies. fieldwork on direct responses to metal pollution being time
consuming and complex. However, measurements of tissue metal concentrations in
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natural populations are made in many cases (Jackson, 1992). The concentrations of
toxicants in fish tissue correlate with morphological and pathological-anatomical
features. The initial manifestanions are morphological changes in the size of vital organs
(heart. spleen, liver, kidneys. gills and visceral organs). followed by specific pathologies
(Bolotova and Konovalov, 2002).

This phenomenon of the effects of heavy metals on the biota will be discussed in relation to
biomonitoring of pollutants n reservoirs

3.1.344 Management

Aguatic ecosystems in general receive continuously increasing levels of heavy metals. In
most cases. decreasing the impact of heavy metal pollution follows the transformation of
toxic forms to less active forms (Linmk. 2000). The degree of detoxification depends on the
intensity of several processes to reduce the concentration of the heavy metal in 11s most toxic
form - free 1ons.

The processes are:

Adsorption on suspended particles.

Complexing (mainly with ligands of natural organic origin).
Sedimentation and co-precipitation

Hydrolysis and formation of low solubility compounds.
Accumulation and adsorption by biota.

It 1s difficult to determine the most important of these processes because cach can play a
dominant role in the transformation of heavy metal compounds according to the type of
water body studied (Linnik. 2000),

Sediment analysis is very important in investigations of heavy metal burdens in aquatic
svstems (Chen et al.. 1996). different methods being applied for different reasons (Scancar ot
al.. 2000). Total concentrations (Garcia-Miragava and Sosa. 1994: Ravanelli et al.. 1997:
Facetu et al . 199%) are determined by decomposition with strong acid solutions (Kada et al
1993) or agua regia digestion. (Muller et al.. 1994: Ure. 1996: Gupta ct al., 1996,
Sterckemann et al., 1996) while for investigation of heavy metal bioavarllability, vanous
single extraction procedures are used (Houba et al., 1996; Tack and Verloo. 1996: McGrath,
1996). Sequenual extraction is used in the assessment of heavy metal mobility (Cordos et al..
1995: Quevauviller et al., 1997 Maiz ¢t al.. 1997: Bodog et al.. 1997) and chemical
partitioning of sediments is also used to deduce the source and pathways by which natural
and anthropogenic heavy metals have entered the environment (all the above in Scancar ¢t
al.. 2000).

In general. the management of heavy metals and other toxic substances in reservoirs s
combined in practice with the management of other problems. as pan of an integrated
approach to water quality (Jackson. 1992). The complexity of metal compounds and thewr
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interactions in aquatic systems makes the planning of practical management strategies very
difficult,

e Reduction of external loading

As in the case of cutrophication management, this aspect of heavy metal management
involves. 10 a large extent. watershed management. which is not within the scope of this
report. However, the importance of source control cannot be overemphasised - the
effects of remedial action are limited without it.

¢ Intervention in the reservoir ecosystem

Because of the multiple causes of water quality detenioration, the selection of techniques
to improve the water quality 1s not as straightforward as 1t might seem. For example,
acration of the water column as a management techmque 1s camed out pnmanly to
prevent thermal stratification. The immobihization of metals would be only one of the
aims - others would include the prevention of sulphide formation. inhibition of
cvanobactenal blooms. elevation of oxygen to prevent fish kills, and reduction of
internal phosphorus recveling, but other consequences would include the reduction of
transparency. ehimination of cold water habitats and the ruling out of depth-selective
withdrawals as a hydrological management option. Other acration techniques which
were discussed for cutrophication management could also be used, always with the
proviso that the charactenistics of each problem would be vital in determining the
effectiveness of the techniques chosen.

Sediment removal may be used to reduce the release the accumulated metals back into
the water column. It may be successful at one level but dredging has the disadvantage of
resuspending sediments., risking secondary pollution of the water column, and
temporanly destroying benthic communities (Davidson et al., 2005). Disposal of heavy-
metal containing dredged sediment also presents a problem. Again. sediment removal
techniques discussed for cutrophication management may be applicable in cerntain cases.

e Modelling

Models such as mass balances aid in an understanding of the structure of a system and in
estimating the effectiveness of management action. Residence time models which use
physical and chemical data are of use in predicting the behaviour of toxic metals in lakes
~ the time that any given input takes to be flushed from the system or immobilized in the
sediments. Thomas et al. (19585) in Jackson (1992) draw attention to the difficulty of
associating observed cffects with particular contaminants in the modelling of complex
lake and reservoir systems. They suggest that for highly persistent substances such as
heavy metals, the time lag between input and observed results may be so long as to
prevent effective management action,
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3.1.3.5 Organic toxic pollutants
31351 I'vpes of organic toxic pollutants
e Pesticides herbicides

These chemicals are, by definition. toxic. because they are used to control or kill
plants and or ammals. (Allan, 1992)

Three main types of pesticides have been. or are still being widely used:

e Organochlonne pesticides - These are persistent toxins that bioaccumulate
and arc widely used. Being hipophilic. with slow chemical and biological
degradanon, they may be concentrated in orgamsms and biomagmified along
the food chain. They are the most serious organic pesticides in terms of
Impact on aquatic ccosystems

e Organophosphorus pesticides < Mainly insecticides, this group s relatively
immobile in companson with the organochlonnes, are rapidly degraded in the
environment, and are seldom detectable in aquatic ecosystems except locally
after application and immediate runoff. However, several studies have
demonstrated their toxicity. especially their ability to inhibit
acetylcholinesterase

e Carbamates ~ Like organophosphorus pesticides., these are relatively
immobile, are rapidly degraded and are seldom detected in aquatic

CCosysiems

e  Other organic toxic pollutants (persistent organic pollutants - POPs)

It is estimated that there are more than 4.000.000 known organic compounds. a high
proportion of them being synthetic, and less than 60.000 being frequently used.
I'hree groups with important ecotoxic and mutagenic effects and widespread
distnbution (Catoggio. 19921 arg

e Polvevche aromatic hvdrocarbons (PAHs) - These are the most toxi
hvdrocarbons. They are formed duning the distilllation of coal and are also
tfound as minor components of exhaust gases from diesel motors and cigarette
smoke. Several are proven carcinogens in humans

They are all sohid and scarcely soluble in water. Almost immediately after
being formed and released into the air. they adsorb onto airborne particulate
matter where they are much more stable and resistant to oxadation and
mitration reactions to which they would otherwise be quite sensitive due to
photochemical processes in the atmosphere
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e Polychlorinated biphenyls (PCBs) — These have been used unul recently in
developed countries as isolating fluids in condensers for electne power
transmission lines. Unfortunately they remain in use in underdeveloped and
developing countries.

Unavoidably. they slowly volatilize, sorbing on airbome particulate maner.
This 1s deposited by rainfall whereby they enter aguatic ecosystems where,
because of their hydrophobicity. they sediment out, and may be ingested.
They are selectively accumulated and bioconcentrated. especially by benthic
fauna. thus entenng the food chain.

e Chlonnated dioxins — There arc 75 dibenzo-p-dioxins whose chlorinated
derivatives (PCDDs) are known. Highly toxic, as are their homologues -
chlonnated benzofurans (PCDFs) - they are responsible for some senous
pollution accidents in modern times.

3.1.3.5.2 Sources of contaminants

e Pesticides’herbicides

Organic pesticades enter freshwater systems through a vanety of sources, particularly
agncultural runoff. Domestic and municipal use of organic pesticides and the associated
urban runoff 1s another important source. In addition, it has been increasingly realised
that the atmosphere can be a major source of organic pesticides to large waterbodies by
means of wet or dry deposition (Van Dk and Guichent. 1999; Guicherit et al., 1999).
They may also be applied directly 10 aquatic systems for the control of weeds and
insects, for example (Allan, 1992). Herbicides, extensively employed in agnculture for
the control of weeds contaminate ground and surface waters. They represent about 50%
of all pesticides used in many countries.

e  Other organic toxic substances

Organic pollutants other than pesticides herbicides, onginate from a large vanety of
sources, 100 numerous to mention. They are all anthropogenic, thus differing from
inorganic toxicants, and are produced. for example. by industry (Guzzella, 1997: Bodzek
et al.. 199%). agncultural activities. wastewater treatment plants (Pham et al.. 1999) and
urban runoff. Their input may be continuous (e.g. sewers), discontinuous (¢.g. spillages
or other accidents (Unlu and Demirekler. 2000) or periodical (¢.g. emissions from stacks
or ¢ffluents from technological processes). They may be toxic in themselves, or in their
immediate products or by-products, products of their degradation (physical. chemical or
biological). or as final waste forms (Catoggio, 1992).
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3.1.353 The fate of organic toxic pollutants in aquatic systems

e Transport and transformation
When organic toxic substances enter an aquatic system, they are subject 1o natural
transport processes that result in their partition and dispersion among various
components of the system (Figure 41) and to chemical transformation that alters
them into other substances. Transportation and transformation are the sum of the
following processes: votalization, photolysis, hydrolysis. biological degradation,
exchange with the sediments and dispersion (Matsur. 1992: Gahiuhin et al.. 2005)

o Volaulity, as charactensed by vapour pressure. 1s important in controlling
certain types of toxic substances (e.g. DDT and PCBs). which migrate
sigmficantly into lakes and reservoirs from the surface of the water where
thev are deposited by rainfall. Aqueous solubility 1s important because it
provides an upper hmit to the extent of incorporation of a substance into an
aquatic environment. and also indicates hydrophobicity and thus the potential
for transfer into lipid phases of aquatic orgamisms (Matsu, 1992)

o Photolysis takes place with chemical molecules which can absorb Light
energy. while

0

Hydrolysis of chemical molecules usually results in the introduction of a
hydroxyl radicle (<OH) into the molecules and depends on pH

o Biological degradation includes
() microbial degradation (Galiulin et al.. 2005),
(n)  breakdown by photoautotrophs and
(1) metabolic transformation by higher aquatic organisms

Information on (1) and (1) 1s very himited  (Matsui, 1992)

Sediment exchanges involving sorption of organic substances onto or into
sediments i1s an important phenomenon in aquatic environments (Guzzella.
1997y The fate of persistent organic pesticides (which have a low solubility)
In aguatic ecosystems is highly dependent on sorption to particulates
(Galalin. 2005). the key process involved in their physical transport and
determining their degree of bioavailability, and thus ¢ventual
bioaccumulation and cffects. |

Sediments can act as a sink for sorbed matenals, removing them from the
water, and certain types are retained in the sediments for long penods of ime
However. others are often desorbed for vanious reasons and can thus become
a renewed source of pollution

> Dispersion is an extremely important factor in the consideration of toxic
substances in aquatic systems. In the past. mistakes have been made with
regards pollution control due to lack of knowledge of the biological factors
influencing the transmission of toxic substances in food chains
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Figure 41. Simplified scheme of POC (persistent organochlorinated compounds ) transformation in a
hiogeochemical food web in an aquatic ecosystem. (1= receptor, 11 = compartment) (From Galiulin
et al., 2005)

Predicting the fate of organic pollutants associated with fine-grained particulates 1s far more
difficult than when they are in solution because the dynamics of small particles are governed
by a host of physical. chemical and biological processes. Once associated with a particulate,
the fate of an organic pollutant is influenced by many and ofien interacting processes (Allan,
1992).
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¢ Binaccumulation, Bioconcentration and Biomagnification

Bioaccumulation 1s the process by which a substance is taken up by aquatic
orgamsms. both from the water and through food. whereas bioconcentration s the
process by which a substance is absorbed from water through gills or epithelial
tissues and 1s concentrated in the body. Bioaccumulation of substances through food
chains exhibits increasing concentration in orgamisms related to their trophic status.
Biomagnification results in orgamisms of higher trophic levels (predatory water birds
or fish) potentially being at higher nsk. However. biomagnification depends to a
great extent on toxicokinetics. which 1s the metabolic rate and excretion rate of a
toxic substance in orgamisms. Some persistent substances such as organochlorine
pesticides do not umiversally increase along food chains. the hazardous eticcts
depending on both the species and the toxic chemical due to toxicokinetics (Matsun,
1992),

3.1.3.54 Management

Undoubtedly the best way of managing the release of toxic organic substances into aguatic
ccosystems 1s through the reduction of their use. or through the use of technologies that do
not generate them. This 1s however idealistic as the elimination of most toxic substances
would be extremely problematic if not impossible

Finding ways of reducing the dangerous use and effects of orgamie pesticides and 'or most
other toxic pollutants is the responsibility of governments. agncultural. industnal and
emvironmental engincers and the like. Limnologists have a role to play in producing
scientific evidence of the effects on toxic pollutants on freshwater ecosystems.

31.3.6 Biomonitoring as 2 management tool for inorganic and organic toxic
pollution

T'his s discussed under the general heading of hlomontoring in water quality assessments,
in Section 4.1,

3.1.4 Non-toxic organic pollution

1.1.4.1 Introduction

To some degree. the effects of organic pollution and eutrophication on resenvoirs are similar
In both cases the stimulating agent 1s orgamic matter. the major difference being that in
cutrophic waterbodies, this is mostly produced within the system (predominantly by algae).

whereas 1in organically polluted waters, the source 15 external (predominantly untreated
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sewage from human settlements), or less commonly. metabolic products from aquaculture
(Straskraba and Tundisi. 1999).

From a management perspective it is important to differentiate between the causes of organic
pollution because different control measures are employved to solve the accompanying
problems.

3.1.4.2 Sources of organic pollutants in reservoirs
Two main potential sources of organic pollution can be distinguished.
31421 Human settlements

A prnimary large-scale consequence of population growth and urbanization 1s the high input
of untreated sewage into rivers (e.g. the uMsinduze River in KZN) and thence reservoirs,
resulting in an increase in decomposable organic matter and nutnients. In addition, other
ingredients including microbial contaminants, heavy metals and pesticides are often present
in urban wastewater, which includes domestic wastes and urban runoff. Depending on the
sources and degree of prior treatment. if any. organic matter of this ongin may be only
partially degradable (Straskraba and Tundisi, 1999).

3.14.22 Aquaculture

Enrichment and degradation of aguatic ecosystems often occur in the vicinity of fish farms
(Diaz et al., 2001). Wastes include metabolic products (faecal and excretory matenal) and
uneaten food. which enter the aquatic environment directly.  The nutnient content of the
artificial feeds, the type of sediment, the existing trophic state and the morphometry of the
reservoir together with retention time, are some of the vanables that are required to predict
the impact of fish farming on water quality (Diaz et al., 2001).

In addition 10 the expected consequences of orgamic loading (i.e. reduction in dissolved
oxygen concentration and increased BOD. TSS and nutrients), the use of therapeutic agents
and chemicals for aquacultural purposes are also causes for concern (Fidalgo. 2002). There
15 also an increase in numbers of indicator bacteria as well as the presence of antibiotic
resistant bactena, due 1o the treatment of discased fish with antimicrobial drugs (Niemi and
Taipalinen, 1982).

3.1.4.3 Fate and effects of non-toxic organic pollutants

Bacterial and viral contaminants

Outbreaks of water-borne discases via public water supplies continue to be reported in
developed countries even though there is increased awareness of. and treatment for,
pathogen contamination. (Gibson et al.. 1998: Herwaldt et al.. 1992: Hawkins et al.. 2000:
Lisle and Rose, 1995: MacKenzie et al., 1994 Moore et al., 1994; Payment ¢t al., 1997) To
obtain a true assessment of the overall pathogen risk. it is necessary to understand the critical
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vanables controlling pathogen fate and distnbution in each part of the water supply system
including the reservorrs (Brookes et al.. 2004),

The processes of dispersion. dilution, honzontal and vertical transport determine the
distnbution of pathogens in reservoirs, the setthing of pathogen particles operating in
conjunction with these hydrodynamic processes (Brookes et al.. 2004). The riverine inflow
1s considered to be the major source of pathogens. the behaviour of these inflows thus being
of particular importance (Walker and Stedinger. 1999),

Detailed knowledge regarding the persistence of pathogens in reservoirs 18 necessary to
estimate their contnbution 1o health nsk (Meayvs et al.. 2004). This 1s a function of both
survival and transport. Different pathogens persist for different lengths of time. the major
mode of inactivation or mortahity varving significantly (Brookes et al., 2004). The main
factors controlling inactivation are light (visible and UV radiation) and wemperature. others
being salimty, hyvdrostatic pressure and predation (Simek et al.. 2001). The grazing of
pathogens by aquatic invertebrates has several implications. It may change the settling
behaviour if excreted intact in a faecal pellet (Tumer, 2002); however the passage through
the gut of a predator may render it nonviable (Weislo and Chrost. 2000).  Filter-feeding
molluscan shellfish can accumulate waterbome pathogens in their issue with possible
significant human health implications (Graczyk et al.. 1999: Fayer et al., 1998).

I'he prolonged survival and accumulation of microorganisms in sediments and the likelihood
of being desorbed by dilution or water turbulence indicates that sediments as well as surface
waters should be assessed when estimaning potential health nsks (Davies et al.. 1995).

3. 1.4.4 Management
3.1.4.4.1 Reservoirs as barriers to pathogen transport

The first control point for pathogen nisk management 1s in mimimizing the concentrations
entening reservorrs from nvers and catchments (Venter et al., 1997). Sewage pollution 1s
potentially the most easily managed of urban problems. the provision of sanitary sewers
beng one of the first actions taken to manage urban catchments. In developed countnies.,
pollutants onginating from settlements are. for the most part. reduced to acceptable limats.
However, recreational activities may be a major uncontrolled source. the mushrooming ot
holiday homes on lake and resenoir shores, with accompanying waste disposal problems
becoming an ever-increasing problem (Straskraba and Tundisi, 1999). For example,
overflow from septic tanks enters surface waters via groundwater. which produces a separate
challenge to catchment managers and ccologists. Proposals for high-density housing
developments on reservoir margins (¢.g. Midmar Dam in KZN) are clearly wrrational and
illogical.
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Figure 42, Conceptual framework for pathogen monitoring and risk assessment in rescrvoirs. (After
Brookes ¢t al., 2004)

The reservoir itselfis the second control point. acting as 1t does, as a barrier 10 pathogen
transport (Brookes et al., 2004).  Of pnmary concem is Cnprosporidium because of s
longevity (Medema et al.. 1997) and the resistance of 0ocysts 10 treatment processes
(Robertson et al., 1992). However. Van Breeman et al. (1998) and Bertolucci ( 1998) both
reported sigmificant decreases in Giardia and Cryprosporidium concentrations during water
SIOrage In reservolrs
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Time scales of the major processes in pathogen mactivation are of paramount importance in
determining nisk reduction in reservowrs. These are:

e the time taken for the inflow to reach the off-take point after entening the
reservorr,

e the ume taken for particles in the surface laver to sink to the bottom of the
reservorr,

e the time taken for pathogens (¢.g. oocysts) to become inactive afier exposure
to water of a certain temperature. and

e the time taken for pathogens (e.g. oocysts) to recerve a fatal dose of UV
radiation (Clancy et al.. 2000: Craik et al. 2001) (Figure 42).

11442 Use of surrogates to estimate pathogen risk

Indicator bactena such as faecal coliforms. faecal streptococer and E. colr are themselves
usually not pathogemic. They are used because they are much casier and less costly to detect
and enumerate than the pathogens themselves (Meays et al., 2004). Tradinionally. bactenal
indicators of faecal contamination. notably faccal coliforms and enterococci. have been used
to assess the microbial quality of water sources ( Thurman et al.. 1998), However. 1t i1s now
apparent that these bactenal indicators are not suntable for assessing the nisk posed by
protozoan pathogens (¢.g. Criprosporidium and Giardia) and some entenc viruses.  Several
outbreaks of crvptospornidiosis have been documented where the water quality met
microbiological standards based on bactenal indicators (MacKenzie et al., 1994; Lisle and
Rose, 1995),

Vanous bactenophages have been proposed as indicator organisms for entenc viruses in
freshwater (Havelaar et al., 1993: Armon and Kott. 1995), and it has also been suggested that
spores of Clostridium perfringens are good indicators of human faecal contamination
(Payment and Franco. 1993 Ferguson et al.. 1996). However these two methods need to be
used with caution as they are not suitable in some circumstances. Other potential surrogates
for pathogens include particle counting and turbadity. but these also have limnations,
especially in waters of high mineral turbidity.

Thus. while no single water quality indicator can rehably assess the bacterial. protozoan and
viral contamination of aquatic environments in all circumstances. 1t 1s feasible that a suite of
surrogates may be identified that will estimate levels of microbial contamination within
defined circumstances (such as within a storage reservoir with well charactensed inputs)
(Brookes ¢t al.. 2004).

It is widely accepted that the potabilizatnion of river water requires the apphcation of multiple
barriers to ensure microbiologically safe drinking water ( Lambert et al.. 1998). Storage
reservorrs are an important preliminary treatment step because of self-punfication - however,
addmtional barmers are needed. 11 1s necessary 10 determine the elimination rate of each
consccutive waler treatment step ¢.g. storage. coagulation, filtration. ozonation ¢t¢.. with
suitable surrogate parameters
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Bactenal source tracking includes several methodologies used to determine sources of faecal
bactena (wildlife (mostly waterfowl). humans. and domestic stock) from environmental
samples (Meays et al., 2004). These fall into 3 main groups. molecular. biochemical and
chemical. There 1s currently no standard method which has been adopted for source tracking
but it is a rapidly growing area of rescarch and technology development.

3.1.5 Salinization

3.1.5.1 Introduction

Salimization 1s the process that increases the salimity of inland waters. Two types, natural
and anthropogenic can be distinguished (Williams, 1999),

Natural (primary) salinization

This 1s essentially restricted to closed (endorheic) drainage basins in semi-and and and
regions of the world (Wilhams, 1999). This occurs when the salts deposited in rainwater
(mainly sodium, chlonde and sulphate) accumulate following solar evaporation (Davies and
Day. 1998). High concentrations of salts in freshwater may also be caused by a number of
other factors such as wind-bome sca-spray. groundwater stores of “fossilised™ sea water. sca
salt stored in rocks. and easily weathered rocks that naturally contain high concentrations of
mineral ions e.g. the Malmesbury Shales of the Western Cape (Davies and Day., 1995).

Over geological time, a natural equilibrium has been established in inland surface waters
between salt inputs, salt retained for shorter or longer penods. and salt ultimately lost by
drainage and it 1s likely that human activities have not disturbed this equilibnium to any great
extent (Wilhiams, 1999).

Secondary salinization also occurs mostly in and and semi-and regions and 15 caused by
human activity. This is discussed in this section.

The increasing salinity of saline natural lakes will not be considered in this repont.
3.1.52 Causes

Major causes of salimization of freshwaters are catchment activities that alter hydrological
balances and mobilize underground salt. the most significant and devastating of these
resulting from agricultural activities.

Long term irngation carried out in anid arcas and/or in arcas where the rocks and soils have
high concentrations of minerals. result in human-induced salinization (Stradkraba and
Tundisi. 1999: Davies and Day. 1998). Dunng imgation. particularly spray-imgation. much
of the water 1s lost by evaporation before it enters the soil. leaving behind the salts it
contained. This accumulates with time. affecting agriculture. and leaching out into rivers and
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thus lakes and reservoirs. In regions where the water has a naturally higher salt load. the
process 1s exacerbated (Davies and Day. 1998).

The felling of large cucalvptus trees in Australia caused senous terrestnal salimzation in
some arcas (Wilhams, 1999; Davies and Day, 1998). Felling led to a nise in the water table
as the deep-rooted vegetation was replaced with shallow rooted crops with lower rates of
transpiration. When the water table 1s not far below the surface, capillary action increases
the effects of evaporation, leaving a layer of salts on the soil surface after evaporation. As
with imgation. the soil becomes less and less able to support crops. eventually leading to
desertfication.

Other human activities may also increase the salinity of freshwater to varving degrees.
Sewage punfication subjects the water to evaporative concentration. particularly sigmificant
in efforts to recycle treated effluent. Saline industnial and mine effluents are a problem in
many areas (Davies and Day, 1998)

Examples of salimzation have been documented in a number of and arcas. predomimantly
Austrahia (Boulton and Brock. 1999 Macumber. 1991), but also Egypt (Saad. 1999),
Ethiopia (Gebre-Manum. 1999) and South Afnica (Davies and Day (199%)

3.1.5.3 Effects

The extent and importance of salinization as a global threat has been greatly underestimated
(Wilhams, 1999). The effects are usually deletenous and often irreparable.

The effects of even small nises in the salimity of freshwater lakes and reservoirs can be
profound because the halotolerance of the freshwater biota 1s more limited than that of salt
lakes. frequently leading to an imtial disappearance of macrophytes and npanan trees. The
overall biological response is a decrease in biodiversity - the replacement of the
halosensitive biota with a halotolerant one

The salimzation of lakes and reservorrs is closely associated with the salimzation of rivers
and streams whose salt load is discharged into these waterbodies. Several authors have
drawn attention to the hazards posed by salimzation of streams and nivers to lakes, reservoirs
and wetlands (Williams, 1987: Davies and Day, 199X)

Economic losses include a loss in the ability of these affected waters to serve as supphies for

domestic, agricultural and other uses (Williams, 1999). A senies of impacts on human health
when water of increased salimity s used for dninking, have been observed. One consequence
of large-scale salinization 1s the increase in blood pressure rates and consequent renal disease
(Straskraba and Tundisi. 1999)

3.1.5.4 Management

Prevention of further salinization 1s the most important management prionty., as
rchabilitation and management of waters already salimzed is much more difficult and often
not possible. Integrated catchment management is recommended as the only really viable
method of addressing the problem (Williams, 1999)
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Because freshwater salimzation s taking place at an alarming rate. especially in and and
semi-arid areas where freshwater is in short supply anyway, effective. informed water
resource management 1s essential. In some dryland countries, salimzation 1s regarded as the
single most important threat to the natural character of freshwater lakes and the viability of
water resources (Davies and Day. 1998).

Chmatic change will impact lakes worldwide. but its greatest impacts are likely to be on
dryland aquatic ecosystems (Wilhams. 2000),

3.1.5.5 Salinisation of inland waters in South Africa

South Afnica, being arid or semi-and over large arcas, has a serious salinization problem in
many regions. In fact, salimzation of nivers is recognised as one of the major threats to
South Afnican water resources: the water quality of many nvers ¢.g. the Berg and Breede
rivers in the western Cape and Sundays and Fish nivers in the eastern Cape, 1s decliming
rapidly as a result of imgation-induced salimzation (Davies and Day. 1998).

Human manipulation of river flow 1s adding to salinization in some areas. For example, the
Pongolapoort Dam, by preventing normal floods in the Phongola River below the dam
results in accumulating salts in the floodplain pans. In addition. the Makatini Flats Immigation
Scheme in the Phongola river valley overlies substrata containing trapped and “fossilised™
sea-water. The probability exists that salimization will seniously impact on agriculture in the
region sometime in the future.

Although agnicultural activitics have the greatest effect on salimzation worldwide, urban and
industnal effluents may also have a serious impact on water resources. Large effluent loads
are disposed of into the Vaal Dam where the concentration of TDS (Total Dissolved Solids)
1s increasing every year. About 606 of the salt load entering the Vaal Barrage is produced
by only four mines. In addition, the Buffalo. Mkhuze, Phongola. Wasbank. Mfoloz: and
Tugela nvers are also receiving saline mine effluents to a greater or lesser degree (Davies
and Day. 1998).

3.1.6 Acidification
3.1.6.1 Introduction

The dominant sources of air pollution are connected with the use of fossil fuels for energy
production. However. the situation 1s complicated with many “primary pollutants * reacting
in the atmosphere to produce new “secondary pollutants™, Pollution of the atmosphere has a
senies of well-documented effects ranging from the local phenomenon of smog. 1o the
regional effects of acidification caused by “acid rain”, and the global cffects of the
“greenhouse effect™ which may. in time., totally change the hiving conditions on carth
(Fenger, 1997).
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3.1.6.2 Causes of lake/reservoir acidification

Air pollution by sulphates and mitrates (which form sulphunic and nitnic acid, and which may
be transported over thousands of kilometres), leads to general acidification of precipitation.
he emission rates of these two gases into the atmosphere exceed natural rates on a global
scale by about 4 and 8 times. respectively (Galloway, 1996: 199%). In some regions of the
world. rates are 100 times greater than the natural rates (Galloway, 2001). Unpolluted ran
has a pH of 5-6. while in Europe. typical values are about 4.5 and occasional values as low
as 3 have been registered (Fenger, 1997)

3.1.6.3 Effects of acidification on lake/reservoir ecosystems

3.1.6.3.1 Effects on water chemistry

A low pH results when hydrogen carbonate 1s converted into free CO- as shown by the
following equation

CO¥" + H = HCO" + H = H;0+CO,

This change lcads to a suite of alterations in water chemistry. particularly increases in
solubility of metal 1ons. Elevated concentrations of many metal 1ons, especially alummmum,
iron and manganese (but also more toxic 1ons such as cadmium, copper, zine and mercury)
are theretore observed. This impacts widely on aquatic biota. since the free 1ons are
generally more toxic 1o agquatic orgamisms than complex 1ons. (Jorgensen, 1997).

30652 E.ffects on biota

All biological processes have a pH-optimum. which 1s usually in the range 6-8. This implies
that plant growth, microbiological decomposition. mtnfication and denitnfication are all
influenced by pH (Jorgensen. 1997). The general trend with decreasing pH 15 a decrease in
species diversity, reduction in algal species diversity being one of the most immediate
consequences of decliming pH

Several studies have indicated that cladoceran species amongst the zooplankton are generally
sensitive 1o acute acid condinons, Bosmina, being more acid-tolerant, often replacing
Daphmia species CJorgensen. 1997). Copepods are less sensitive than cladocerans and are
often representative of acidic waters (Brett, 1989),  Effects on zooplankton physiology are
reduced filtering. hacmoglobin loss, reduced oxygen and sodium uptake and gill tissue
damage. Long-term effects are reduced brood size and egg ferulity. and delaved
reproduction Jorgensen, 1997)

In contrast 10 fish, some macroinvertebrates are able to tolerate acid exposure for a few davs,
and are accordingly often used as hioindicators for acidity. Many insect larvae show a wide
range of tolerance. some being able 10 survive at pH 3.5 for long periods. Some may fly
larvae have been found to be sensitive to acidity. while some species of dragonfly.
damselfly, caddis fly and stone fly larvae are typically well represented in acidic waters

Low pH atfects macromvertebrates through several toxic mechamsms such as reduced gas
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exchange. impaired calcium metabolism (significant in molluscs). element deficiencies and
toxic effects of aluminium 1ons (Hermann 1987).

3.1.6.33 Effects on fish

The tolerance of fish to pH conditions is summarized in Table 5.

— e—

pH-range  Effect

30-35 Unlikely that any fish can survive more than a few hours

35-40 Lethal 1o saimonoics Some other fish species might survive in this
range. presumably a'ter a period cf acclimation to slightly higher pH

40-45 Harmfu! to saimonoics. bream . goldfish and carp. akhough the
resistance to this pH increases with the size and age

45-50 Likely 10 be harmiul 10 e9gs and ‘ry of samonoids Harmiul also to
aout saimonoids and carp at low calcium, sodium and’or chionde
concentraticn

50-60 Unilikely to be harmtul, unless concentration of free COp is greater
than 20 mg '’ or the water contains freshly precipitated Fe(OH)3

€60-65 Harmless unless concentration of free COp > *00mg -*

Table 5. Effects of pH on fish (from Alabaster and Llovd, 1980 1n Jorgensen, 1997),

A charactenstic of damaged fish populations in acidified lakes is not just the absence of fish,
but the nature of the population structure {Harvey, 1975). Annual age and size classes are
sometimes grossly depleted or even entirely absent.

3.1.6.4 Management

ll64.1 Liming

Liming is the most commonly applied ecotechnological method for reduction and
neutralization of acidification in lakes and reservoirs. (Jorgensen 1997). The efficiency of
the liming process 1s dependent on the contact time and the contact surface: the distnibution
method of the lime in relation to the surface may be important in maximizing efficiency.
Liming may be performed in the lake reservoir. in the tributaries or in the entire catchment
area.
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31642 Other ecotechnological methods

Other in situ methods may be introduced in conjunction with liming to obtain a higher
efficiency of biological recovery. Rhode (1951) in Jorgensen (1997) introduced the concept
of a biological buffering system. the idea being to introduce acid tolerant and acid resistant
algal species to increase the pnmary production in the ecosystem. Theoretically this would
raise the pH. however. practically. it is difficult to obtain a higher level of photosynthesis
when there s a lack of hvdrogen carbonate 1ons in the water

The introduction of acid tolerant fish species has been used successfully to accelerate
biological recovery when used in conjunction with liming (Enkson et al 1980, 1987).

T'he apphication of land use management strategies has been explored. particularly those
associated with comiferous trees. Comifers have been replaced with broadleaf species, and
cuthack. buming and ploughing have been used to reduce comiferous growth (Ormerod et al..
1988: Welsh et al., 1987). This has been successful when the low pH is caused by natural
processes. but has hittle effect if the acidification 1s caused by acid rain.

Hydrological management has also been used to counter acidification where a source of less
acidic groundwater is available as a diluent. or retention time can be increased to enhance
sediment generation of alkalimity in cases where the sediment itself 1s calcium-nch

Idecally. the whole spectrum of methods should be used to obtain the best and fastest results,

e Only by changing the forcing functions. i.¢. the pH of the rainwater. s it possible to
restore the eccosystem. Otherwise a return 10 acidic conditions is inevitable.

e Liming ensures a higher pH but only for a limited penod (dependent mainly on the
retention time of the water in the lake resenvoir).

1.1.6.5 Time scales of acidification and recovery

Atmosphenc acidification occurs relatively quickly thours to days) once the gaseous acd
precursors are emitted (Galloway. 2001). Depending on the nature of the catchment soils,
headwater acidification can take vears if the deposited sulphate and or nitrate 1s not retained
strongly by the soil. but decades if it 1s (Galloway et al.. 1983)

Once surface waters have been acidified. biological responses can also be rapd or take
vears. Episodic acidification can result in fish fry mortality over the course of a single storm
(Bulger et al.. 2000) or it can take yvears for adult fish to suffer mortality. In combination,
short and long term cffects on aguatic biota have resulted in the disappearance of species
from acidified surface waters over time (Galloway, 2001)

The recovery follows the same gencral trend On reverse). but it takes place more slowly
(Figure 43). The atmosphere will recover quickly once emissions are reduced. (Galloway.
2001). Soils wall recover slowly due to their large capacity (Stoddard et al.. 1999),
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Surface waters will only recover chemically afier soils recover, and fish recovery may not
occur until 5-10 years after zooplankton recovery which themselves may take up 1o ten vears
to recover (Galloway. 2001).

Days Weeks Months Years
To To  Teo To |

ACIDIFICATION Weeks | Months  Years | Decades
Increased emissions increase deposition a
Increased deposition acidifies soils
Increased soil acidification changes forests
Increased deposition acidifies waters
Increased water acidification kills fish, etc.

RECOVERY
Decreased emissions decrease deposition I
Decreased deposition allows soils to recover — ‘
Decreased deposition allows waters to recover ;
Decreased deposition allows forests to recover |
Decreased water acidity allows fish to recover '

Figure 43. Timescales of acidification and recovery (from Galloway, 2001)

3.1.6.6 Acidification of freshwaters in South Africa due to atmospheric pollution

Air pollution in South Africa matches or exceeds that in some of the more industrialised
nations of Europe. mostly because abundant low-grade coal deposits provide a relatively
cheap source of power. Acid rain has been recorded in several regions. especially the
castern Highveld where there are many large coal-buming power stations and where the
lowest recorded pH value for rain is 2.9 (Davies and Day. 1998).

There is very little information available in SA on the effects of air pollution on the
environment. A management plan is needed which will incorporate rehabilitation of
acidifying waters before they become so badly damaged that recovery is much more
difficult.

3.1.6.7 Prospects for the future

The easiest projection 1o make is that in the future there will be more people needing more
food and using more energy. Increase in per capita resource use will mean that food and
energy production will rise faster than the population. resulting in an increase of emissions
into the atmosphere that will in tumn, result in increased deposition. and acidification of
ecosystems (Galloway. 1998).
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3.1.6.8 Acid mine drainage

Acid mine drainage (AMD) is drainage that emanates from both surface and underground
mine workings. waste and development rock. and tailings piles and ponds (Durkin and
Herrmann. 1994). After being removed from the ground. and having had the ore removed.
waste rock 1s stored above ground in large free-draining piles. The extracted ore 1s then
processed to separate the target mineral from the valueless portion, and this valueless portion
becomes another form of mining waste called "taihings.” Tailings are usually stored above
ground in containment arcas or ponds or they are pumped into the excavated space from
where they were mined (Johnson and Hallberg, 2005). Subsurface mining often progresses
below the water table. in which case. water must be constantly pumped out to prevent
flooding. When a mine 1s abandoned. the water table returns to its onginal level. flooding
the mine. The introduction of water in all these situations 15 the imtial step in most acid
mine drainage situations (http en.wikipedia.org).

In 1989 1t was estimated that approximately 19.300 km of streams and nivers. and 72.000 ha
of lakes and reservoirs worldwide, had been senously damaged by mine effluents (now
much greater). although the true scale of the environmental pollution caused by mine water
discharges 1s difficult to assess accurately (Johnson and Hallberg, 2005). The formation of
AMD and its associated contaminants have been described as the largest environmental
problem facing the miming industry worldwide (Evangelou. 1995: Hams et al.. 2003). ltisa
senous problem in South Afnica. pollution of streams and nvers due 1o discharges of
contaminated water from mines and dumps being one of the severest problems facing the
future of South Africa

3.2 Hyvdrological factors

3.2.1 Introduction

The hydrodynamic processes associated with resenvoir operations may be considered to be
an abiotic component contnbuting to the water quahty of reservorrs (Dubnyak and
Timchenko. 2000). Hydrodynamic processes play an important part in the functioning of
reservorr ecosystems, contributing, as they do, to water movements. water level fluctuations,
and their consequences. These processes have been discussed elsewhere in this report but
are bniefly reconsidered in this section

3.2.2 The river downstream from the dam

Resenvoir operations impact sigmificantly (physically, chemically and bologically) on the
nver downstream of the dam. The large amount of hiterature available on this topic i1s not
within the scope of this report. EXCEPT in the case of resenvoir cascades where the qualiny
of the outflowing water impacts on the water of a downstream water body. This is discussed
in Section 4.4
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3.23 The reservoir ecosystem

The effects of reservoir operations within a reservoir water body are an integral part of the
functioning of the reservoir ecosystem, and are interlinked in the consequences that they
exert on water quality.

(1 Water movements

In the open waters of a reservoir, there are multiple water movement and mixing processes.
Many of these are related to the hydrodynamics of the reservoir operation. The flow through
a reservoir 1s of considerable importance in determining transport processes of e.g.
suspended sediments and nutnients, as well as influencing the temperature and density
gradients and thus stratification of the water column. Longitudinal gradients are ofien
evident from the rivenne end of a reservoir to the dam, as discussed in detail in Sections 2.1
and 2.3.

(2) Retention time

Retention time 1s directly related 1o (1) above. In reservoirs with short retention time and
more intense through flow, the effect of the flow through the reservoir will be more
pronounced. whereas in reservoirs with long retention time, the effects are much less
pronounced. This i1s often a direct result of withdrawal rate or volume and the withdrawal
schedule

3 Water level fluctuation

Water level fluctuations are linked to both (1) and (2) with the associated dependence on the
inflow and outflow of water into the system

324 Reservoir operations

Reservoirs are designed and operated to achieve two basic goals — water storage and its
subsequent withdrawal for a vanety of purposes. Their operation to accomplish these two
aims plays a cnitical role in the mnological character of the impounded reservoir (Kennedy.
1999). Water withdrawal depth. the rate and volume of withdrawal, and the withdrawal
schedule are of particular importance in terms of their impact on the waterbody. (Table 6).
The effects that water withdrawal has on thermal stratification and matenal balances in
reservoirs may be the most limnologically significant influence of the operation of dams
(Kennedy, 1999: Ford. 1990)
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Table 6. Limnological implications of reservoir operation ( After Kennedy, 1999)

3.2.4.1 Water withdrawal depth

From the point of view of reservoir management, it is important to know the possible effects
of the water extraction level on the reservorr (Casamitjana ¢t al.. 2003). When muluple
outlets exist. each different through flow option can produce a suite of positive and negative
effects, with the overall result depending on the particulanties of the reservoir in guestion
(Stradkraba 1996). Hydraulic regulation by means of selective off-takes and hypolimnetic
siphoning were discussed as cutrophication control measures in Section 3.1.2, while
hvdraulic flushing through bottom outlets was considered as a means of siltation control in
Section 3.1.1.

A knowledge of temperature distnibution s fundamental to the understanding of the
performance and functioning of reservoir ecosystems (Kimmel et al.. 19900 the effects of
water withdrawal have been found to be important in determining thermal stranfication in
resenvoirs (Ford 1990). The release of water from the surface results in removal of strata
most directly influenced by solar heating, resulting in the preservation of cooler. denser
hypolimnetic water. Materials that settle below the effective withdrawal zone are retained as
are those released from bottom sediments into the overlving water. On the other hand. the
release of low-temperature water from the hypolimnion results in the storage of heat through
the expansion of the epilimnion. vertical temperature differences are reduced (particularly at
high withdrawal rates). and resistance 10 wind mixing 1s reduced. Matenals accumulated in
bottom sediments are removed due to flushing (Kennedy. 1999)

Casamitjana et al. (2003) used a numencal one-dimension model to predict the thermal
structure of Boadella Reservorr (Spain) and then 1o investigate various possible water
withdrawal scenanos. The model was found to predict the basic trends in thermal
stratification of the resenoir correctly. and could also be used to predict the stratification
pattern in other water withdrawal scenanos. These authors concluded that stratification
plays a crucial role in determining the reservoir’s water quality and that prediction of its
thermal evolution is essential for its management by means of selective withdrawal
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3.2.4.2 The withdrawal schedule

The water withdrawal schedule of a reservoir operates on different levels of magnitude. and
thus impacts on the aquatic ecosystem in different ways

3.24.2.1 Retention time

The withdrawal schedule is one of the main factors determining the retention time of water
in a reservorr.  The retention time, together with the concentrations of vanious chemical
compounds in the inflowing water. is among the most important factors that determine the
water quahity of reservoirs (Ambrosetti et al., 2002; Kawara et al.. 19958:; Jorgensen, 2002;
Townsend and Luong-Van: Perry et al., 1990).

Jorgensen (2002). using cutrophication models. attempted to answer two questions: (1) What
1s the role of the residence time in determination of water quality? (n) Is it possible to
manipulate residence time 1o improve water quality? Applying the models to three case
studies he demonstrated that the residence time 1s an important forcing function that in many
cases would have a great influence on the resulting water quality of a lake or reservoir. He
also concluded that manipulation of the residence time to improve water quality was a
possibility.

Figure 44 summanzes the mfluences of hydrauhic retention time on a reservoir ecosystem
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3.24.2.2 The littoral zone

Under hydrodynamically stable conditions, littoral zone areas. occupying a buffer position
between land and water have considerable biodiversity and play a role of natural biofilters.
However, hyrodynamic processes in the shallow areas of reservoirs are often limiting factors
for the development of biological communities (e.g. macrophytes and their associated biota)
(Dubnyak and Timchenko, 2000; Casco. 1997). Hill et al. (1998) studying regulated and
unregulated systems in Nova Scotia, Canada, found that shoreline plant communities of
dammed systems were less diverse, contained more exotic species and were generally devoid
of rare plants.

32423 The rate and volume of withdrawal

Pronounced fluctuations of water level over a short period of time are an important
charactenstic of many reservoirs (Nasclhi-Flores and Barone, 1997). These fluctuations may
affect phytoplankton biomass and species composition by influencing the underwater light
¢limate (Barone and Naselli-Flores, 1994: Naselli-Flores and Barone. 1996) and nutnent
dynamics (Kimmel et al.. 1990). With respect to some fish species. water levels play an
important role in breeding success. This is sometimes found to improve as reservoirs fill
because flooded vegetation offers better sites for spawning (O’Brien. 1990). However in
other cases increased siltation associated with reservoir filling. damages spawned cggs.
Drawdown may senously damage nursery areas and lead to desiccation of the eggs
(Kubecka, 1993).

Little has been wnitten on water quality changes associated with rapid drawdown of
reservoirs and lakes (Boland. 1995: James et al., 2001). This was addressed in Manton River
Reservoir, a small tropical reservoir in northern Australia by Boland (1995), who found a
marked detenioration in water quality due to turbulence associated with the rapid drawdown,
which destroyed the vertical density structure and caused elevated chlorophyll a and total
phosphorus concentrations and higher turbidity and colour. All these water quality
parameters improved following recharge of the reservoir in the following wet season. but
most remained higher than their pre-drawdown values.

3.2.5 Management possibilities

Often viewed as impairments to water quality, reservoirs may also offer management
opportunities. Within the design and operation parameters defined by engineering
considerations. it may be possible to reach a consensus of cooperative use. For example, the
timing and rates of release, including the use of selective withdrawal outlets and the scasonal
progression in reservoir volume, may be modified to affect changes in water column thermal
structure, and water and matenal retention, as a means of accomplishing water quality
management objectives (Kennedy. 1999a).

If the requirement of water control (¢.g. flood reduction, power generation.. navigation. €t¢)
can be met while at the same time encouraging a desired cffect on water quality (e.g.
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reduced phytoplankton biomass or shifts in species composition). then cost efficient
management strategies can be realized (Kennedy. 1999a)

3.3 Climate Change

3.3.1 Introduction

There 15 no doubt that a shift in long-term global chimate 1s taking place as a result of the
intensification of the “greenhouse effect™ (IPCC. 1992). The greenhouse effect (a natural
phenomenon) occurs as a result of the carth’s outgoing long-wave radiation being unable to
escape the lower atmosphere owing to the presence of certain gases. notably carbon dioxide.
methane and water vapour. Without this natural phenomenon the earth would be
approximately 33" C colder and largely uninhabitable (Bruce. 1991). There has been a sharp
increase in the amount of carbon dioxide. methane and nitrous oxide released into the
atmosphere since the middle of the 20™ century due 10 increased industrial activity, and in
addition. chlorofluorocarbons (CFCs). since they were introduced in the 1950s (Adeloye et
al.. 1999). These may also hinder the release of long-wave radiation. although by depleting
the ozone laver. the greenhouse effects of CFCs are parially neutralized (IPCC. 1992). The
temperature of the earth’s surface has increased by 0.3 10 0.6" C over the last century with
the greatest increases in the last few decades

Such increases in temperature are anticipated to atfect reservoir ecosvstems significantly
through a combmation of direct and indirect influences involving hyvdrological. physical.
chemical and biological process mechanisms and interactions

33.2 Modelling global warming

Changes in chimate are projected by means of General Circulation Models or Climate
System Models. which mathematically simulate the climate system - atmosphere. occans.
hyvdrologic ¢vele and ice. Put very simply. three models were run with a forcing equinvalent
of a doubled carbon dioxide concentration in the atmosphere until the syvstem reached a new
equilibnium (IPCC. 1990). The projected increase in global mean temperature from these
three models was 3.57 - 4" C. When ocean lags are taken into account. the IPCC estimates a
0.2 - 0.5 C increase per decade over the next century under a “business as usual™ scenano
(1.€. no major controls of greenhouse gas emissions except those already agreed 1o
internationally 10 reduce CFCs for protection of the ozone laver) (Bruce. 1991),

These estimates may be conservative since the aggregate of present national projections of
carbon dioxide and methane emission yvields a global projection 10-20M¢ higher than
“business as usual™. In addition. these mathematical climate system models do not take
feedbacks in the system into account, especially the biological feedbacks. The Second
World Climate Conference. Geneva. 1990, concluded that the feedbacks would be hikely to
increase rather than decrease greenhouse gases
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Sea level is expected to rise 3-10cm per decade under the “business as usual”™ scenario.
Agreement between models on precipitation changes 1s not close. but all models show
greater global precipitation and increased vigour of the hydrological cycle with nsing
temperatures (Bruce. 1991),

3.3.3 Effects of climate change on reservoirs and their management

A warmer climate will put phenomenal pressures on walter resources in many pans of the
world (Adelove et al.. 1999). For reservoir quality management, three types of consequences
of global climate change can be expected. as shown in Figure 45 (Straskraba and Tundisi,
1999):

(1) direct effects on air temperature and flow:
(i) indirect effects due 10 changes in natural and agncultural vegetation: and
(ii1)  increased water demands on reservoirs
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Figure 45. Expected consequences of global changes on reservoir water quality (after Straskraba and
Tundisi, 1999)

3.3.3.1 The hydrological cyvcle

Global warming is accelerating the hydrological cycle. Evaporation from land and water
will increase. resulting in more precipitation on average. although regional precipitation
patterns will continue to be complex and vanable. Reviews of state-of-the-art climate
models suggest that average global evaporation and precipitation may increase by 3 - 15%
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for an equivalent doubling of atmosphenc carbon dioxide concentration - the greater the
warming. the larger the increases (Gleick. 1997)

Improvements in modelling of the chimate have begun 10 permit more realistic estimates of
regional evaporation and precipitation patterns. With a doubling of atmosphenc CO-
concentrations, models show increases in humidity and greater precipitation at high latitudes
and tropics throughout the year and in mid-latitudes in winter. In many model estimates,
summer rainfall decreases slightly over much of the northern mid-latitude continents. Other
changes in mid-lattudes remamn highly vanable and ambiguous: information on changes in
precipitation in subtropical and and regions is scanty, but even small changes in and zones
can have sigmificant imphcations (Gleick. 1997 Williams. 1999)

In fact, the occurrence or influence of global warming 1s not globally umform. temporally or
spatially. It 1s occurring twice as fast as overall warming duning the winter and at night. with
winter warming occurnng faster at high lanitudes than near the tropics. Enhanced
evapotranspiration dnies out soils in some regions whereas the warmer atmosphere holds
more water vapour (6% increase for 17 C), fuelling more intense violent downpours
elsewhere. Prolonged droughts and intense precipnation can be equally punishing (Epstein.
2004)

31.1.3.2 Runoff

Many estimates of changes in runoft due 1o climatic change have been produced using
detarled regional hvdrologic models of specific nver basins and a vanety of climate
scenanos (Armnell, 1996). Results show that signmificant changes in the timing and magnitude
of runofY are likely to result from quite plausible changes in climatic vanables. Some studies
suggest that temperature increases of 2-4° O, with no change in precipitation, can result in
runofl decreases of 207 or more (Lettenmaier and Gan, 1990; Burns, 1994: Mimikou et al.,
1991: Glewck. 1987ab). Increases or decreases in precipitation of 107, « 20% 1end to change
runoft by about the same amount. In areas where demands for water are close to the limit of
rehable supphies. such changes will have enormous management imphcations (Gleck,

1997)

There 1s also a nsk of increased flooding. The authors of the 1996 IPCC report concluded
that flood related consequences of climate change might be as sernous and widely distnbute
as the adverse impacts of drought

3.3.3.3 Soil moisture

Changes in temperature and precipitation patterns will have direct effects on soil moisture.
In regions where precipitation increases, increases in evaporation driven by higher
temperatures may be even greater. resulting in 2 net drving of the land surface (Gleick.
1997). Incidence of droughts in the USA. measured by soil moisture conditions, 1s hikely to
INCrease as temperatures increase even where precipitation increases, because of increased
evaporation (Rind et al.. 1990)
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All chimate model results simulate a general increase in so1l moisture at the northern high
latitudes in winter where precipitation increases exceed evaporation increases. Most models
also simulate large-scale drying of the Earth’s surface over northern mid-latitude continents
in summer owing to higher temperatures and either insufficient precipitation increases or
actual reduction in rainfall (Gleick, 1997).

3.3.3.4 Water quality

An increase in the water temperature of lakes or reservoirs will be a significant factor affecting
their ecological balance (Hosomu. et al., 1996: Bruce, 1991). The growth rate and standing
crops of algae will increase. and. in addition, the period of thermal stratification will be longer,
the thermocline deeper. and depletion of dissolved oxygen in the hypolimnion more severe.
This will accelerate eutrophication as nutrients will be released from bottom sediments (KalfY,
2002). The change in water retention time and hence. nutrient loading. could have significant
consequences on the trophic state of reservoirs. Vegetation changes in the watershed could
contribute to hydrological changes and could cause major changes in nutrient and pollution
loads (Straskraba and Tundisi, 1999).

3.3.3.5 Public health

The warming of lakes and reservoirs inferred by global warming projections would also
result in pole ward movement of water-bormne or water-connected discases which are
temperature limited as water is the pnincipal transmission agent for 80%¢ of tropical discases.
Mosquito-transmitted diseases are the pnme example, but there are many other such as
Bilharzia as the snails which transmit schistosomiasis can only survive in temperatures
between 18 and 357 C (Epsten, 2004).

3.3.4 Implications for reservoir management

Impacts of chimate change on water resources will be felt in virtually every aspect of natural
resources management. These include all decisions about long-term water planning, design
and construction of new water-supply infrastructure, the type and acreage of crops to be
grown, urban water allocations and rate structures. reservoir operation and water-supply
management,

Major uncertainties still exist surrounding the impact of climate change on lakes and
reservoirs. Indeed the most important effect of chimate change for water managers will be the
overall uncertainty that they face. There are three possible approaches that managers might
take at this time:

e the “wait and see” or “do nothing™ approach which 1s cheapest in the short term but
could have enormous medium- and long-term nisks,

e the “no regrets” approach which includes evaluating management and operational
options under a broader range of scenanos than managers have traditionally
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considered. and designing and building new infrastructure to deal with climatic
uncertainly. and
e going “overboard™ and making expensive but incorrect decisions.

The flow of information from the scientific global change community to the public and
water management community needs to be developed and expanded (Gleick, 1997).

335 Other factors

It must be emphasised that climate change 1s only one factor that will affect the behaviour of
lakes and reservoirs in the future. Cutting of forests and construction of resenvoirs result in
increases in streamwater temperature of a similar order of magnitude to that proposed by
global warming. The dominant factor controlling erosion and sedimentation will continue to
be the presence or absence of vegetation and management of soils in the watershed. Water
levels will continue to be influenced by upstream water withdrawals for irmgation and direct
withdrawals for human use. It is important to place the changes that may anise from global
warming. in the context of all the other changes that will affect lakes and reservoirs in the
future (Bruce. 1991).

3.4 Invasive Species
341 Introduction

Species invasion is one of the leading mechanisms of global environmental change,
particularly in freshwater ecosystems (Garcia-Berthou et al., 2005). After loss of habitat,
mvasive spexies are the second leading cause of biodiversity loss (Vitousek et al.. 1997;
Mack et al., 2000). Thousands of exotic species have been introduced to aquatic habitats
(Cohen and Carlton, 1998), and besides imposing huge economic costs, invasive specics
cause extinction of native species and reduction of genetic diversity through a vanety of
mechanisms (Rahel, 2000). This form of biological pollution also has the potential 1o alter
the transter of energy and matter within an ecosystem (Yan and Pawson, 1997)

342 Stages in the invasion process

I'he intentional or unintentional introduction to the wild of a species reaching a
region bevond its native range

Ihe establishment of self-sustaining reproductive populations

Population growth and spreading of the species (Richardson et al., 2000; Kolar

and Lodge. 2001)

v b
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343 Approaches to the study of invasion biology

The issue of species introductions and range expansions is of growing importance as
ecosystems become more disturbed (Work and Gophen, 1999). However, the factors that
favour invasions, and the effect of invasions are often difficult to predict ( Williamson and
Fitter, 1996).

The two most frequent approaches to the study of invasion biology are the identification of
species traits that that might predict invasion success (Garcia-Berthou et al., 2005:
Williamson and Fitter, 1996: Mack et al., 2000; Kolar and Lodge, 2001) and the
identification of antributes of communities (and ecosystems) that affect their susceptibility or
resistance to invasion (Levine and D' Antonio, 1999). (Table 7)

| Characteristics relating to ‘invasiveness’ of o species

The source and invaded environments are far apart geographically.

They have rapid dispersal rates.

They possess colonising abilities superior 10 those of native species.

They exhibit r-selected breeding attributes, many offspring, little parental care.

5 They have some form of protection for eggs and young larvae.

4 They lack natural enemies in the invaded environments.

" They are generalist, rather than specialist, in their feeding preferences.

< Invasives with specialist feeding habits (e.g. blackflies) occur when there is an abun-
dance of food.

They breed throughout the year.

»n ode w by~

sracteristics of ecosystems that are susceptible 1o invasion

They are degraded, disturbed or modified.

They exhibit reduced species diversity,

"hey have anthropogenically modified flow regimes or water quality.

Periurban environments with many artificial water bodies are often exploited.
vasion is enhanced when the climates of source and invaded environments are
milar.

Table 7. Charactenstics relating to “invasiveness™ of a species and charactenstics of ecosystems that
are susceptible 10 invasion, (After Davies and Day, 1998).

Movle and Light (1996) suggested that the suitability of abiotic factors predetermines the
success of an invasion, regardless of the biotic interactions in the new habitat. Success is
strongly influenced by a species’ ability to adapt to critical environmental vaniables such as
salinity (Thompson. 1991) and temperature (Garton ¢t al., 1990: Hall et al.. 1992: Stelzer,
1998: Sanford. 1999: Lodge. 1993). Other studies have documented the influence of
biological charactenistics such as high rates of dispersal and reproduction, good competitive
ability and predation resistance on the success of the invader (Garton and Berg, 1990;
Lehman, 1991 Mackie. 1991). However, unfavourable abiotic conditions preclude a
successful invasion, and therefore a consideration of both the native and the new
environment is necessary 10 answer the question of why a species is able 1o invade an
ecosystem (Work and Gophen, 1999).
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However, some results of these approaches have been inconclusive (Wilhamson, 1996
1999 Smath et al., 1999). More recent suggestions are the identification of predominant
donor regions and invasion pathways (Jenkins. 1996: Ricciardi and Rasmussen. 1998:
Maclsaac et al.. 2001) particularly for aquatic invasions (Ricciard and Maclsaac. 2000)

344 Invasive plants

In Southern Africa. a number of introduced “water weeds™ are major economic pests. They
include Salvinia molesta (Kanba weed). a free floatng fern. Eichhornia crassipes (water
hvacinth). and Myriophvilum aguaticum (parrot’s feather). a floating or rooted water plant,
all from South Amenca and all proclaimed noxious weeds. Azolla filiculoides (also a
floating fern). and Pisria stratiores (Nile Cabbage). possibly onginating from Australia. have

not vet been declared undesirable ahiens

These plants all exhibit the potental for explosive growth, particularly in cutrophic
conditions. and may cover vast areas of standing and slow-running waters. They are
widespread throughout South Afnca (Figure 46) and have already cost the country tens of
milhions of rand to eradicate. (Macrophyte control 1s discussed in Section 3.1.2.5)
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Figure 46. Distribution of the tour major alicn aquatic plants in Southern Atnica. (After Davies and
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Eichhornia crassipes

Ever since its introduction to Egypt in the late 197 century, Eichhornia crassipes has spread

through Afnica’s lakes and resenvorrs (Brendongk et al, 2003). Its prohific growth causces
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considerable economic problems and affects fisheries, boat traffic. water supply and the
whole ecology of affected lakes (Ogutu Ohwayo et al.. 1997). It tends to invade waterbodies
where hydrological or nutnent conditions have been altered by human activity (Barret,
1989). Biological. chemical and mechanical control measures are expensive and hampered
by re-infestation from its long-lived seeds (Brendonck et al.. 2003).

In spite of the detrimental effects of Eichhornia crassipes, Rommens ¢t al. (2003) in their
study on the impact of this macrophyte on the water quality of Lake Chivero. a reservoir in
Zimbabwe, pointed out that it does have some positive attributes. Its capacity for
accumulating heavy metals and organic contaminants and its wide tolerance of
environmental conditions makes it suitable for treating waste water. In addition. its rapid
growth and multiplication has led its use as an ammal food. in paper and other products. and
as compost (Mchra et al.. 1999: Navarro and Phin. 2000). Its presence can also prevent the
development of algal blooms, by direct light limitation. A workshop on “The Control of
Africa’s Floating Water Weeds™ in 1991, stressed the imponance of conducting ecological
studics on aquatic systems affected by Eichhornia in order to estimate its affect on
biodiversity (Greathead and DeGroot (1993) in Rommens et al.. 2003). However, 10 date,
hittle attention has been paid to the potential importance of water hyacinth mats for
maintaining the structural complexity of a lake and its species diversity. Rommens et al.
(2003) suggest that this is probably duc to the emphasis given to the many environmental
and socio-economic problems caused by its infestations, with its eradication being given
prionty.

Salvinia molesta

This invader became famous as “Kanba weed™ soon afier the filling of Lake Kariba in the
1960s. At one stage it covered more than 2200km” of the surface of Lake Kariba with mats
often more that half a metre thick. This situation created ideal conditions for mosquitoes and
snails. the transmission agents for malana and Bilharzia (Davies and Day. 1998). A
discussion of the “Kanba weed™ as an alien invader can be found in Moreau (1997),

345 Invasive animals

Foreign invaders, including fish (e.g. Moyle and Light, 1996). molluscs (e.g. Strayer, 1999,
Yu and Culver. 1999: 2000) and crustacean zooplankton (e.g. Lennon et al.. 2001: Work and
Gophen. 1999: Pattinson, 2993: Ketelaars and van Breeman, 1993) are threatening the
integrity of freshwater ecosystems worldwide 288,

3451 Fish

It has been hypothesised that the construction of reservoirs and the accompanying
hydrological manipulation has been instrumental in increasing the susceptibility of nver
systems in SA to invasions by introduced fish (De Moor 1996: Gehrke and Hamnis, 2001). as
well as range extensions 1o native species ¢.g. the movement of Clarias from the Orange to
the Fish River.
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Many of South Africa’s freshwater fish populations are undergoing a demographic decline.
Of the 97 species occurming in SA 30" have been histed by the IUCN as threatened (Skelton
2002). This 1s probably due to a vanety of reasons - detenorating water quality. habitat
degradation and introduction of exotic species (Paxton. 2004). Flow regulation and nver
fragmentation are also hikely to have had an influence in reducing recruitment by obstructing
movement, degrading instream habitat and facilitating invasion by exotic species (De Moor,
1996)

3452 Molluscs

Dreissena polvmorpha Pallas (the zebra mussel) is the most ofien cited example of an
invasive molluse species. Imitially found in the USA in the 19805, 1t has now spread to all
the Great Lakes and many connected waters. These animals attach themselves casily 1o the
hulls of boats and thus spread quickly along transport routes. Larvae remain planktonic for
several weeks dunng which they are transported by currents. and in bilge water and bait
buckets. These factors contribute to their successful invasive potential (Kalft, 2002).

The effect of zebra mussels on the ecosvstem has been of great concern to ecologists and
fishernies managers since therr appearance as invaders. Maclsaac et al. (1992) estimated that
they could theoretically filter 2 7Tm water column between 3.5 and I8.8 times daly. Bunt et
al. (1993) estimated that even the small-bodied zebra mussels (2-1 Imm) were theorenically
capable of filtering between 39 and 96%¢ of the water column daily in western Lake Ene.
This filtenng activity sigmificantly decreases algal abundance and increases water clanty
(Reeders and de Vaate, 1990: Lei et al.. 1996: Maclsaac et al.. 1992: Bunt et al . 1993:
Fanslow et al.. 1995 Nalepa et al.. 1995). These changes potentially affect the aquatic food
web and thus the whole lake ecosystem (Yu and Culver, 1999), Thermal structure can also
be influenced by water transparency by increased epilimnion thickness and metalimnion
heating rate (Mazumder and Taylor. 1994). Yu and Culver (1999, 2000) investigated the
possibility that zebra mussels could change stratification patterns. They concluded that
indirect impacts on a small reservoir stratification pattern may have much broader
implications then the direct trophic interactions to the whole ecosystem.

Predators on zebra mussels are most often not able to control populations. resulting in the
long-term effect of shifting invertebrate production away from zooplankton in the water
column. and thereby away from zooplanktivorous fish and their predators to the benthos
The effect on pelagic fish stocks is an 1ssue of great economic importance and scientific
interest (Kalff, 2002). Effects of a shift from planktivory to benthivory on pollutant
mobilization have not been explicitly considered. but can be anticipated.

3453  Crustaccan zooplankton

Studies of freshwater crustacean zooplankton have revealed a vancety of successful invaders
(Havel and Hebert, 1993: Raid and Pinto-Coclho. 1994; Lee, 1999: Ricciardi and Maclsaac,
2000). Cladoceran zooplankton possess many of the predicted traits of a successtul
colomzer. Adults and cphippia can be introduced by bait bucket releases. intentional
transfers of water or fish. and by natural passive transport of the ephippia by wind. birds.
mammals and fish. The ability of ¢cladocerans 10 reproduce parthenogenctically not only
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ensures that they can reproduce quickly. but also reduces the size of the propagule required
for successful colomization (Work and Gophen, 1999).

An example of a cladoceran invader, Daphnia lumholt=zi (Sars) was first collected in North
America in 1990 in a small lake in Texas, USA (Sorenson and Stemer, 1992). Since that
date it has been found in at least 125 lakes and reservoirs in the US from Flonda to Anzona.
Features that may have enhanced its ability to invade North Amernica from Australia. south-
cast Asia and Afnica are:

(1) The native and new habitats have similar maximum temperatures. The
tropical/'subtropical ongin may explain its ability to withstand higher
temperatures than the native North Amencan zooplankton (Moore et al., 1996).
This factor may present a constraint on its ecological success as an invasive
species in colder waters of North Amenca (Lennon et al., 2001), although
chimate warming 1s hikely to modify this.

(1)  Invasion theory predicts that a species adapted to disturbed habitats 1s more likely
to invade successfully (Onans. 1986). Daphnia lumholtzi has been recorded
primarily in reservoirs. rivers. ephemeral lakes and other disturbed systems in its
native range (Mishra and Saksena. 1990: King and Greenwood. 1992).

(m)  The extremely long head and tail spine may reduce its vulnerability to predation
by fish and invertebrates (Havel and Dodson, 1984: Havel, 1955: Parejko, 1991
Sorenson and Stemer, 1992).

346 Management

Introduction prevention should be regulated at all orgamizational levels. of particular
importance being the introduction of species to new continents. However. introductions to
new countries within a continent (or new basins within a country). although difficult 1o
control, should also be legislated against. with implementation being internationally
coordinated (Garcia-Berthou et al., 2005). Previous success, and taxonomy. to a lesser
extent, are relatively good predictors of invasive potential, species and families with
previous invasive histones clearly being of special concern. (Mack, 1996: Williamson,
1999).

Project KR'612 FINAL REPORT Page 175







4. MANAGEMENT TOOLS AND AIDS

Management can be functionally and operationally defined as a process of continuous
decision-making 1o achieve specified aims and objectives. Reservoir management hinges
largely on hydrological. chemical and biological objectives. Rapid monitoning of conditions.
and outcomes of management activities is pivotal to effective management. Various
methods and approaches to such monitoring exist, and new and novel techmiques and
instrumentation are finding welcome application. A brief outline of certain established and
emerging approaches follows.

4.1 Biomonitoring, bioindicators, etc.

4.1.1 Procedure

A wide range of testing approaches are available to determine the effect of polluting and
toxic substances on lakes and reservoirs, the abundance of which makes it extremely
difficult to select a single approach or test battery that will meet all management needs.
Simple tests with indigenous orgamisms, particularly tests that use species from multiple
trophic levels known to occur in the system. can provide a screeming-level assessment of
pollution hazard. The next level of investigation should consider use of standardized
MICTOCOSMS OF MESOcosms. Accompanying any experimental testing programme should be a
well-designed. field-based assessment 10 place test results in the context of the local
environment. (Hernicks. 1992).

4.1.2 Effects of pollutants and toxic substances on aquatic biota

The presence of harmful substances. of natural substances in excess, and the changes in the
aquatic environment that result from them, or by physical alteration of the habiat, result n,
or induce. a variety of effects in organic organisms. Some of the most common effects are:

changes in the species composition of aquatic communities
changes in the dominant groups of organisms in a habitat
impovenshment of species

high monality of sensitive life stages e.g. eggs. larvae
mortality of the whole population

changes in behaviour of the organisms

changes in physiological metabolism

histological changes

morphological deformities

4.1.3 Methods of biomonitoring and bioassessment

The biological assessment of water, waterbodies and effluents is based on five main
approaches (Friednch et al.. 1992). and is summanzed in Table 9.
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4.1.3.1 Ecological methods

e  Community studies: Analysis of biological communities of a water body 1.e. changes
In species composition or community structure ¢.g. Lyvashenko and Protasov, 2003:
Dombrovskiy, 2003; Kozlovskaya and Bakanov, 2003; Ogbeibu and Onbhabor, 2002
(macrozoobenthos ). Magadza, 1994: Branco et al.. 2002 (zooplankton). Harding et
al.. 2005; Taylor et al., 2005 (diatoms). Adams and Greeley. 2000, Analysis of
communitics developing on artificial substrates is especially convenient,

e Indicator species: Presence or absence of specific species e.g. Geetanjah et al., 2002
(nematode parasites in catfish): Passy and Bode. 2004: Harding et al.. 2005: de la
Rey ¢t al., 2004; Tavlor et al.. 2005 Kitner and Poulickova, 2003; (diatoms),
Flemuch, 1992 (macroinvertebrates). Canosa and Pimilla, 1999 (bactena)

4.1.3.2 Physiological and biochemical methods

e Respiration and or growth measurement of organisms ¢.g2. Klochenko and Medved.
2001: Shehata et al.. 1997, (algal cultures)

e Use of biomarkers 1o assess sub-lethal effects of pollutants. mostly on free-hiving
orgamsms ¢.2. Sherry, 2003:; Rocha-¢-Silva et al., 2004 (fish): Favan et al., 2002
(zooplankton and fish): Martinez-Tabche et al. 2001 (oligochactes): Adams and
Greeley. 2000,

4.1.3.3 Use of organisms in controlled environments

e Asscssment of toxic effects of samples on orgamisms under defined laboratory
conditions - toxicity tests or bioassays e.g. Shcherban et al., 2001: Tisler and Zagore-
Koncan, 1999; Martinez-Tabehe et al. 2000, Wong and Pak. 2004: Mangas-Ramirez
et al.. 2001 (zooplankton): Shehata et al., 1997 : Bednarz. 1995 (algac): Sladeckova,
199 (peniphyton)

4.1.2.4 Assessment of biological accumulation

e Bioaccumulation by orgamisms living in the environment (passive monitoring) €.8
Cener, 2000 Zakova and Kockova, 1999 (mosses): Zuravk ctal.. 2001: Aula ¢t
al. 1995 (macrophytes). Farkas et al.. 2003 (zooplankton): Favan et al., 2002
(zooplankton and fishy; Bren. 2001 (macrozoobenthos): Martinez-Tabehe et al.. 2001
toligochaetes); Vemott et al, 2001(molluscs). Bolotova and Konovalov, 2002:
Allinson et al.. 2002: Svobodova. 1999: Rehulka. 2002: Bakre et al.. 1990 (fish):
Ravera, 2001 ;

e Bioaccumulation by organisms deliberately exposed in the environment (active
monitoring)
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4.1.3.5 Histology and morphology

e Observation of histological and morphological changes ¢.g. Bolotova and
Konovalov. 2002 (fish): Elmoor-Loureiro, 2004 (zooplankton).

e Embryological development or early hife stages e.g. Wong and Pak. 2004
(zooplankton).

4.1.3.6 Rapid algal profiling

e Heterotrophic bacteria and viruses excepted. microbial phytoplankters (cyanophytes
and algae) show the most rapid response to in situ changes in conditions in aquatic
ecosystems. Really effective monitoning of changes in this guild of autotrophs
requires profiling at a very short temporal scale - sampling on the order of one or
two day intervals. Manual collection and subsequent conventional analysis by
microscopic examination 1s unwieldy. enormously costly, and impractical. In s
place (or at least as an altemative option), new generation technology has stimulating
the development and deployment of more automated monitoring methods. In this
regard. considerable benefit has been achieved with vanious new-generation probes,
particularly the so-called fluoro-probe (Dubelaar et al. 2004). While not yet capable
of species-level discrimination, broad charactenzation of autotrophs on the basis of
proportional representation of different chlorophyll types and mixes provides an
extremely powerful tool for rapid biomonitoring. Such equipment can be deployed
in situ, to provide continuous and continuing information uscful for water quality
management purposes (Dubelaar et al. 2004).

4.1.3.7 Genetic molecular markers

e Partly linked to the former, concern regarding growing incidences of toxic “algae’
particularly cyanobacteria, and recognition of their important implications to human
health has led to attempts to develop rapid diagnostic and monitoring capabilities for
toxic algae. As toxic and non-toxic strains of several important taxa are not
distinguishable using conventional morphological screening. the development and
introduction of molecular charactenisation methods has been an emerging tool
(Sivonen 2004),

4.14 Indicator organisms

A wide variety of pollutants may be detected and monitored by means of bioindicators,
different organisms gencrally being more suitable as indicators of different pollutants (Table
X).

e Anindicator species is one that is commonly present or absent under specified
environmental conditions and “indicates™ environmental quality by its presence or

absence.
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4.14.1

A target species 1S, 1n a general sense. an ecological indicator that 1s maintained in a
lake or reservorr. It 1s assumed that meeting the environmental requirements of the
target species or group will protect the supporting ecosystem, affording general
environmental protection

A pollutant accumulator (“scavenger™) 1s an orgamism which can accumulate
relatively large amounts of pollutants without apparent noxious effects (Ravera,
2001). The concentration of a pollutant in an orgamism 1s the result of many vanables
1.¢. the concentration of the pollutant in the water. the physical-chemical form of the
pollutant, the membrane permeabilitics of the orgamism, the type and quantity of food
and 1ts degree of contamination, the physiological state of the organism and the
charactenstics of the physical environment influencing the orgamism as well as the
pollutant

The most commonly used species aggregate 1s the community (an interacting group
of organisms 1n a specified habitat). Also used 1s the guild (species that exploit the
same class of environmental resources in a similar wav). The aggregation of species
depending on the same resource may often provide a convenient base of
extrapolation (Hemicks. 1992)

Bacteria

Most suitable as indicators of faecal pollution, also used as indicators of
eutrophication (Canosa and Pimilla. 1999)
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Routine methodology well ceveloped el's may not have

Rapid response to changes, including |longinated from sampling
poliution. Indicators of faecal poliuton |jpoint
Ease of sampling

intermettent poliution,
ome special equipment

Saprobic values well known Rapid
responses 1o changes. Ease of
sampling.

onginated from sampling
point Indicator species also

Pollubon tolerances well documented. |[Taxonomic expertise
Useful indicators of eutrophication and |frequired. Not very useful for
increases in turbwdity severe organic or faecal
poliution Some sampling

'
:

at site of sampling Whole
communities can respond to change
Long-ived species can indicate

integrated polluton effects over ime
Qualitative sampling easy Simple

ant of intermittent
polluton. Mostly seasonal

Table X, The advamages and disadvantages of different organisms as indicators of water quality.,
(Afier Friedrich et al., 1992).

4.1.4.2.1 Phytoplankton/Algae

A wide variety of uses as indicators for ¢.g. cutrophication. organic pollution.
acidification. pesticides. heavy metals (Bednarz, 1995; Shehata et al., 1997; Becker
and Bigham, 1995: Klochenko and Medved. 2001: Kitner and Poulickova, 2003
Passy and Bode, 2004; Bertrand et al.. 2003: Harding et al. 2005: de la Rey et al..
2004; Taylor et al., 2005: Sladeckova. 1990.
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4.1.43 Zooplankton

Indicators for ¢.g. cutrophication, heavy metals (Magadza, 1994: Mangas-Ramirez et

l.. 2001: Branco et al.. 2002: Shcherban et al.. 2001: Wong and Pak. 2004: Tisler
and Zagorc-Koncan. 1999; Elmoor-Loureiro, 2004: Martinez-Tabche ¢t al.. 2000;
Becker and Bigham, 1995 Farkas et al. 2003; Favan et al., 2002)

4144 Macroinvertebrates’ macrozoobenthos

Indicators for ¢.g. cutrophication, heavy metals (Lvashenko and Protasov, 2003;
< r
Ogbeibu and Onbhabor. 2002: Fleituch. 1992: Bren. 2001)

2,145 Aquatic macrophytes
Indicators for ¢.g2. eutrophication heavy metals (Zakova and Kockova. 1999 Aula et
al.. 1995; Zuravk et al.. 2001)
4.1.4.6 Mosses
Indicators of heavy metals (Cencr. 2000: Zakova and Kockova, 1999)
4.1.4.7 Nematodes
Indicators of water quality (Geetanjali, 2002 (nematode parasites in catfish))
4.148 Fish

Indicators of cutrophication. inorganic and organic pollutants (Becker and Bigham
1995; Rechulka, 2002, Park and Curnis, 1997 Bakre et al., 1990; Favan ¢t al., 2(02)
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Table 9. The principal biological approaches 1o water quality assessment, their uses, advantages and
disadvamtages. (After Friedrich et al,, 1992).
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4.2 Remote sensing

4.2.1 Introduction

Traditionally. reservoir water quality has been monitored and evaluated using field data.
However. the collection and analysis of data are expensive and time consuming and 1t 1s
often quenied whether a limited number of field data can characterize the spatial vanation of
parameters within a large water body (Chen. 2003: Cheng and Ler. 2007). To improve
traditional data collection methods. utilization of remote sensing data for water gquality
assessment has been investigated by many scientists

Early studies focused on the relationship between remote sensing data and in situ
measurements. To move the apphcation of remote sensing to a forecasting and thus more
practical level. it 1s necessary to incorporate it with traditional water quality modelling
(Kondratyev et al., 1996). Moreover. integrating a GIS system with the monnonng and
forecasting systems can improve the display of water quality information (Yang et al.. 1999)
A shortcoming of this techmque 1s that it does not allow recognition of the vertical
distribution of vanables (Straskraba and Tundisi, 1999).

Imagery from both high altitude (satellite) and low altitude (aircraft) remote sensing systems
may be used

4.2.2 Information that can be obtained by remote sensing of reservoirs

s

The hvdrodynamics ¢.g. upwelling zones. intermal waves, warm and cold surface
lavers of large water bodies (Kondratyev et al., 1996 (Lake Ladoga, Russia). Baban,
1994).

12
12

Arcas of high and low turbidity, indicating suspended inorganic and organic matter
(Silva et al., 1997 (Tucurui Reservoir, Brazil). Choubey and Subramaman, 1992
(Tawa Reservorr. India): Nelson et al.. 2002 (Michigan lakes. USA): Allee and
Johnson. 1999 (Bull Shoals Reservoir, USA): Fraser. RN 1998 (Nebraska lakes.
USA)Y Arenz et al., 1996 (Colorado Reservoirs, USA )

tJ
‘ot

Honzontal displacement of niver plumes that may carry pollutants and or suspended
matenal into the reservorr (Straskraba and Tundisi. 1999)

o
.

Spatial distribution of total phosphorus and mitrogen can be depicted with careful
analysis and reservoir-specific correlations with other vanables such as chlorophy i a.
temperature and transparency or adsorption coefficients (Bilge et al.. 2003 (Porsuk
Dam Reservorr, Turkeyv))

rJ
L

Horizontal distribution of chlorophy Il 2 and location of low and high concentrations
of phytoplankton (Allee and Johnson. 1999 (Bull Shoals Reservoir. USA) Arenz et
al. 1996 (Colorado resenvorrs, USA) Bilge et al., 2003 (Porsuk Dam Resenvaor,
Turkey): Novo et al., 1993 (Barra Bonita Reservoir, Brazil); Mayo et al.. 1995 (Lake
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Kinneret): Yacobr et al.. 1995 (Lake Kinneret): Thiemann and Kaufmann, 2000
(Mecklenburg Lake District, Germany ). Gitelson et al., 1993b (Lake Kinneret):
Mittenzwey et al., 1992).

rJ
-4

Honzontal distnbution of cvanobactenal blooms (Jupp et al., 1994)

2.8 Detection of macrophyte abundance (Malthus and George, 1997 (Cefm Reservorr,
UK): Noernberg et al.. 1999 (Tucurui Reservoir, Brazil ). Duarte and Kalff. 1990);
Penuelas et al.. 1993)

29  Location of mass fish kills

2.10  Trophic status and water quality (Baban, 1996 (Norfolk Broads. UK): Chen. 2003
(Yeong-Her-Shan Reservoir, Tawan): Cheng and Let, 2001 (Te-Chi Reservorr,
Taiwan); Yang et al., 1999 (Te-Chi Reservoir, Taiwan): Gitelson et al.. 1990: 1993a.)

2.11  Complimentary data for EIAs - before, duning and after construction (Nagarajan,
2000 (Dudhganga Dam, India).

43 Modelling

The former biomonitoning approaches generally assess what has happened in the immediate
or recent past. These essentially address consequences. Modelling approaches on the other
hand attempt to pre-empt adverse effects by providing some predictive fore-casting of
potential problems.

4.3.1 Uses of mathematical models

Unless otherwise indicated. the information on modelling 1s based on Stradkraba and Tundisi
(1999).

Mathematical models are now extensively used to solve a wide vanety of problems in water

quality management, with an increasing number of models becoming available. Some
problems for which modelling i1s useful are outlined in Table 10

43.2 Groups of models useful for water quality management,
1 Simple static calculation models consisting of algebraic equations or graphs.
Models in this group are predominantly based on stanistical claboration of large

datasets. Table 11 hsts a vanety of simple models and their respective uses and
applications.
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BEFORE RESERVOIRCONSTRUCTION
lo estimate budeets of mamor water components of nvers that will enter the resern
resenoir itself, and of the resen oir inflow

To provide reasonable estimates between several alternate construction sites, dam heights and

outflow and outlet structures o that decisions are supported

IN THE WATERSHED
T« estimale ;‘\-HJln\vh sources in the t\,’l;!~h'.‘\_‘f v means of simpig calculation oedels
To predict conditions in future resenvoirs and the consequences of different management options

P WAl wality 1n the wate ~":u1

FOR ENISTING RESERVOIRS
To predict possible future reservoir quahity conditions when environmental conditions in
the watershed are altered by human acthivines
To provide estmates for decisions bemween different water qualiry man x."'f"._"'l options for

To support short-term operational management decisions regardimg water quantity and guality
o optimize sampling schedules. investigations and controls of water quality
Table 10. Somc uscs of mathematical models (modificd from Straskraba, 1994,
MODEL AUTHOR APPLICABLE REGION OF MODEL USE
* Nitrogen reiention
by shallow reservous g £ N Hemsphers
* Phosghorus retestion
oy stratified reservours Stratkraba er al. 1995 N. Hemisphere
* Retenvon of organic
matter by reservoirs Straskrabova 1976 srtral Eurcos
* Hypolimnenic oxvgen
M | v
ours Slaufe ¢C OlJcs
ae
specification of stratification Imberger & Patterson | Australia
* Temperature stratificat:on
Straskreba & aack | entre rope
Clhapra & Canale United State
oxygea sroliles 1n lakes Meolot &2 a - { dS
°M mnion d arpe
SLnanos Horstman 983 nied Stases
lablc Simy mogaels that are mo ! ' the ¢st mn of rious resenorr featur ind
prediction of response management plan
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Complex dynamic models that provide temporal analysis of aspects of water
quality conditions.

For purposes of modelling in nivers and reservoirs, Ambrose et al.. (1982) in
McCutcheon. (1989). distinguished four levels of increasing complexity in this group
of complex dynamic models. based on the cnitena specified below

Level 1: Steady state solution, simple Kinetics
¢.g2. LAKE. produced by ILEC (Jorgensen, 1992).

Level 2: Steady hydrodynamics, specified or handled empirically, steady or time
variable water quality.

c¢.g.  Lung Phosphorus Model (Lung and Canale, 1977).
AQUAMOD 3 (Dvorakova and Kozerski, 1980; Straskraba and Gnauck,
1985)
SALMO (Benndorf and Recknagel. 1952)
SALMOSED (Recknage et al., 1995)
CE-QUAL-RIVI (Bedford et al, 1983)
WASP4 (Ambrose et al.. 1988)
MINLAKE (Riley and Stefan, 1988)
BLOOMII (Los. 1991)
MIKE|2 (Ecological Modelling Centre, 1992)

Level 3: Unsteady hydrodynamics, but simplified solutions, simplified reservoir
solutions, dynamic water quality.

¢.g. Fortran (HSPF) Hydrologic Simulation Programme

Level 4: Unsteady hydrodynamics, dynamic water quality, ability to handle
backwater and stratified reservoirs.

c.g2 DYRESM. the most widely used reservoir hydrodynamics model
(Imberger and Patterson, 1981: Imberger, 1982)
DYRESM-WQ (Hamilton and Schladow. 1995).
ASTER and MELODIA (Salencon and Thebault, 1994)

3 Geographical information systems (GIS) that provide computer software for
problems that require spatial resolution.

cg IIASA (Fedra et al.. 1990). and RAISON (Lam ¢t al., 1994) are used
when mapped or tabular data exists.

- Prescriptive models that calculate water quality conditions but do not directly
indicate appropriate management options for a given situation, and:
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h

Management or optimization models that incorporate selection procedures to
choose the most suitable option according to a set of criteria that is appropriate
for a given situation.

This group compnises 4 generation models that are very useful for management but
are very comphcated and difficult to use. See Table 12

* Dynamic optimization of eutiophication by phosphorus removal. Used for a Japanese loke (Matsumura & Yoshlks
1981)
* Optimal conirol by selective withdrawal (Fontame e al. 1981)
* Optimizing reservoir operation for dowRsIIeam 3quatic resousces Applied ca Lake Shelbyville, lllinois (Sale er
al 1982)
* GIRL OLGA for cost murimization of cutroplucation abatement using tme dependent selectior from five
management options (Schindler & Stradkraba 1982). Applied on several reservoirs in the Czech Republic
* Stochastic optimization of water quality (Ellis 1987)
* COMMAS for prediction of cuvironmenial multi-agent system (Bourcn 1991)
* DELWAG-BLOOM-SWITCH for management of cusroplication control of shallow lakes (van der Molen e ol
1994)

Chane e ! 1996)

* GFMOLP. a fuzzy multi-obsective program for /e optimal planning of reservoir waltersheds (Chang et o

I

Table 12. Models for use in water guality optimization

6 Expert systems that use qualitative or quantitative expressions to guide the user
towards relevant answers to complex water gquality guestions.

7 Decision support systems (DSS) represent a further extension of expert systems,
They incorporate other computer software products relevant for a specific
water quality decision problem.

Only a few DSS (listed in Table 13) are currently available for water quahty management

decisions

MODEL NaM PURPOSE AUTHOR

----- selection of control strategy for lake eutrophication Grobler &t ol 1987
e DSS for ecvironmental decisions Fedra 1990

e analysis of environmental catichment policies Davis et al. 1991
MASAS evaluation of micropoliatants Ulrch &2 al. 1995
AQUATOOL  water resources management Andrey ¢ al. 1991
HEC-3 multipurpose quantitative operztion of reservoir systems Hacstad Methods 1993

Fable 13, Decision Suppornt Systems for water quality management

The imeractive DSS function (Figure 47) allows the user to try vanous versions of decisions
under different possible situations
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DSS~DECISION SUPPORT SYSTEM

MATHEMATICAL
MODELS

1 1 1
i [
EXPERT SYSTEM
ANALYSIS AND REQUESTS OF
ANSWERS , OATA ,MODELS , QUESTIONS

i |

USER INTERFACE
ANSWER QUESTION

@rersioy_

DATA BASES

7
METEOSTATION
LAKE SENSORS

Figure 47. The structure of a Decision Support System for water quality control.

433 Selection of an appropriate model

Appropnate model selection requires balance between the imporntance of the problem, cost, |
available time. available personnel and the availability of the adequate models. |
N.B. Models only produce a gross simphfication of reality and caution is always necessary |
when considering model results.
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4.4 Reservoir cascades — a special case in terms of management

44.1 Introduction

Management of reservoir cascades presents a umque range of problems and options. In a
senies of reservoirs, if no additional sources of pollution, other than those present in the
inflowing nver of the highest reservoir. are introduced. considerable improvement in water
quality 1s obtained. This 1s particularly so if the reservoirs are stratified. and the retention
times exceed specific imits. However, where local pollution is introduced downstream of
the uppermost reservoir, successive improvement of water quality only occurs if the local
pollution does not exceed improvements achieved upstream by particular operations such as
selective off-take.

Complex management problems can anse when different uses are required for individual
reservorrs in the cascade. In these cases 1t s necessary 1o find a balanced optimized solution
for the overall multi-goal performance of the system. Models that address water quality and
quantity demands are required 1o integrate parameters such as flow, water levels, pollution,
and stratification

Changes that occur in reservoirs downstream of the first reservoir of a cascade tend to
remain operative throughout the entire svstem. This s the basis for the Cascading Reservoir
Continuum Concept (CRCC). which has been proposed for handling the ecological
processes at a svstem level (Barbosa ¢t al., 1999)

44.2 Theoretical effects of upstream reservoirs on reservoirs
downstream

Some theoretical considerations of the effects of upstream reservoirs on those downstream
have been grouped by Straskraba (1990)

44.2.1 Physical factors

('nmp.unl with the iwmperature ol the UPSITCam resenoirs, those downstream mamitest the
following

(1) Decrease of surface temperatures in spring (max. temperatures nearly
identical)
() Increase in bottom temperatures

(i) Increase in miving depth
(iv)  Increase in Birgean heat budget (the amount of heat reguired to raise
temperature from annual mimimum to annual maximum)

() Increase in depth of inflow stream 1n spring
(vi) Increase in intensity of mixing of inflow with reservoir water
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44.2.2 Chemical factors

Provided additional pollutants are insignificant. compared with chemical factors of upstream
reservoirs, downstream reservoirs show:
() Decrease in turbidity
(n) Decrease in organic load and colour (with consequences for light conditions)
(m)  Decrease in P-concentration
(1v)  Decrease in oxygen concentration at inflow to lower reservoir

4.4.2.3  Indirect effects of upstream reservoirs on downstream reservoirs

(1) Vertical distnbution of conservative chemical substances 1s more uniform due
to increased mixing. but this does not apply to biologically affected chemical
vanables.

(1)  Decrease in pnmary production due to increased mixing depth and decreased
P

(m)  Phytoplankton composition tends to shift towards more oligotrophic
assemblages

(iv)  Decrease in oxygen concentration of deeper strata

443 Limnological investigations of reservoir cascades

Worldwide, numerous cascading reservorr systems have been constructed on large nvers.
These include the Dmieper (Ukraine). Volga (Russia). Ebro (Spamn). Zambezi (Southern
Afnca). Missoun. Colorado (USA). Paranaiba, Ticte. Paranapanema (Brazil) and Parana
(Brazil Paraguay). Cascades on smaller rivers are plentiful. Some South Afnican examples
are the uMgeni River, Thukela River, Orange River. and Buffalo River.

Limnological investigations of whole cascade systems are not very numerous despite their
obvious hydrological and suspected functional connectivity ((Barbosa et al., 1999: Litvinow
and Roschchupko. 1994: Komeva and Solovyova, 1999). Studics involve mostly transport
mechanisms of, for example natural suspended matter (Ibanez et al.. 1996), or toxic
substances (Iskra and Linnik, 1994; Linmk, 1995a, 1995b: Gapeeva et al., 1997). Transport
of radionuchdes. especially "Cs. and its biological effects along the Dnieper reservoir
cascade have been documented in detail (Klenus et al.. 1992: Sirenko et al.. 1992: Rogal and
Dobrynskiy, 1994; Shevehenko, 1995).

Vanous aspects of the reservorr cascade of the Tiete River in Brazil have been investigated
by a number of authors (Abe et al.. 2002, 2003; Silva and Matsumura-Tundisi, 2002:
Padisak et al.. 2000: Tundisi ¢t al.. 1991). as has the reservoir cascade of the Dnieper River
in the Ukraine. Other systems which have been studied are e.g. the Colorado River (USA)
(Shannon ¢t al.. 2001), the Tennessee Valley Authonty reservoir cascade on the Columbia
River (USA) (Higgins and Brock. 1999), the Guadiana River (Spain) (Armengol et al. 1990)
and the Volga River (Russia) (Pautova and Nomokonova, 2004: Gapeeva et al., 1997:
Litvinow and Roschchupko. 1994),
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444 Management of water quality of reservoir outflows

Three basic options are currently in use:
444 Management of the water quality in the reservoir watershed and reseroir.

his is obviously the best option and has been discussed at length in this repont

4442 Use of selective offtakes

Selective offtakes use an outflow depth that corresponds to the laver of best quality water in
the reservorr. This 1s important for nver outflow considerations. Hydrological changes
within a reservoir may change this optimal depth. a factor which has 10 be taken into account
by water managers, water quality models using hydrodynamic parameters being of
considerable assistance in this regard.

4443 Management of reservoir outflows

Possibilities of improving water quality at the location of the dam are himited and consist
mainly of acration at the outflow.

445 Reservoir multisystems

Reservorr mulusystems differ from cascades in that reservorrs are constructed on different
rivers. but the water is used in a central location. (e.g. the Lesotho Highlands Water
Scheme). This is particularly common in dry areas where a single watershed does not
produce enough water. Production of sufficient water 1s often the dominant management
goal in these systems, water quahity being of secondary importance. Optimal coordination of
the many facets of a reservoir system requires the assistance of computer modelling to
provide information for rational operational decisions. The reader is referred to Labadie
(2004) for a review of optimal operation of multireservoir systems
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5. LOOKING AHEAD - PERCEIVED FUTURE
NEEDS

In this section, an individual’s perspective 1s given on prospective needs and priorities to
revitalize impoundment research in South Africa. to secure an adequate contemporary
structural. functional and operational understanding of these ecosystems under the particular
and spatially vanable biophysical conditions applicable in the subcontinent, on which their
sustainable management into the future can be based.

Reservoir research and management is a broad cross-cutting domain. spanning a wide array
of topics which tend largely to be site-specific. Exphent general recommendations are
accordingly difficult to formulate except in commensurately broad and nebulous terms.
However. there are certain underlying gencral 1ssucs and prospects that require or warrant
enunciation. These range from the need to highlight and variously address and redress severe
deficiencies of scientific expertise, the need to attempt integrated synthetic analysis of large
(and largely un-worked) databases of relevant information to identify regional particularities
and pecubianities in reservoir structure and functioning. and to ensure that reservoir water
resources attain adequate national prominence and remain at the forefront of hmnological
consideration and endeavour. While such suggestions are casy to dismiss as impractical
academic ramblings. they are in accord with growing international expenences and concerns
about ensuring sustainable fresh water resources globally, and intemational recognition of
the particular susceptibility of developing nations located in water-scarce regions.

The following exphent suggestions are offered. Their numbering largely reflects a potential
chronology. rather than implying any ranking of pnonty or importance. The reality that all
ecosystems, including impoundments. are hohistic. integrated entities. revitalization of
reservoir limnology must be recognized holistically.  Any reductionist approach to this
endeavour would be logically and practically untenable.

1.  Regional and national work-shopping of existing and emerging concerns.

The present Iiterature review s precisely and exclusively that - a review, principally
derived from primary literature sources. Internal reports and other “grey literature”
do not feature prominently in its contents. Given the deficiency of recent (post 1990)
onginal rescarch on South African reservoirs, it was inevitable that little primary
literature of direct local relevance was encountered in this review. Accordingly, a
danger exists that major local issues and concerns have been overlooked or
disregarded. For this reason, an adequate “take” on national issues and concerns
requires informed inputs from regional water authorities and limnologists, to
deliberate whether or not the present review captures the spectrum of i1ssues and
concerns that such practitioners face in their day to day operations, perhaps priontize
these concemns, and explicitly wdentify additional concerns.
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2. Integrated synthesis and analysis of existing baseline information in record data-
bases held by agrecable/willing regional water authorities, a) to interrogate and
quantify the expressed concerns, b) to identify potential unformulated and/or
cryptic issues of relevance, and ¢) ultimately, to achieve firmer factual
foundations on reservoir structure and functioning. at different spatial scales -
local catchment, regional, and national levels.

Vanous agencies in South Afnca have explicit responsibilities for water resource
momitorng and management at different spatial scales - from individual catchments
upwards through water management regions to overall national level. Such authonity
15 vested in water supply agencies - vanous water boards (such as Umgem Water.,
Rand Water, Umhlatuze Water. etc). as well as sectoral divisions within the over-
arching governmental Department of Water and Environment Affars. Collecuvely,
these agencies and orgamizations hold an enormous mnological data base on nvers
and reservorrs, collected and used by these agencies for their specific. generally
rather circumscnibed purposes. However, apart from one exception related to
cutrophication ( Department of Water Affairs and Forestry 2002). we are unaware of
any directed and concerted attempt to coherently interrogate these information
sources with a view to identifying important local, regional or national patterns,
trends and peculianties. An earlier immmal compilation by Walmsely & Burtty (1980)
served to catalogue impoundment-specific circumstances, but made no real attempt
to provide any integrated analytical synthesis.

We suggest that relevant data-holding agencies be approached to release or make
available thewr information to facilitate a coherent integrated synthesis to quantify
issues relevant to the development and implementation of strategic reservoir
management for South Afnca. Vanous central topics ment attention within such a
synthesis. Listed in no order of prionity. and particularly emphasizing their common
if not invanable inter-dependence, these include:-

e Type and intensity of stratificanon: effects of rainfall-hinked scasonal annual
and operationally controlled (1.e. pumped storage) draw-downs on
stratification and mixing. Oxygen depletion. internal nutrient loading,
changes in underwater hight chimate and assocated consequential
phyvtoplankton penodicity response pattems

e (Gieneral features of reservoir water chemistry -~ 10nIC composition,
salinization i1ssucs. zcta potentials and prospective reduction or removal of
light-limitation for phytoplankton growth.

e Phytoplankton community structure, and its prospective control by
stratification mixing. by /n sire nutnient status. by underwater light climate
tmineral brogenic turbadity ), and (where data exists) by grazer intensity,
Problem algae. Harmful Algal Blooms (HAB),

e Resenvorr food-webs structures, to idennify and evaluate prospects for
biomanipulation as a potennial eutrophication control tool

e Pathogenic and toxic biota - incidence. severity. and actuating determinant
factors or circumstances

e Recreational fisheries in reservoirs, and their bearing on prospective
briomanipulation pathwavs and the exotic species problem
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3.  Plan strategic research ventures to address identified primary major concerns,
with commensurate commitment to underpin potential prospects for regional and
local capacity development.

Resumption of deeper process onentated reservoir research in South Africa
(Allanson 2004) is essential to recapture any fundamental national proficiency in
sustainable reservoir management. Traditionally. three process levels have been
employed - the physical. the chemical. and the biological. While these cannot be
effectively treated entirely independently, they serve as convemient pigeon-holes to
identify speciahist entities within the integral discipline of niver, lake or reservoir
limnology. All three components require revitalization. Vanous specific thrusts can
be identified at the outset as clear pnionty needs.

e  Water quality 1s largely biological (Wetzel 2001). and this reality 1s
manifest most obviously and rapadly in the phytoplankton assemblage. As
phytoplankton contributes most strongly to problems of water filtration,
problems associated with tastes and odours, and cyvanotoxins, it 1s logical
that a greatly improved understanding of phytoplankton penodicity and
abundance will offer prospects for better fore-casting of such problems. At
the present time., however, most attention to this pivotal taxonomic
assemblage is subsumed in determinations of chlorophyll. Improved
comprehension of the determinants of phytoplankton composition and
abundance in reservoirs, encompassing information regarding the identity
of their pnmary limiting factor(s) - light. temperature, vertical circulation,
nutrients (P, N, Si). major ions, salinity. grazing predators and parasites or
disease - largely encompassed within their functional determination in
terms of C-S-R strategists (Reynolds 1996) - as recently elaborated by Hart
(2006) in respect of Mgeni reservoir assemblages, offers a useful and
potentially powerful means to fore-cast prospective adverse ‘seasonal’
changes in water quality, allowing rapid instigation of appropriate
management interventions. Monitoning development of toxic cyanophytes
may be effectively and convemiently hinked 1o this broad thrust. New tools
that promise to assist in these respects have been outlined (see Section
4.1.3).

e Trophic status transitions from oligotrophy and mesotrophy to eutrophy and
hypereutrophy that are associated with the process of cultural
cutrophication are commonly accompanied by switches from direct grazing
food webs to detritus-dominated pathways (based largely on the inability of
zooplankton to consume large cyanophytes directly). Microbial loop
pathways can accordingly be anticipated to be prominent in the resulting
food webs. Local reservoirs that exhibit extended warm-waters conditions
during relatively prolonged “summers” can be expected to manifest unusual
charactenistics of hypolimnetic oxygen depletion.  Associated processes and
patterns have not been investigated quantitatively (or qualitatively), but
have dircet and significant relevance in reservoir management issues
(oxygen depletion. internal nutrient loading. food web efficiency. etc).
Fundamentally different trophic transfer processes can be anticipated. and
menit directed rescarch attention.
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e The role and impacts of zooplanktivory by fish on food-web structures.
Obligate zooplanktivorous fish are essentially lacking in reservorrs
Facultative zooplanktivory. by mostly littoral-inhabiting juveniles of
tvpically nverine fish. 1s behieved to occur. but has not been quantified or
analyzed. Such investigations have direct beanng on vaunted prospects for
biomamipulation as a 100l to manage cutrophication in South Afnica (e.g. |
Anonymous, 2004). Hard scientific evidence 1s awaited as yet, however.

4. Mount and execute training courses to assist capacity development in South |
African and SADC nationals. |

Loss of capacity in the discipline of reservoir limnology in Southiern) Afnica has
reached a cntical level. Many. perhaps most. of its few expenenced practiioners that
remain 1n South Afnica today are approaching or have passed retirement age
heralding a commensurate disappearance of local expertise. A remarkably shon
window of time remains in which to strategically utilize their expertise. and insull
some ‘new generation” human capacity to resuscitate competence in process-based
reservoir mnology and its application in management.

5. Instill stimulating and encouraging incentives and initiatives to facilitate realistic
professional practitioner carcer paths aligned to reservoir limnology and
ccohydrology.

Regarding reservoirs, Tundisi (1993) has poignantly stated: “The protection

recovery and optimization of multiple uses of these artificial ecosvstems. can only be
achieved 1f a sound ecological basis 1s constructed with long term observations,
experimental studies and theoretical approaches in which scasonal changes. the aging
process of the reservoir under anthropogenic actions and the interactions of the
reservoirs with the watershed are followed up™. Similar sentiments are embedded in
the very incisive short preface 1o the most recent International Conference on
Reservoir Limnology and Water Quality (Kennedy et al. 2003) that is appended
below in full tour shading emphases) for case of reference. Realizaton of this need
will demand a core of adequately trained inmates competent to develop regionally
appropnate levels of understanding to achieve the outcomes summanzed by Tundisi
(1993), and Kennedy et al (2003).

6.  Encourage multipurpose use of reservoirs

Apart from its obvious unlnanan value. water 1s wadely recogmzed as having
important impacts on the spintual and emotional well-being of humankind. whose
carly progemitors have even been named limncric people (Allanson, 2003) in
recognition of their ongin. Given the scarcity of this resource in South Africa.
encouraging the mulupurpose use of reservoirs can be deemed to offer benefits 10
their sustainable management. although will inevitably also introduce some
;-ummchtur_\ “tensions” and disbenefits too. Recreational use of these water-bodies
for leisure swimming. anghing and boating. alongside their vanous pimary functions
of potable water supply. flood control, hydro-power generation, ete.. s likely to
eenerate greater public awareness of their importance, and wider vested interests in
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their “condition™. Careful resistance to potential dangers — of pressures to introduce
exotic alien fish species. to develop high-density shore-side housing. and dangers of
carcless, ignorant or blatant pollution of the reservoirs. can be anticipated and
therefore pre-empted from the outset.

7. At across-cutting domain between engineering and limnology, greater
appreciation of issues relating to long-term prospects of reservoir sustainability
(multi-decades to centuries).

Based on international perspectives and experiences. time-frames envisaged in the
context of sustainable reservoir operation and management planning have been
greatly extended. Formal consideration is now being given to time frames of
centuries rather than single or multi-decades as formally contemplated in regard to
anticipated reservoir hife-spans in particular. This perspective appears especially
relevant in South(ern) Afnica. where economically viable and hydrologically
productive sites for new reservoir placement and construction are diminishing almost
as rapidly as existing reservoirs are experiencing rapid capacity loss due to siltation.
Reservoir de-commissioning appears not 10 have been contemplated in the
South(ern) Afnican region. but features importantly in strategic water resource
management agendas in the Northern Hemisphere

8. Accelerate and legislate implementation of CMA-based 1CM strategies — the only
way to prevent the onset and/or stem further degradation of reservoirs.

In keeping with the inescapable reality that reservoirs are integral pans of the
catchment-level waterscape, with an inevitable inter-dependence with the biophysical
environment and land use practices in the drainage basin, it is equally inescapable
that reservoir conditions will largely mirror their catchments.  For this reason,
assured sustainable maintenance of adequate reservoir quality will intimately and
irrevocably pivot around Integrated Catchment Management. Promulgation and the
functional operation of incipient Catchment Management Areas assumes very great
urgency.

9.  The vast majority of impoundments are small farm dams, the limnological
features, attributes, and impacts on water quality remain essentially unexplored
in the regional context. Methodical and systematic investigation of these
reservoirs remains a necessary adjunct to accomplish the requisite holistic
consideration of impounded water on a regional or national scale.

Although the individual total storage capacity of small farm dams and similar
waterbodies is relatively limited, their collective capacity is sigmificant. Ther
location immediately at or close to the interface between particular forms of land-use
and stream drainages is likely 1o render them especially vulnerable to disturbance-
related impacts or perturbations of local (sub)catchments. Their potential functional
role as pre-impoundments 10 major reservoirs is one feature that warrants particular
scrutiny
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10. Specific attention to reservoir cascades is necessary. since many of the country’s
major supply rivers are serially impounded. While this need is envisaged
particularly for major impoundments, it has relevance in the context of small
farm dams as well.

Sequential changes in important biophysical attnbutes along reservoir cascades
impart significant impacts on the limnological structure and function of the
impounded water bodies. Local apphicability of the Cascading Reservorr Continuum
Concept (Barbosa et al.. 1999) that has been proposed for handling the ecological
processes at a system level along such cascades requires scrutiny and possible

refinement
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ADDENDIX
(Highlighting by present authors)

Hydrobiologio S04 x1-xn. 2003

V. Siraibrabovd R H Kewnedh. O T Lind. J G Tundisi & J Hepzlar (eds),

Reservair Limnology and Water Owaliny i

Reservoirs and the limnologist's growing role in sustainable water
resource management

Robert H. Kennedy', José G. Tundisi’, Viera Stradkrabova’, Owen T. Lind* & Joscf Heyzlar'
‘Ewropean Rescarch Office. U S Army Corps of Engincers. 223 Oid Marvichone Road. London NWI 5TH
LUniwed Kingdom:

* Imternational Institute of Ecology Rua Alfredo Lopes, CEP 13560-360, Sdo Carlos. SP. Brazil.

! Hvdrobiological Institute, Academn: of Scuences of the Czech Republic, Na sadhach 7, 37005, Coshé
Budeyovice. Czech Repuhlic,

* Limnologn Laboratory. Department of Buology Bavlor University, Waco, Texas, USA

The need for water and the building of dams have long been inexorably linked. Reservoirs provide dependable
supply of water to meet a range of social, economic and environmental needs. including water for drinking,
irmigation. power generation and waste assimilation. as well as the benefits of protection from flooding.
sustained flows for navigation, habitat for fish harvesting and aesthetics. The recemt global trend in the
construction of dams. now amounting 10 nearly 45,000 large dams in over 140 countries (lcold. 1995), began
with modest construction rates during the first half of the 20" century but greatly accelerated rates were
prompted by the demands of growing economies following World War 11, However, rates have dechned
markedly since the carly 19805, especially in developed countries, as suitable construction sites have been
exploited and as environmental concems over adverse environmental impacts grew,

Despite this downward trend in dam construction, geographical differences in population growth. a new
urgency for dependable water supplies and the potential for resource development suggest resurgence in dam
construction may be inevitable (World Commuission on Dams, 2000). High population growth rates for South
Amernica (0.6 10 1.9%), Asia (<0.1 10 2.2%) and Africa (0.9 10 3.0%) foretell of growing and urgent demands for
water on these continents in the coming decades. The desire for industrial development in less industrialized
countrics, the need for relatively “clean’ sources of encrgy and expanding demands for imgation water will
dnve efforts 1o finance and build more dams. Based on water avaifability and engineenng considerations, these
same regions offer the greatest remaining potential for hydropower development (Anonymous. 1998). an
obsenvation clearly linked to apparent lending patterns of the World Bank and other global financial
institutions. Unfortunately. regions of anticipated future dam construction are, in general, regions where our
understanding of the dynamics of limnological events is most limited (Rast & Thormton, 1993). Since much of
our understanding of the limnology and ecology of reservoirs is structured by our decades-long study of natural
lakes, especially those located in North Temperate regions of North America and Furope, renewed dam
construction will raise questions about our ability to effectively manage these resources.

Our understanding of reservoirs as a unique class of lakes is growing but incomplete. Initially, compar-
iwons of charactenistics of reservoirs and natural lakes. prompted by a growing appreciation for potential dif-
ferences, especially with regard 10 the importance of hydrologic and engineering influences on reservoirs
(Thomton et al.. 1990), led to general concepts with relevance for management. For instance. construction on
higher order streams and in relatively large watersheds, ofien at their downstream boundary. leads 1o higher
material Joads and more rapid flowing for resenvoirs and the promotion of marked longitudinal gradients in
water quality. Recognition of the importance of relationships between reservoir design and operation (e.g..
location on the landscape, depth of release and flushing rate), and limnological consequences provided a basis
for ongoing efforts to link engineering and limnology (Kennedy. 1999). Still lacking, however, is a catchment
or system-level understanding of the role reservoirs play in the dynamics
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of hydrologic landscapes, the scale at which we must begin to manage water resources (Winter. 2000

The realization that sustaining water resources requires the integration of social and economic, as well as
environmental considerations offers a challenging opportunity for limnologists (Forsberg, 2002). Can we be
effective partners in crafting a new, integrated approach to water management’ To do so, we must broaden our
understanding of basic limnological processes and help define linkages between ecological outcomes,
engineering requirements and socictal pressures on aquatic resources. And we must find ways 10 effectively
transfer scientific understanding 10 those who will guide the future development of the world's water resources
{Robarts & Wetzel. 2000)

In this regard, the dth Intermnational Conference on Resen oir Limnology and Water Quality, and the three
preceding conferences. provided an intermational forum for limnologists and water scientists to share
experiences and ideas concemning reservorr limnology and water quality, and the opportunity 1o explore new
rescarch directions. The papers included in this special 1ssue add 1o the knowledge base upon which to build the
understanding to effectively guide the management of reservoirs and the water resource landscape of which
they are an integral part. Topics discussed include physical limnology: nutrient cvcling: the dvnamics of
microbial food webs and carbon flow: the sructure. mteractions and long-term changes of pelagic
environments: fishenes dynamics: and human impacts and management
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