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EXECUTIVE SUMMARY

Chapter 1.  General introduction.

South Africa is hugely dependent on impounded watgstured and stored in river-
reservoirs or “dams” as they are colloquially knowhese man-made lake ecosystems
are complex entities that exhibit broad parallekhwatural lakes, but also show
fundamentally distinctive attributes that are thelmss subject to local and regional
particularities and pecularities.

Any realistic prospect for the sustainable managerokthe renewable fresh water
resource that they store depends on an adequateaatl¢ relevant underpinning of
scientific limnological comprehension. Althoughadable in good measure several
decades ago, such operational functionality is goavely deficient in South Africa.
Some historical back-ground to the origin of thegantly untenable, illogical and
incomprehensible deficiency of locally informedeasch-based expertise to manage this
most limiting resource rigorously is briefly skeéth This deficiency certainly merits
growth of the nascent perception, recognition anttern evident by informed members
of society. This very real need for scientificaliformed limnological management of
reservoirs serves as the point of departure ferrégport, which considers and addresses
current and emerging issues in respect of resemvairagement. Based on a desk-top
search of primary international literature (priradly but not exclusively since 1990), this
report provides a systematic overview and reviewusfent and emerging concerns in
respect of reservoir management, drawn from ingpeeind consideration of
approximately 1450 publications (as detailed inRedéerence List and Bibliography —
Chapter 6).

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

It is axiomatic that rational management presuresyant comprehension which in turn
builds on objective basic knowledge. This sectioyvjges a concise overview of the
functional and operational attributes of reservthet variously influence, modify, or
determine the quantity, quality and/or sustaingbdf the impounded resource. This
treatment is intended to provide a contextuallyufacand objective basis of
understanding to facilitate rational managemenseives as a first pointer to factors that
underpin issues of concern and relevance to resenamagement, and the implicit role
for functional process-based limnologists to semvimat regard.

The physical, chemical and biological structuresctions, and interactions that underpin
the natural ecology and utilitarian operation &fenevoir systems are outlined. The
importance of an holistic and integrated compreioenis stressed. As provision of a
coherent self-standing summary of the material@ureddressed in this chapter is
impractical, the interested reader is requestexémine the relevant full text account
given in the chapter.



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

This section systematically considers the majoegaties of factors recognized by
contemporary aquatic scientists as having influedaenpact on reservoir water quality
(in its widest sense) and its management, andnesticontemporary perspectives on the
treatment or mitigation of such factors.

As for the preceding chapter, readers are advisdteampracticality of providing a
stand-alone summary, and are refered to the reléuthtext content in the chapter.

Chapter 4. Management tools and aids.

This section outlines various tools and aids oftextual relevance to reservoir
management, and sketches prospects and limitagtatsng to their use, efficacy and
efficiency.

Chapter 5.  Looking ahead — perceived future needs

Having sketched the array of issues that undegsarrvoir management in preceding
chapters, this section presents various possdslity facilitate the active revitalization of
reservoir limnology in South Africa, thereby atteimg to re-initiate professional
competence to assist in an informed, scientificeiged rational management of the
country’s most precious resource. As the propaaadgested are essentially
individualistic, input and consideration by a widgectrum of interested and affected
parties is required to ensure a better balancgiofan in advancing this ‘cause’.

Appendix.

Chapter 6.  References and Bibliography.
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1. GENERAL INTRODUCTION

1.1 Background to the report - general contextuatiation

The damming of rivers to create standing water-&®éi variously termed reservoirs,
impoundments, man-made lakes, or “dams” in collalgBbuth African English—

represents the largest primary source of freshniateagricultural, industrial and domestic
use for the South African nation at large. Som@ IaPge dams intercept and capture more
than 50% of the country’s mean annual runoff (Adkam 2004). The resource they collect
and hold in store is indubitably the nation’s mlasiting natural resource. In every sense it
is “liquid gold”. Surprisingly, however, the inteationally acknowledged expertise in
scientifically based limnological management o$treésource that developed locally, grew,
and was accumulating strongly in South Africa dgtine 1970’s and 1980’s was totally
marginalized dissipated by implementation of anngmmous executive committee decision
in the late 1980’s to divert all active scientiliimnological investigations into river research.
However well intentioned this decision — recognigthat rivers are the primary natural
freshwater ecosystems of South Africa — it effeadinsabotaged reservoir limnology.
Thereafter, no national stimulus or incentive edsio maintain any active engagement in

reservoir or lake research.

The particular expertise in reservoir research lilaatbeen spawned and nurtured by the
Inland Water Ecosystems division of the nationalR;$hrough a powerful and productive
National Programme for Environmental Sciences (NREfectively dissipated. Four major
limnological groupings that had been encouragedgao@n to high, expert and authoritative
levels of proficiency in reservoir limnology — nalpw&hodes University's Institute for Fresh

! Terminology. These terms are often used interchangeablyn httampt to standardize terminology and
avoid ambiguity or inconsistency, StraSkraba & Tiah(l999) restrict use ofthpoundment” to describe off-
river or side-bank storage bodies, and refer tadsodf water captured by the damming of a rivemclehas
“dam reservoirs’ (or “river-reservoirs” by other authors), analgous to the colloquial tBoAfrican term
“dam”, where strictly, however, ‘dam’ refers to the falated retaining structure — the wall. We deterdtain
use of ‘impoundment’ as a synonym for ‘reservoid fong-standing practice in the South African eahin
which off-channel storages are virtually unknown.this report, “reservoir” is used in the contekin in-
channel storage body — with the prefix ‘river’ otai for simplicity and convenience. We considat tmy
potential ambiguities in our text can be reconcéed interpreted correctly in the context of thesage.
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Water Studies (P K le Roux Dam, Buffalo River resas, and southern African coastal
lakes, inter alia), the National Institute for WalResearch in Pretoria (Hartbeespoort Dam,
other impoundments in the former ‘Transvaal’ pr@e)) Natal University (Midmar Dam

and the Phongola floodplain), and the Universityhef Orange Free State (Wuras Dam)
fragmented and/or altered direction. By necesggypractitioners either re-aligned with
river research, or redeployed in other new ventwtften totally unrelated to limnology or
aguatic science. It is no exaggeration to statetttematic reservoir limnology has been
extinct in the country for at least the past twoatkes. Fewer limnologists than exist on the
fingers of one hand have persisted in fundameataroir research to pursue and advance

rather specialist and individualistic interests.

The incongruity of this situation is quite unbebéNe: that the coherent development of
regionally appropriate and relevant informatiomutmertake objective scientific
management dhe storeof the nation’s most limiting resource relies opaam-full of
practicing aquatic ecologists and a greater nuraberdividuals with a principally technical
rather than scientific mandate whose primary resiility involves basic routine
monitoring functions in various regional water agefaboratories. This scenatrio is frankly
quite incredible — but indubitably true. Despitgrg plausibly well-intentioned, the
instigator(s) of this promulgation is (are) accalié¢ for limnological and natural resource

myopia and sabotage — arguably grounds for at fepsttive lynching.

This deficiency has been recognized and articulate@rious forums, by academics, water
supply agency biologists and a few senior managerarious agencies with freshwater-
related responsibilities. However, active inteti@mor remediation responses by
responsible management agencies were limited,ellggn account of cited resource
limitations. NEMP — the National Eutrophication Mtaming Programme (Department of
Water Affairs and Forestry 2002), a joint DWAF aMiRC initiative that commenced in
2002, represented the first salvo at breakinglttggam. But its principal mandate of pure
monitoring — as reflected in its title, is verytredive. Little scope exists for open and
objective process-related scientific investigatidmegionally appropriate peculiarities and
particularities of the eutrophication processcadasequences, and hence prospects for

corrective management in the regional biophysioatext.
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1.2 Aims and objectives

The present report arises from the firm recognitbthe need for a broader basis to
reservoir limnology than eutrophication alone, diesine ubiquity of this phenomenon as a
central water resource concern. Dr Steve Mitcligtector of the Water Research
Commission’s Key Strategic Area — Water-Linked Bstsms (KSA 2), an individual long
and acutely aware of the critical urgency to rdiaeareservoir research to ensure effective
management into the future of the nation’s potaldeer supplies, solicited the present
literature review to pre-empt and serve as a pideparture for development of a reservoir
limnology thrust within KSA 2. The following exqarfrom the official WRC web page is
directly relevant.

P5: Impoundments

Research within this programme will cover ecological functions and processes within impoundments with a view to
improving our ability to manage these.

No current projects
http://wrc.org.sa(excerpted on 18 January 2006)

The brief and terms of reference for the preséetature review were rather broad and
general. The present report arises from a confka@/612) that required the compilation of
a literature ‘review of reservoir management’, witle agreement and understanding that
this should focus particularly on information arel/dlopments in the field after 1990. What
follows below is an attempt to contextualize anchsarize the relevant published
knowledge base and its application in managemidotvever, some explanation and

clarification of underlying philosophy may helpdontextualize this product.

1. Management is interpreted and has indeed been ligrd&ined as a process of
continuous decision taking. Decisions are requireé@n ongoing basis to ensure

that pre-determined aims, objectives and outcomea@omplished.

2. The adage “You cannot manage what you do not utaadersand you cannot

understand what you do not know” suggested thatiamal review of reservoir
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management cannot stand alone. Some basic coaltexiderstanding of the
structural attributes and functional processesdfwithin reservoirs was considered
necessary if not essential. This is perceivecetedpecially relevant given that by
present-day default, the intended revitalizationeservoir limnology would need to

begin from a sorely depleted base of local expeertis

3. Aquatic ecology at large, and its constituent siggigline of Limnology that deals
with inland waters, share much common ground, péiredy summarized by Barnes
in his lead chapter on ‘The Unity and DiversityAmfuatic Systems’ in the synthetic
introductory volume on aquatic ecosystems by Bagnbtann (1980). For this
reason, and despite their distinctiveness in gemaportant respects, any dichotomy
between natural lakes and impoundments is in mayg\wan artificial one. While
this review attempts to restrict its consideratomeservoirs, reference to natural
lakes (and other inland waters where relevant)aderwhere appropriate —
especially in regard to new and emerging issuesling transferable knowledge

and understanding.

4. While synthesis of more recent (post-1990) litematuas the primary focus of the
review, the nature of the review topic precludediesive reliance on this later
material. Much if not most of the current undemsliag of the topic is founded in
earlier work, which accordingly required considenatto achieve any adequate
contextual coherence in the present report. Asomeed above (point 2), this also

appeared pertinent and relevant for any attempdtmre capacity and expertise.

5. Reservoir limnology is an extremely broad topiceTuality of water flowing in any
river, and then stored in a reservoir ultimatelygas on the natural biophysical
characteristics of its catchment and the assoclatettuses, as formalized by Hynes
(1975). The boundaries between catchment manageméneservoir management
are accordingly greatly blurred, and optimal resgrinanagement depends greatly
on firm and diligent application of Integrated Gatent Management (ICM)
policies, procedures and protocols (e.g. DWAF & WED6), despite their
attendant difficulties and complexities (van ZyPB59. As far as possible, however,
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this review is confined to addressing managemeanies and options within the
impounded water body itself, and not those assediaith or related to the drainage

basin from whence its water is drawn.

6. Itis clearly evident that sustainable reservoinagement into the future relies not
purely on scientific needs, but also technologarad human resources and cultural
and organizational transformations that are takiage nationally (Maaren & Dent
1995) and globally (Kennedy 2003). These paradiglirements are entirely
apposite, but fall beyond the explicit scope o$ tld@view and the competence of its
authors. Recommendations regarding these lagectsaccordingly require

consideration and craftsmanship by respective ¢xjp@d authorities in these areas.
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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 is not gassio manage what is not understood,
and it is not possible to understand what is notkm” we commence with an overview of
reservoir ecosystem structure and functioning.s Thiespecially important in South Africa,
where available expertise on reservoir limnolodyat totally dissipated with the almost
exclusive shift from lentic to lotic research iretlatter years of the 1980s decade.

Reservoir systems comprise typical communitiesgankton, benthos, nekton and fringing
communities which develop and change both tempoaaltl spatially in response to factors
such as reservoir hydrology and climate. Thubgaigh this section is discussed under a
series of headings, the need for a holistic, irdtegh ecological comprehension of these
systems is emphasised.

2.2 The Physical Subsystem

2.2.1 Light, heat and stratification

Solar radiation is of fundamental importance todiggamics of aquatic ecosystems. Most of
the energy that controls the metabolism of watelidwis derived directly from the solar
energy utilized in photosynthesis (Wetzel, 200Lhe attenuation of light in water is of

great limnological significance as it determines thaximum depth of photosynthesis, and
the depth of direct heating (Townsend et al., 1996)

Absorption of solar energy, and its dissipatiomeat, has profound effects on the thermal
structure, stratification and circulation patteim$akes and reservoirs (Kimmel et al., 1990;
Mwaura, 2003). Nutrient cycling, distribution acdncentration of dissolved gases (Wetzel,
2001), distribution of biota (Reynolds, 1992; Wathe, 1992), and behavioural adaptations
of organisms, are all markedly influenced by therial structure and stratification patterns
(Coveney and Wetzel, 1995; Lewis, 1996; Kimmellgtl®90).

Vertical stratification occurs when surface warmingreases the temperature difference
(and resulting density difference) between theasagfand deeper layers, to the point where
resistance to mixing becomes greater than the gnpawer of wind-driven turbulence
(Kalff, 2002). In reservoirs, the mixing causedtbg unidirectional flow of water from the
inflow to the dam wall also plays a significantag¢btraskraba and Tundisi, 1999). Water
temperatures take on the added importance of ggndedermining the depth at which an
inflowing river enters the water column, affectitig resulting longitudinal thermal and
trophic structure of the ecosystem, and potentthkydynamics of the outflowing river too
(Groeger and Bass, 2005).
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Stratification separates the water in lakes anerves's into three vertical zone

s, where

permitted by climatic conditions and depth, anddidition by flows in reservoirs

(Straskraba and Tundisi, 1999; Kalff, 2002; Wet2601). (See Figure 1)

The open water zone of a deep reservoir can bdatiivertically) into 3 sub-zones.

1 The mixing zone (&x or upper mixed layer extends to the depth at wtheh

thermocline is located. Also at the surface esehilimnion or euphotic

zoneg(y,

the depth at which 1% of surface illumination isai®ed. The mixing zone and the

euphotic zone may extend to the same depth, oootie other may be
shallower. Daily mixing due to wind and temperatdifferences tends
homogenize any vertical differences.

deeper or
to

2 The metalimnion is a narrow zone (maximally onfiga metres) in which the

thermocline is usually located.
3 The hypolimnion is characterized by greatly redueedical mixing and
most of the decomposition process takes place.

is where
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Figure 1. Major vertical regions in a reservoithwan indication of the distinction between the

mixing zone and the euphotic zone. (After Straskraid Tundisi, 1999).

The boundaries between the zones are determinddrisjty differences (Stras

kraba and

Tundisi, 1999). The principal factors influencirdgetformation, strength and extent of
thermal stratification are the density of the wasetar radiation, energy transfer at the air-
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water interface, reservoir morphometry, and theimgixesulting from advections and wind-
induced phenomena (Ford, 1990; Han et al., 2000).

In natural lakes, advective transport (inflows auntflows) is often ignored in heat budgets
because it tends to be insignificant in systemhb Wihg residence times (Ragotzkie, 1978;
Imboden and Wuest, 1995, both in Groeger and R&88). Conversely, in reservoirs,
where residence time tends to be much shorter ctidgagains and losses of heat may be
quite important in influencing water temperaturasd consequently, stratification) (Ara,
1973; StraSkraba, 1973, in Groeger and Bass, Z@askraba and Hocking, 2002). This is
particularly true in a reservoir with a deep or rudter column release, where, during the
period of stratification, warm water enters theergsir while much cooler water is being
lost downstream (Groeger and Bass, 2005).

Understanding and being able to predict particidarperatures of inflow, near-surface, deep
and outflow waters within a reservoir is importantinderstanding how that ecosystem
functions over time. Such information helps deteerhow the reservoir heat content varies
and how the reservoir may respond to future climetinditions (Groeger and Bass, 2005;
Han et al., 2000).

In reservoirs the depth distribution of temperataradditionally dependent on theoretical
retention time (StrasSkraba and Tundisi, 1999; Haad.e2000).

» If the retention time exceeds 300 days, conditiaresreservoir are the same as
those in a natural lake of similar geographic posiand size.

* With shorter retention times the bottom water terapge increases with
decreasing retention time until there is no diffeie between surface and bottom
temperature in reservoirs that have a very shtehtien time.

Horizontal variations in temperature also occur gggiilt from differential heating, inflow or
mixing. Differential heating takes place where $n@aller volume of water in shallow areas
such as littoral zones and headwater regions, warrosols more rapidly than the water of
the open-water regions. Similarly, rivers flowiimgo a reservoir may be of different
temperatures and can cause horizontal variaticorsl (£990).

2.2.2 Transport processes

In the open water zone there are multiple waterenwmnt and mixing processes, classified
into two groups (Straskraba and Tundisi, 1999).

* Those related to heat and momentum exchange pescasthe water surface. In
natural lakes these are the only factors whichtereertical and horizontal
differentiation of water masses

* Those related to flows. In reservoirs with intette®ugh flow the dominant factor is
the unidirectional flow of water to the dam walln reservoirs with a retention time
of less than 300 days this factor is also importaitnot dominant
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This overall movement creates complicated flows landitudinal and vertical
differentiation of reservoir water (StrasSkraba dmohdisi, 1999). (See Figure 2). Because
these physical transport mechanisms influencertiga@ment (temperature, light and
chemical regimes) in which aquatic organisms eaistinderstanding of reservoir transport
processes is essential to understanding resemwiology (Ford, 1990).

WIND SHEAR
1 SHELTERING N

TN L\ CURRENTS

WELLING rrRAl

Figure 2. The mixing processes and water cirmridh a reservoir. (From Straskraba and Tundisi
(1999) redrawn from Ford (1987)).

Based on the conventions of Fischer et al. (19ié)Rord and Johnson (1986), in Ford
(1990), the major transport mechanisms in reses\(aind lakes) are the following:

Advection. Advection is transport by an imposed currentesyssuch as river inflows,
outflows and wind-shear at the air-water interface.

Convection. Convection is vertical transport induced by dinisistabilities.

Turbulence. Turbulent flows are irregular (random), diffusigroduce mixing), rotational
(overturning motions), time-varying and dissipat{decay rapidly without a continual
source of energy). They can be generated by wirildws, outflows, convections,
boundaries etc.

Diffusion. Diffusion is a mechanism where differences in meancentrations are always
reduced.
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Shear. Shear is the advection of a fluid at differentexfseat different positions and
therefore requires a velocity gradient. It cargbrerated at the air-water interface by inflow
currents, and internally by density currents.

Dispersion. Diffusion is the combined effects of shear arftldion.

Entrainment. Entrainment is an advective-type mechanism wtrerehickness of the
stirred layer grows by entraining (trapping) fldrdm the unstirred layer.

Mixing. Mixing is any mechanism or process that cauges eel of water to blend with or
be diluted by another.

Settling. The sinking of particles with densities differémm the surrounding fluid is
called settling.

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

2.2.3 Meteorological Forcing

The type and magnitude of meteorological forcindapendent on the reservoir location
(latitude, longitude and elevation) (Talling, 199@or the most part, meteorological
forcing acts on the air-water interface and isafae also dependent on the size and shape
of the water surface and on the surrounding ter@irall the meteorological factors
influencing movement and mixing in reservoirs, sotiation and wind are probably the
most important (Ford, 1990).

The energy available to warm the waters of a resenltimately comes from solar
radiation, which varies seasonally. In additionrdal cycles occur. Water temperatures
respond to both these cycles with a slight delaydF1990; Talling, 1990).

In most reservoirs, wind is the major source ofrgndor mixing. Mixing results from the
interaction and cumulative effects of wind-industear at the air-water interface (e.g.
currents, surface waves, seiches and entrainmeik®. solar radiation, the wind is highly
variable with seasonal, synoptic and diurnal cycl®gnoptic cycles correspond to the
passage of major weather systems and commonlyahpeeod of 5-7 days. Wind also has
a diurnal cycle (Ford, 1990; Findikakis and Law93p

The meteorological phenomena responsible for miaimgy movement in reservoirs are
highly variable. A reservoir is always in a statdlux 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 consetitplemater quality conditions is not
possible without knowledge of horizontal changethinia reservoir (Straskraba and
Tundisi, 1999).

In accordance with differences in density betwedlow water and reservoir water, water
can spread to different depths as it enters therves, and can enter the epilimnion,
metalimnion or hypolimnion. Because the inflow siénusually differs from the density of
the reservoir surface water, inflows enter and ntaveugh reservoirs as density currents.
(See Figure 3)

RIS R R
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. INFLOW %"

»
.
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Figure 3. Density inflows to impoundments. (Fr8traskraba and Tundisi, 1999).

Density differences can be caused by temperattiad,dissolved solids and by suspended
solids. Because inflow densities (temperaturesfanéinuously changing, the level at which
an intrusion moves through a reservoir will alsargye, as will its impact on vertical

Project K8/612 FINAL REPORT Page 12



structure (Ford, 1990; Alavian et al., 1992; Led &, 1997; Morris and Fan, 1998;
StraSkraba and Tundisi, 1999; Ahlfeld et al., 2003)

If the inflow density is greater than the densityie surface water, the inflow will plunge
beneath the water surface. The location of thag#point is determined by a balance of the
stream momentum (advective force), and the pregpaient across the interface
separating the river and reservoir waters (buoydoi@e), and the resisting shear forces
(wind, bed friction). The position of the plungeimt is highly dynamic and changes with
both flow and density. During a storm event it caove 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 horizontal and vertical heterogeneitiyin a reservoir is decisively
influenced by reservoir morphometry, flow, and sfiGation conditions (Straskraba and
Tundisi, 1999).

2.3.1 Vertical stratification

This was dealt with in section 2.2.

2.3.2 Horizontal zones

Interactions between river inflows, and reservaisih and water column characteristics,
lead to the establishment of longitudinal gradiemfshysical, chemical and biological
characteristics (Kennedy 1999; Armengol et al., Q99 hornton, 1981 (in Kennedy, 1999),
identified riverine, transitional and lacustrinenes extending from headwater to dam
(Davis and Reeder, 2001; Melcher et al., 1997; Agoéet al., 1999) (Figure 4).

RIVERINE ZONE TRANSITIONAL ZONE LACUSTRINE ZONE

Figure 4. Horizontal zones in a typical reserv@hfter Kimmel and Groeger, 1984).

The characteristics of each reflect the diminishirflyience of the inflowing river (Kimmel
and Groeger, 1984, in Kennedy, 1999; Marzolf, 19dMmmel et al., 1990.)
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The RIVERINE ZONE experiences relatively high flodise to the proximity of the river
inflow. Water residence time is relatively sh@espite high nutrient concentration, algal
production is often low due to inorganic turbidéygd advective loss of cells (Kimmel et al.,
1990; Melcher et al., 1997; Kennedy, 1999).

The TRANSITION ZONE, intermediate in location beemeriver inflow and dam, receives
nutrients by advective transport, while sedimentasg of suspended material increases
light availability. This zone often exhibits higlgal production (Kennedy, 1999;
Straskraba, 1999). The exact position of the ttemmszone in the reservoir depends on flow
rates and therefore retention time (Straskraba)1l9%his zone is often associated with the
plunge point if one occurs (Kimmel et al., 1990).

The LACUSTRINE ZONE, located in the broader, deagmrnstream reach of the
reservoir, is little influenced by river flows (Keady, 1999), and usually has the longest
water retention time, higher water transparencyaddeper photic layer (Kimmel et al.,
1990). Turbidity and nutrient concentrations lake due to the effects of sedimentation.
Primary productivity is often nutrient limited, amisupported primarily by in situ nutrient
cycling rather than by advected nutrients (Melatteal., 1997).

The size of each successive horizontal zone vaiita and between individual reservoirs,
and is affected by such factors as watershed rufioifi velocity, reservoir drawdown
(Worth, 1994; Melcher et al., 1997), morphometryn®ngol et al., 1990), retention time,
thermal stratification, season and geographicaltlon (Straskraba and Tundisi, 1999;
StraSkraba, 1999). Lind (1984) in Kennedy (19@@pgnized the importance of water
residence time in the establishment of longitudgrablients and hypothesized that reservoirs
with intermediate water residence times would exlgieatest spatial heterogeneity. In the
case of a reservoir with a short retention timed(days) the whole reservoir may become a
riverine zone, whereas with a retention time o0& 8&ays, the riverine zone is short and
most of the reservoir is lacustrine (Straskrabaaumtdisi, 1999; StraSkraba, 1999).
Depending on watershed and inflow characteriséind, flushing rates, all three zones may
not always be distinguishable within a single resgr In fact the dynamic nature of
reservoir inflow and discharge greatly influendes differences observed between
individual reservoirs (Kimmel et al., 1990). (Figus)

Allochthonous inputs of both detrital organics amdrients are delivered to the
impoundment by the inflowing river. The larger pautate material settles out and dissolved
nutrients are incorporated into the algal bioma@ssis, seston of both allochthonous and
autochthonous origin contributes to the total orgaediment load of a reservoir. Gradients
in the nutrient content of the water, and resultiegosition rate of organic sediments can
have important ecological consequences from thelptaint of oxygen distribution, nutrient
cycling and reservoir metabolism. In larger res@s/these gradients can be a primary
factor controlling ecological conditions (Morrischfan, 1998).
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Figure 5. Longitudinal zoning in a reservoirdamanges in the zone extension, flow and mixing
pattern for different reservoir conditions with aeds retention time (R). Top panel, R>10 but
<100days, middle panel, R>100days, bottom panelOR¥ays. (From StrasSkraba and Tundisi
1999).

Many examples of reservoirs with spatial gradiexist in the literature, e.g. Jurumirim
Reservoir in Brazil (Nogueira et al., 1999); Sas&®oir in Spain (Simek et al., 1998; 1999;
Comerma et al., 1999; Armengol et al., 1999); Sddeh Reservoir in Germany (Uhlmann
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et al., 1995); Lake Kariba in Zambia/Zimbabwe (Metet al., 1982); Lake le Roux in
South Africa (Hart, 1990).

2.3.3 Other examples of horizontal spatial heterogeity

The dendritic nature of reservoir basins, trib@suaf differing water quality and
embayments having limnological characteristics Whditfer from main-channel areas, all
result in lateral variations in productivity ancetkby further contribute to the spatial
heterogeneity of reservoir ecosystems. Embaymeaysh® important in providing food
resources and nursery areas for fish, and macregiggds may function as isolated pockets
of highly concentrated primary and secondary pradagchigh-quality habitat and intensive
predator-prey interactions (Kimmel et al., 1990).

In the Guri Reservoir in Venezuela, a tropical kiaater reservoir, differences in water
colour, turbidity and mineralization led to thetdistion of at least three different pelagic
environments. These are reflected in the phytdgtamabundance and diversity (Vegas-
Vilarrubia, 1995).

2.3.4 Management implications

Management goals in reservoirs are typically getwegrds factors that control primary
productivity (Davis and Reeder, 2001). “Trophiatet (as reflected by Secchi depth,
nutrients (Kennedy and Walker, 1990), primary paohity (Kimmel et al., 1990), or
hypolimnetic dissolved oxygen depletion (Cole arahhlain, 1990) or other indices based on
these parameters) usually shifts from more eutmfghimore oligotrophic conditions along
the riverine- transition-lacustrine gradient (Kimeeal., 1990). Furthermore, these
gradients are affected by the physical processgptedominate in each zone as well as by
the type and degree of human activity in and ardhedeservoir (Davis and Reeder, 2001).

Davis and Reeder (2001) maintain that although naarlyors have shown the presence and
causes of water quality gradients in reservoirsenuas considered the use of such
information in reservoir water quality monitoringdatrophic state assessments. Based on
their work on water quality in seven reservoir&entucky, USA, they proposed an
improved monitoring system. Whereas the currergtroommon approach to reservoir
trophic state assessment was to monitor only laoesinear-dam sites, they proposed that
these should be combined with a longitudinal peofift Secchi depth along the reservoir
gradient during high and low flow periods. This viimempted by their results, which
indicated that water transparency increased saamifly downstream in accordance with
water quality parameters. They maintained thatwlusld be a logistically simple and
inexpensive way to monitor the influence of theevsled, residence time and the advective
movements of nutrients down-reservoir, on phytoitiam production.

The phenomenon of changes in physical and chemacaposition contributing to the
differentiated establishment of biological commigstis characteristic of reservoirs
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(Armengol et al., 1999; Zanata (1999) in Zanata sgindola, 2002). The spatial
distribution of phytoplankton and zooplankton iseevoirs 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 limnoldghanges that take place during the
years immediately following filling. This is alseferred to as ‘trophic upsurge’ because
higher biological production takes place during theriod (Straskraba et al., 1992;
StraSkraba and Tundisi, 1999). Reservoir evatuteders to a much longer process, lasting
for decades or centuries (Straskraba et al., 199B¢se changes that occur subsequent to
reservoir ageing (i.e. reservoir evolution) argédy 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 progressialtyral eutrophication and land-water
interactions, Kimmel and Groeger (1986) in Holalkt{(1997), hypothesised that a period of
high biological productivity, termed the “trophipsurge”, should occur soon after reservoir
filling. Internal nutrient loading, plankton produdty and fish productivity reach maximum
rates during this initial phase and then declinengduthe next phase, “trophic depression”.
Following the trophic depression, biological protivity remains at a lower level if external
loading remains constant. However, productivity nrayease or decrease if the external
loading rate changes during reservoir evolutionl¢H al., 1997; Straskraba et al., 1993;
Goldyn et al., 2003). (See Figures 6 and 7)
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Figure 6. Differences between some physicalci@ical conditions in a river, a newly
developing reservoir, and a more mature resen(@ifter Davies and Day, 1998).
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Figure 7. Differences between some biotic featiresriver, and a newly developing reservoir.
With time, the various biotic communities stabilisea new and steadier state. (After Davies and
Day, 1998).

Water quality problems that commonly occur duriegervoir ageing, and their respective
causes, are given in Table 1 that indicates that mr@blems are derived from the increased
amount of organic matter in the reservoir. Thesblems manifest in different ways for
different reasons.

INCREASED CONCENTRATIONS OF ORGANIC MATTER Leach&dm the soll
Decomposition of drowned vegetation

HIGH NUTRIENT CONCENTRATIONS Leached from disbad soil
Decomposition of organic matter

EXCESSIVE GROWTH OF ALGAE AND MACROPHYTES Increasmadtrient concentrations from
internal and external sources.

LOW OXYGEN CONCENTRATIONS (ESPECIALLY IN

THE HYPOLIMNION) Oxygen is consumed during
decomposition of dissolved and
particulate organic matter that enters
via the inflow and is released from
disturbed soil and decaying vegetation.
Autochthonous organic matter
increases with increased plant growth.

INCREASED COLOUR Colour indicates the concentration of
resistant organic matter. Colour
changes occur very slowly.

Table 1. Water quality problems that commonly eawring reservoir ageing (modified from
Straskraband Tundisi, 1999).
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2.4.3 Factors affecting ageing of reservoirs (andne required for
stabilization).

Hydrological and operational processes influeneesipeing process in various ways. For
example, slow and intermittent filling prolongs age(Straskraba and Tundisi, 1999; Chang
and Weng, 1997). Ageing is slower with longer ratentime and faster in systems with
rapid through flow (Straskraba and Tundisi, 199@jolongation of retention time affects
conditions during filling, due to the leachingraftrients from disturbed soil and vegetation
as well as biotic interactions of different growgdorganisms in relation to their
development times (StraSkraba, 1999).

Geographical location may be significant from tleenp of view of reservoir ageing. It is
possible, but not verified in the literature, thadre rapid ageing takes place in the tropics
due to higher temperatures (Straskraba et al.,)1998wever, the tropical forests that are
drowned by developing reservoirs in these regiake & long time to decompose,
lengthening the ageing process (StraSkraba andiSiuh899).

Forty years after its creation, Lake Kariba id siilstable as far as large-scale trends are
concerned (Moreau, 1997).

2.4.4 Reservoir ageing and management

The process of reservoir ageing is extremely ingrdrirom a management perspective since
it occurs in the first few years of the existentewery new reservoir, with water quality
inevitably deteriorating during this period (Stregiha and Tundisi, 1999; Straskraba et al.,
1993; Scharf, 2002; Chang and Weng, 1997; Tuntisl, d998; Holz et al., 1997). The
length of ageing differs between reservoirs, therage time span ranging from 4 to 10 years
(Straskraba and Tundisi, 1999; Chang and Weng,)199@nagement strategies to deal

with reservoir ageing fall into two distinct groypsose that attempt to prevent or reduce the
“trophic upsurge”, and those which attempt to manig results of the “trophic upsurge”
after it has occurred (i.e. eutrophication).

2.4.4.1 Eutrophication

Algal blooms and/or excessive growth of aquatic mopleytes often occur as a result of the
increase in nutrients in a filling or newly filledservoir (Straskraba and Tundisi, 1999;
Goldyn et al., 2003).

Management issues include whether the terresegétation must be cleared completely,
partially or not at all prior to filling, and wh#tte consequences will be and how long the
impact will last if the vegetation is not clear&tharf, 2002). Tundisi et al. (1998) maintain
that the decrease of forest biomass prior to §limessential although costly in the
management of South American reservoirs. Theyfitee opinion that this problem has
been ignored in the reservoirs built so far butnmesconsidered in the planning of future
reservoirs.
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2.4.4.2 Hypolimnetic anoxia and internal loading

As a result of eutrophication, hypolimnetic anosia common phenomenon in newly
flooded reservoirs, with expensive implicationated! to the reducing potential of the water.
Sulphide produced by bacteria under anaerobic tondicorrodes power plant machinery.
(Tundisi et al., 1998).

Internal loading resulting from increased phospkaoalease under anoxic conditions in the
hypolimnion is a related problem. During the fefg of Brucher Reservoir in Germany
(Scharf, 2002), anoxic conditions developed indaep waters, resulting in internal nutrient
enrichment. In this situation, artificial mixingas used to manage the anoxic water
conditions, the reduction in the need for this pascafter a few years, indicating the end of
the period of “trophic upsurge”. In this case tleeidion not to clear the basin of terrestrial
vegetation prior to refilling proved to be costigtnt.

2.4.4.3 Gas releases

Methane and carbon dioxide emissions from resesydire to drowned vegetation during
filling, is recognized as a significant problemgMienko et al., 2000; Lima et al., 2000,
2002, 2005; Bergstrom et al., 2004; Venkiteswarah &chiff, 2005). Latitude is the
predominant factor influencing emissions from reegs, mainly because it determines the
ambient temperature (Duchemin et al., 1995, 20@0y-Gacaux et al., 1999), but also
because that temperature influences the specgie ¢ vegetation which grows and thus
determines the type and density of the biomasshwikieventually flooded (Matvienko et
al., 2000).

Recent studies have shown that methane emissiomshydroelectric reservoirs may
comprise a considerable fraction of the anthropmgemntribution to greenhouse gases in
the atmosphere. (Keller and Stallard, 1994; Nowb Emndisi, 1994; Duchemin et al., 1995;
Fearnside 1995, 2001, 2002; Galy-Lacaux et al.71899Louis et al., 2000). Estimates
suggest that, per unit of energy produced, greesgrgas flux to the atmosphere from some
hydroelectric reservoirs may be significant comgacegreenhouse-gas emission by fossil-
fuelled electricity generation (Rudd et al., 1993p what degree hydropower and
construction of hydroelectric reservoirs, in comgan with fossil fuel combustion,
contributes to climatic change is still a mattedebate (Bergstrom et al., 2004). The issue in
the assessment of methane emission is to detethertgpe of power-generating system that
will produce a cleaner environment in the futurer(a et al., 2000).

2.4.4.4 Sedimentation

With the slowing of the flow rate of the river, smentation rates increase (Straskraba et al.,
1993; Tundisi et al., 1998; Vorosmarty et al., 199Turbidity increases, affecting light
penetration, which may or may not be a problemw light can moderate the effect of
nutrient loading in turbid reservoirs (Holz et 41997).
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2.5 The Chemical Subsystem.

2.5.1 Oxygen

Besides the water itself, oxygen is the most furetaal parameter of aquatic systems as it is
obviously essential to the metabolism of all aguatganisms that possess aerobic
respiratory biochemistry (Wetzel, 2001).

Oxygen conditions in a reservoir depend on a nurabprocesses (Straskraba and Tundisi,
1999), involving both supply and consumption (Herir§99; Bellanger, 2004).

» the rate of phytoplankton production (enrichmentvater with oxygen during
photosynthesis by day) and respiration (consumpiioggen by night)

e 0xygen concentration and temperature of reserafiow

» the rate of oxygen exchange at the air-water iaterf

» the rate of phytoplankton sedimentation and decdkie deeper strata

« the organic matter content of the sediments andtneg oxygen consumption

» vertical and horizontal mixing conditions in theeevoir .

2.5.1.1 Vertical distribution of dissolved oxygenancentration.

In reservoirs that stratify during spring and sumyttee vertical distribution of dissolved
oxygen changes accordingly. In eutrophic watereetigeusually a sharp drop in dissolved
oxygen at or slightly below the thermocline, thgpblymnetic waters becoming increasingly
anaerobic as the summer proceeds. Oligotrophe&vess tend to show no, or only slight,
oxygen depletion below the seasonal thermoclindai8on, 1995).

The role of phytoplankton and bacteria

Phytoplankton production is restricted to the illoated epilimnion and decomposition
mostly takes place in deeper waters. Oxygen coret@ns are therefore vertically
differentiated with a higher concentration at theface and a deficit in deeper waters
(Straskraba and Tundisi, 1999). The process debatdecay is dependent upon dissolved
oxygen in its initial stages; thereafter, differassemblages of bacteria continue the
heterotrophic decomposition, drawing upon the oryigedissolved sulphate and nitrate
ions, with the concomitant liberation of hydrogenpfide and ammonia (Allanson, 1995).

Temperature

In South African reservoirs, the mean water tempeeas relatively high, resulting in
substantial bacterial growth and activity. Deoxyaggon of the hypolimnion of nutrient and
algal rich systems is therefore rapid (Allansor§3)9 but is not limited to eutrophic systems.
Townsend (1995) recorded two tropical reservoire@W trophic status in Australia, which
also showed rapid oxygen depletion rates and lenggs of anoxia (maximum of 20
weeks) in response to thermal stratification. Xygenation was attributed primarily to
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water temperature (25-3Q) and its effect on microbial metabolism. Duéhte temperature
dependence of hypolimnetic oxygen depletion, tbphic classification of lakes and
reservoirs based on hypolimnetic deoxygenationaarukia is not globally applicable
without qualification. However, it is applicable water bodies of similar hypolimnetic
temperatures, especially when morphometric inflesrare also taken into account
(Townsend, 1999).

Many South African reservoirs of low nutrient setlso show considerable hypolimnetic
oxygen depletion For example, Midmar (Hart, 199@&nderKloof (Allanson and Jackson,
1984), Spioenkop (Hart, 1999) and Wagendrift (H2001). It is also evident in Lake
Kariba (Klautsky et al., 1997).

Reservoirs in tropical regions are characterizetligi surface temperatures, low
temperature differences between the surface andrbataters, and larger actual oxygen
deficits than temperate lacustrine environmentgnfy 1999). In sufficiently deep
reservoirs, limited water mixing and long residetioee lead to apparently persistent
thermal stratification. If water renewal is noffgtient, stratified tropical freshwater
systems may be subject to severe dissolved oxygeletibn conditions extending to
shallower water, comparable to those observedepetesections of temperate eutrophic
water bodies (Bellanger et al., 2004). River dégge is the principal destratification
determinant in many deep tropical reservoirs (K&@02)

Mixing

During periods of mixing, oxygen concentration ssially consistent throughout the water
column (StraSkraba and Tundisi, 1999; Henry 199@n&on, 1995; Cole and Hannan,
1990).

Oxygen stratification is less pronounced in rapitiisough-flowing reservoirs (StraSkraba
and Tundisi, 1999; Cole and Hannan, 1990).

2.5.1.2 Horizontal distribution of dissolved oxygeroncentration

Though the seasonal vertical stratification of watgality constituents has been well studied
in lacustrine systems, the horizontal stratificatod water quality in many reservoirs has not
been widely appreciated until recently (Romero nmblerger, 1999).

Longitudinal patterns of oxygen depletion in resg@nvresult from an interaction of flow and
morphology. Small-sized allochthonous organic era#t deposited in the transition zone
due to a decrease in flow velocity, causing a nggl of oxygen uptake. Increase in light
penetration due to sedimentation, facilitates thiédbup of phytoplankton populations. The
volume of the hypolimnion in reservoirs is smallethe transition zone, compared to the
lacustrine zone, so has a lower total DO suppiypéet hypolimnetic oxygen demands. The
morphology of the reservoir results in generallght@r hypolimnetic temperatures in the
transition zone than the lacustrine zone, causigigen respiration rates. These higher
temperatures also result in lower DO concentratchresto the relationship between oxygen
solubility and temperature. The result of all ghésctors is that the highest biochemical
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oxygen demand occurs in the hypolimnion of theditaom zone, causing the first anoxic
zone to form there (Cole and Hannan, 1990). (Sger€&i8)

AVERAGE

FLOW

Early summer Midsummer Late summer

Figure 8. The initial location and the extentasfgitudinal development of the anoxic zone in a
deep storage reservoir. (After Cole and Hanna@01L9

Once formed, the anoxic zone develops and expasttisupstream and downstream. The
upwards development is influenced primarily byomflfrom the river. Any flood event
which breaks down thermal stratification, will dgste the anoxic zone. The downstream
anoxic zone develops more slowly and with lesstélatton. Concurrently, the anoxic zone
develops upwards and laterally out of the thalw#te deepest part of the channel of the
original river).

2.5.1.3 Management

From a management perspective, hypolimnetic antatiehave far reaching implications in
reservoirs. This is primarily due to its effectdmemical exchanges at the sediment water
interface (Townsend, 1999; Hamilton and Schladd@®4). It also needs to be considered in
the management of outflow from reservoirs where datflow gates release deoxygenated
water to the river below the dam.

2.5.2 Organic carbon

Organic matter in reservoirs is either allochthan@uenters the reservoir from the
watershed) or autochthonous (it is produced with@reservoir by photosynthesis by algae
or aguatic macrophytes (Straskraba and TundisQ)Y19® by bacterial chemosynthesis of
dissolved organic carbon). It is a mixture of pJanicrobial and animal products in various
stages of decomposition. Nonhumic or labile sulxsta are easily degraded by micro
organisms (hours). Humic substances, designat&dfesctory’ are more recalcitrant to
degradation and constitute 70% to 80% of the ogamatter of water and soils.

Nearly all the organic carbon of natural waterssists of dissolved organic carbon (DOC)
and particulate organic carbon (POC). The ratiDOfC to POC is commonly between 6:1
and 10:1.
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The rate of decomposition of organic substancgsaatly dependent on solubility; however
the energetic transformations of organic carborsandar whether in the dissolved or
particulate form.

Much of the decomposition of organic compoundseservoirs occurs in aerobic waters
prior to sedimentation. However, the benthic regstihhe dominant site of decomposition of
most POC, and DOC that has aggregated into insofudatticles or co precipitated with
particulate matter and settled to the bottom sedisn@Vetzel, 2001).

It is increasingly recognized that much of the ggenvolved in the food webs of reservoirs
and lakes derives from the catchment, rather tleamglfixedin situ. Traditional perceptions
of standing water bodies as autotrophic systembeirgy replaced by recognition of their
frequently heterotrophic nature linked to the carbgut (Reynolds, 2004).

2.5.3 Nutrients

The importance of nutrients in reservoirs is duthtar effect on biological production
(Straskraba and Tundisi, 1999). Their distributaor availability are influenced by nutrient
loading (internal and external), sedimentationyflanixing and discharge (Kennedy and
Walker, 1990). From a management perspective,dtiiical to characterize sources of
nutrients and their respective quantities, in otdananage their inputs to freshwater
systems (Nowlin et al., 2005).

2.5.3.1 Phosphorus
2.5.3.1.1 Sources and losses of phosphorus in resers

Sources of phosphorus in reservoir waters include

* precipitation (Miranda and Matvienko, 2003)

e groundwater (Miranda and Matvienko, 2003)

» surface runoff (Wetzel, 2001; Brzakova et al.,200

» sediment resuspension (James and Barko, 1997n&stis and Somlyody, 1999)

* chemical release from sediments (Ting and Appa@6;13ames and Barko, 1997,
Istvanovics et al., 1997; Istvanovics and Somlydd®99)

Losses of phosphorus from reservoir waters occur by

» outflow from the reservoir
» sedimentation (Wetzel, 2001; James and Barko, 1l98vVens and Schelske, 2001).

» storage as polyphosphates by meroplanktonic aljgad which have resting stages
in the sediments) (Carrick et al., 1993)
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25.3.1.2 The phosphorus cyclSee Figure 9)

The phosphorus cycle is considered the most drpicess in organic production within
reservoirs, phosphorus-uptake by phytoplanktongoginre significant than that by pelagic
bacteria (Wetzel, 2001). Soluble reactive phosphas taken up to such an extent that the
concentration of this nutrient in surface waterns loa as low as a few micrograms per litre
(Straskraba and Tundisi, 1999). Total phosphoomeentration in most nonpolluted natural
waters is between 10 — 50uy (Wetzel, 2001).

GROWTH

LN Lout

t, gr
ADS
SEDap

S
SEDppap

2

Figure 9. A simplified P cycle. (SRP, solublaatve P; AP, algal-P; nBAP, non-biologically-
available P; |;and Ly, input and output TP loadsidg., gross internal P load; ADS, phosphate
adsorption; GROWTH, algal growth; REG, regeneratb®RP during the mineralization of algae in
the water; SE[® algal sedimentation; SE[R.p, sedimentation of nBAP; RES, resuspension of
NBAP). (After Istvanovics and Somlyody, 1999).

The only significant form of inorganic phosphorndake systems is orthophosphate PO
A very large proportion of the phosphorus in lakaev (>90%) is bound in organic
phosphates or variously associated with, or adslaidye@norganic, and dead particulate
organic materials (Wetzel, 2001). Considerablewam®of phosphorus can be bound and
cycled in sediment-living bacteria. Shifts in baa@l biomass in combination with the
abiotic sorption characteristics of the sedimendy therefore play an essential role in the
phosphorus dynamics of lake sediments (Waara,et393).

Reservoirs function as traps for phosphorus (Stadekand Tundisi, 1999; Miranda and
Matvienko, 2003). Particulate phosphorus brougtitoam the watershed, starts settling to
the bottom of a reservoir immediately, but dissdlpbosphorus entering the reservoir has to
be incorporated into particles before it can smkhie sediments. Phosphorus uptake by
particles is by physical and chemical processed) ag adsorption onto particle surfaces or
precipitation (Brzakova et al., 2003). The dissdlyphosphorus taken up by phytoplankton
eventually accumulates in the sediments in largewsnts when the cells die, especially in
eutrophic conditions (Porcalova, 1990). In sonsesathe phosphorus content of the upper
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millimetres of the sediment can be greater thahithéhe whole overlying water column.
The amount of phosphorus that leaves the reseps/thus much lower than the amount that
enters the system (Straskraba and Tundisi, 1999).

It is still not certain whether settling particlesnstitute a sink, or serve as a source of
phosphorus for the surrounding water (Brzakovd.eP@03). Significant, short-term P-
uptake capacity was demonstrated by suspendece#tidgsseston in the epilimnion of
Rimov Reservoir in the Czech Republic during pesiotihigh P-deficiency of

phytoplankton. This was apparently caused by thegmce of phytoplankton cells with
depleted cellular P-quota within the seston pasiclvhich removed a significant amount of
dissolved orthophosphate from the water column.rdlease of phosphorus from suspended
or entrapped seston particles was observed duriagtudy.

2.5.3.1.3 Horizontal distribution of phosphorus ina reservoir

Reservoirs are typically elongate resulting in fiike spatial variation in nutrient
concentration, primary production and the factanstiolling them (Kimmel and Groeger,
1984, in Istvanovics and Somlyody, 1999; StrasSkraB&6). The relative importance of the
various pathways of phosphorus cycling varies atingty. (See Section 2.3).

Sedimentation patterns along the longitudinal akia reservoir influence the distribution of
phosphorus accumulated in the sediments. Seditit@ntaeasurements along the Rimov
Reservoir revealed that half of the phosphorustim@s deposited within the first 3km of
the length of the reservoir which represented @86 of the whole surface area of the
reservoir (Porcalova, 1990).

25314 Management
Elevated phosphorous concentrations are significattie problem of eutrophication which

will be discussed in Section 3.1.2.

2.5.3.2 Nitrogen

2.5.3.2.1 Sources and losses of nitrogen in resergo

Sources of nitrogen in reservoir waters include
* precipitation on the water surface
* nitrogen fixation in the water and in the sediments
e inputs from surface and groundwater drainage

Losses of nitrogen from reservoir waters occur by

» effluent outflow from the reservoir

* reduction of nitrate to Nby bacterial denitrification with the subsequesttrn of
gaseous bto the atmosphere (StraSkraba and Tundisi, 199®a6aek and
Czerwieniec, 2000; Tomaszek and Koszelnik, 2003).
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* permanent loss of inorganic and organic nitrogemiaining compounds to the
sediments (Alaoui-Mhamdi et al., 1996; Tomaszek @ndrwieniec, 2000;

Tomaszek and Koszelnik, 2003).
e uptake by aquatic organisms (Tomaszek and CzemadeBD00; Tomaszek and

Koszelnik, 2003).

2.5.3.2.2 The nitrogen cycle (See Figure 10)

This cycle differs from the phosphorus cycle beegwacteria actively participate in the
cycling process by means of nitrogen fixation (Vét2001; StraSkraba and Tundisi, 1999).

(See Figure 10)

Oxidation State
-3 -2 4 G «1 42 483 44 5
v v v v v v v v v
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Nitrification
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NHj =—=NH,OH=—=H,N,0,=—=NO,=—==N0j;
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Figure 10. A simplified nitrogen cycle showinig¢hemical reactions that influence the
distribution of nitrogen compounds in water (afs¢adelmann (1971) and Kuznetsov (1970) in

Wetzel, 2001).

Nitrogen retention is one of the important issuesimogen management for different water
bodies and basins (Galicka et al., 1994; Nielsexh. £1995, 2001; Seitzinger et al., 2002, all
in Tomaszek and Koszelnik, 2003; Windolf et al.989Josefson and Rasmussen, 2000;

Saunders and Kalff, 2001).
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The predominant opinion is that nitrogen (and phosps) retention in lakes and reservoirs
is directly proportional to hydraulic retention #nfKawara et al., 1998; StrasSkraba, 1998;
Saunders and Kalff, 2001; Nielsen et al., 19950m#@szek and Koszelnik, 2003).
Nevertheless, some shallow and unstratified waidrds with short hydraulic retention
time, show greater capacity to retain nitrogen tihenlarger and deeper ones (Howarth et
al., 1995), especially when they have substardad$ of nitrogen (Fleisher et al., 1994).
This is due to the water column/bottom sedimerrfatial contact in shallow water bodies
being conducive to nitrogen retention by benthgragation and denitrification or by
coupled nitrification-denitrification processesogéfson and Rasmussen, 2000; Tomaszek
and Czerwieniec, 2000).

25.3.2.3 Denitrification

A major mechanism removing excess nitrogen fromatiigatic system, denitrification acts
as a controller of eutrophication (Abe et al., 200Renitrifying bacteria are naturally
encountered in diverse types of environments duleetio ability to use different compounds
as a carbon source and final electron acceptoggéxin aerobic conditions vs. nitrate,
nitrite, nitric or nitrous oxide in anaerobic cotans) (Knowles, 1982, in Bednarek et al.,
2002).

In anoxic waters, heterotrophic, anaerobic bactgrize NO;or NO, as terminal electron
acceptors during oxidation of organic matter. Awgphic bacteria use sulphur, thiosulphate
or hydrogen as electron donors (Tomaszek and Ceei®d, 2003). Because the final
products of denitrification are gaseous compouhld®( NO, N)) the process represents a
sink in the overall N budget of many aquatic ectays (Seitzinger, 1988, 1990; Tomaszek,
1991; Law et al., 1991, 1992; Nielson, 1992; Nielsod Glud, 1996; Nielson et al., 1996;
Mengis et al., 1997 in Tomaszek and Czerwienie0320Sediment nitrification can be a
major source of nitrates for denitrification (Toszaak and Czerwieniec, 2003).

Rates and regulations of the denitrification preca® of increasing interest due to
eutrophication problems caused by anthropogenuatingf combined nitrogen (Seitzinger,
1990, in Tomaszek and Czerwieniec, 2000). Matgngits to quantify denitrification have
been made, however the lack of suitable methodb&@s a major obstacle in denitrification
studies. Denitrification rates in bottom sedimearts difficult to measure accurately, as
several reactions e.g. nitrification, denitrificatj N-fixation, occur simultaneously in an
aquatic environment. (Tomaszek and Czerwieniec)20003).

A number of environmental factors are capable ffi@mcing the rate of the denitrification
process in bottom sediments. These include wabepérature, concentrations of nitrate in
overlying water and organic matter in the sedimt&,depth of the sediment and conditions
therein including redox potential and dissolvedgety. The positive influence of light on
denitrification rate suggests that photosynthetiggen production stimulates the process
and consequently increases the diffusion of nitirgtethe bottom sediments (Tomaszek and
Czerwieniec, 2003). Preliminary results on dérmsation rates in Sulejow Reservoir in
Poland prove the positive correlation between t@tdfication rate and the content of
organic carbon in the bottom sediments (Bednarek e2002). A positive correlation was
also recorded between the content of organic caabdrthe percentage of denitrifying
bacteria.
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25.3.24 Management issues

Tomaszek and Koszelnik (2003) developed an empimcalel suitable for predicting
nitrogen seasonal dynamics in a reservoir. Modetxribed in the literature, capable of
predicting nitrogen retention with a relatively higegree of accuracy were selected and
adapted (e.g. Jensen et al., 1992; Arheimer antiji&fit, 1994; Windolf et al., 1996). All
models related nitrogen retention to simple parametuch as hydraulic retention time,
volume, surface area, average depth, temperatdrestative area hydraulic loading.

Depending on the species of bacteria involved, mctation of nitrite to toxic levels may
occur in the sediments during the denitrificatioagess (Xu et al., 1996).

It has been suggested that gaseous sub prodwiésitfification such as §0 and NO, have
increased in the atmosphere, leading to ozone til@plend 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 nutrientsetghfvater ecosystems (Nowlin et al.,
2005). Historically, phosphorus has received méten&on than nitrogen because of the
complex nature of nitrogen transformations in lakdiments, and the fact that phosphorus is
often the limiting nutrient in phytoplankton prodivaty (Dillon and Rigler, 1974; Smith,

1979 both in Nowlin et al., 2005).

2.5.4.1 Internal loading

Attempts at lake restoration through the reductibaexternal phosphorus inputs often fail
because of large phosphorus inputs from sedimews) after external loads have been
substantially reduced (Sondergaard et al., 1990tiMeva, 1993; StrasSkraba and Tundisi,
1999; Istvanovics and Somlyody, 1999; Heidenreruth ldleeberg, 2003). In some lakes
sediment nutrient release may represent a morertamggrocess ecologically, than inputs
from external nutrient sources because phospheteased from sediments often contains a
larger proportion of immediately available phosplsor(Peters, 1981; Nurnberg and Peters,
1984; Nurnberg, 1985, all in Nowlin et al., 2005).

2.5.4.2 Factors regulating release of nutrients &m the sediments

Processes leading to phosphorus release to the eadienn from underlying sediments
include

» desorption and dissolution of phosphorus boundeégipitates and inorganic
material (Moore and Reddy, 1994, in Nowlin et 2005).

« microbial mineralization of organic matter (Gachded Meyer, 1993).

» diffusion of dissolved phosphorus from sedimenepwsaters (Moore et al., 1998, in
Nowlin et al., 2005).
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Under oxic conditions, phosphorus is retained exgddiments beneath an oxidized micro
zone (Wetzel, 2001). Much of the phosphorus isganic, derived from the watershed, and
includes phosphate adsorbed onto clays and feydmkides. In addition, phosphate co-
precipitates with iron, manganese and carbonateskbteth, 1966; Harter, 1968; Wentz
and Lee, 1969 in Wetzel, 2001). The oxidized |dgems a trap for iron and manganese as
well as for phosphate, thereby greatly reducingspart of materials into the water, whilst
scavenging materials such as phosphate from ther wat

In an area of calcareous sedimentary rock in Marpitavas demonstrated that Ca was
responsible for binding a large fraction of the giwate in the sediments as apatite,
preventing the phosphate release into the overlyatgr (Alaoui-Mhamdi et al., 1996).

However, in productive lakes, after the onset ohswer stratification, biological activity in
sediments and the hypolimnion decreases hypolimB&d concentration and pH, lowering
the redox potential at the sediment-water interfaliee environmental variables that may
regulate the release rate of dissolved phosphoous $ediments are temperature, dissolved
oxygen, pH and redox potential (Nowlin et al., 2086hladow and Hamilton, 1995;
Martinova, 1993; Gachter and Meyer, 1993).

Iron exists in solution in either the ferrous foffe(ll)) or the ferric form (Fe(lll)). As the
redox potential drops, the Fe(lll) in the sedimemitéch is in the form of ferric hydroxide
with adsorbed phosphates, is reduced to Fe(lljitegto the release of BQ. The

mobility of phosphorus is thus determined by thepdy of iron in the sediments, and the
resulting capacity for phosphorus sorption and egbent release. (Heidenreich and
Kleeberg, 2003). The total phosphorus concentratigdhe sediments and the relative
concentration of various phosphorus fractions, aifloence sediment phosphorus release
rates (Nowlin et al., 2005).

Biotic processes also play a part in phosphoresase rates. Under anoxic conditions, high
concentrations of nitrate (NQin waters overlying the sediments can raise ¢dex

potential by providing denitrifying bacteria witlm alternate electron acceptor, thereby
enhancing Fe oxidation and sediment sorption of PGachter and Meyer, 1993). On the
other hand, the growth of Fe reducing bacteria beagtimulated by high NQlevels,

leading to higher decomposition rates of organitten@nd enhancement of PQ release
from sediments.

Thus the release of BQ from reservoir sediments into overlying water dgriummer
hypolimnetic anoxia is a result of the complexemttion between biotic and abiotic
processes in the water column and sediment (Naatlal, 2005).

2.5.4.3 Exposed reservoir sediments

Large fluctuations in reservoir water levels cremteadditional source of phosphorus release
from reservoir sediments into the overlying wat€he difference between the littoral
sediments of a reservoir and the permanently inddsediments is that the former are
periodically exposed, experiencing cycles of wetamd drying. This can have a profound
effect on the sediment’s ability to adsorb or dbsatrients (Watts, 2000a; Mitchell and
Baldwin, 1998). More phosphorus can be releas®d feflooded dried sediments than
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from sediments that remain inundated (De Groot\&ad Wijck, 1993; Baldwin, 1996;
Mitchell and Baldwin, 1998; Qui and McComb, 199995 both in Watts, 2000b).

Because such sediments are potentially, the lasgdsfor, and the largest source of, many
nutrients (particularly phosphorus), sediment clegngduced by exposure may have a
marked effect on the nutrient budget of the resexo their rewetting (Baldwin, 1996).
Twinch (1987) in Watts (2000b) showed experimewptallthree-fold increase in phosphate
equilibrium concentration in dried sediments, whiotreased potential phosphorus P
release by 127%.

In submerged sediments, there is continuous regding, resulting in the production of
ferric hydroxide (Fe(OOH)), which has a high affirfor phosphorus. When the sediments
are exposed, this process of redox cycling is adherffected, resulting in reduced
phosphorus affinity in the dried sediments. Consety, there is a greater potential for the
phosphorus in the sediments to be released todker wolumn on their rewetting (De Groot
and Van Wijck, 1993). The reflooding of sedimethisrefore has the potential to create
conditions conducive to aerobic sedimentary phospghielease.

From a management perspective, this is highly Baamt where large expanses of sediment
are exposed, either during dry seasons or as l oésaservoir drawdown (Watts, 2000a,
2000b). Implications for management would depemthe type of drawdown, severity of
drying and conditions of refilling. Ideally, watkvels should be maintained at as high a
level as possible to reduce phosphorus releas¢hisus not often possible, especially in dry
climates. During the drought of 1997-1998, theunod of the Carcour Dam in Australia fell
to 19%, exposing 70.5% of the total sediment ser{a¢atts, 2000Db).

It has been suggested that, especially where theapid inundation and short residence
times, phosphorus flushing could be used as a neamagt tool, where phosphorus could be
repeatedly flushed from the sediment into the weddrmn, the ultimate aim being to reduce
sedimentary phosphorus levels and thus interndingaBaldwin, 1996). Flushing as a
management tool will be discussed fully in the vatg section. Where littoral sediments are
exposed for long periods, it may be possible todstrthese sediments for use as a nutrient
resource such as top dressing (Watts, 2000b).

Historically, when describing phosphorus releasenfinundated sediments, it has been the
top few centimetres or even millimetres that anestdered important for most chemical and
biological activity (Mortimer, 1971; Fillos and Snson, 1975; Bostrom et al., 1982, in
Watts, 2000b). De Groot and Van Wijck (1993), heere found chemical and physical
changes in sediments during desiccation that affieetyers to a depth of 40cm. An increase
in total phosphorus was observed in the top layih a decrease in the deeper layers,
indicating an upward flux of phosphorus. The faetttsediment 10cm deep may be active in
the processes of sedimentary phosphorus releasmphcations 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 impbtemporal and spatial scales.
Following the release of phosphorus, phytoplankpawth in the hypolimnion is light
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limited (and oxygen limited). In the epilimnionist phosphorus limited. It is only following
overturn that the majority of the phosphorus reddatsom the sediments becomes available
in the photic zone. From a management perspethiees is a lag, corresponding to the time
required for the nutrients to be assimilated amdpiytoplankton to increase to sufficient
concentration to constitute a bloom (Schladow aachHton, 1995).

Because of the strong longitudinal gradient of jpdatsand chemical conditions in a
reservoir, nutrient release is affected accordiriijlgwlin et al., 2005). Relatively shallow
areas near inflows may lack thermal stratificattmmughout the year, while deeper areas
near the dam may develop summer stratification fitom, 1990). This longitudinal
development of thermal stratification can leadaaation in DO concentration in waters
above sediments, thus affecting sediment nutredeise rates. The composition of
sediments may also vary along the longitudinal akihe reservoir, with sediments near
inflows containing a larger proportion of allochtitms material, and sediments near the dam
containing a larger proportion of autochthonousamak (Thornton, 1990). Various
phosphorous-containing fractions within sedimenéy wary with the spatial heterogeneity
of sediment characteristics within a reservoirgptilly affecting the P-binding capacity of
sediments and sediment phosphorus release ratediiN 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 disrelgal (largely because of their unseen
nature and technical difficulties of analysis) ptayespecially important role in reservoirs.
Heterotrophic elements utilize the often plentdiibchthonous carbon sources, while
autotrophic cyanobacteria are commonly dominambg@ry producers.

26.1.1.1 Heterotrophic Bacteria

The abundance of free-living planktonic bacterianmally oscillates between iand 16

cells mi* in all but ultraoligotrophic or hypertrophic wase(Kalff, 2002). Heterotrophic
bacterioplankton are predominantly free-living, buteservoirs where concentrations of
suspended particles are high, bacterial attachtogudrticles can predominate (Wetzel,
2001; Lind and Davalos-Lind, 1991). The attachactéria tend to be larger and contribute
more to the community biomass (Kalff, 2002). Nunsh&iomass and productivity of
bacterioplankton generally increase with increagingtosynthetic productivity (Wetzel,
2001; Voros et al., 2003).

* Vertical distribution

In thermally stratified lakes, heterotrophic baplankton numbers and biomass are
usually high in the epilimnion, decrease to a miummin the metalimnion and upper
hypolimnion, and increase in the lower hypolimniespecially if it is anoxic (Wetzel,
2001; Tietjen and Wetzel, 2003).

It is well known that phytoplankton is negativelfegted by high light intensities at the
water surface, but there are few reports of UVaffen bacteria and extra cellular
enzymes (Sieracki and Sieburth, 1986; Herndl L8B3, in Lindell and Edling, 1996).
Algae may respond to light stress by decreasedbuktan, protective pigments or
migration to deeper waters (Karentz et al., 1994,indell and Edling, 1996).
Heterotrophic bacteria, on the other hand, have Maited capacity to migrate, thus
may be severely affected by UV radiation.

Lindell and Edling (1996) demonstrated that baatéving in surface waters (0 to 3-4
metres) in the tropical Lake Kariba are negatiadfgcted by solar radiation, with
inhibition of bacterial production and enzyme aityiyprobably being due to both UV-A
and UV-B light. Bacterial production at the sudagas nearly four times less than the
production at 10m, although bacterial numbers voatg 26% less.

Bacterioplankton from anoxic hypolimnia are oftéruadant and of unusually large cell
size (Cole et al., 1993; Lind et al., 2001, Chaistet al., 2002; Kalff, 2002). However,
anoxia is not always associated with large celisdlet al., 2001). Possible reasons for
the large cell size suggested by Cole et al. (1888)prganic enrichment, sediment
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nutrient release, species shifts and lack of ggaZinristian et al. (2002) showed that
larger cells in low oxygen and anoxic hypolimnia arfunction of increased supply of
organic substrate and/or inorganic nutrients.

e Longitudinal distribution

The longitudinal gradients of chemical and bioladjijgarameters, nutrient and substrate
availability, and consequently the developmentealfgic grazers in canyon-shaped
reservoirs have been shown to influence microlutvidy and bacterial community
composition (Simek et al., 2001a; Masin et al.,2Q&zbera et al., 2003; Tietjen and
Wetzel, 2003; Gasol et al., 2002).

In the riverine zone of eutrophic reservoirs, priynaroducers often have a limited role
due to water turbidity with resulting light limiiah (Hejzlar and Vyhnalek, 1998;
Comerma et al. 1999). Most matter transformatich rautrient cycling thus occurs
through enhanced activity of heterotrophic microb@mmunities (Armengol et al.,
1999; Comerma et al., 1999; Simek et al., 2001roAinuous supply of substrates by a
river results in a gradient of nutrient and sulistcncentration and microbial
succession downstream (Hejzlar and Vyhnalek, 1888engol et al., 1999; Kalff,
2002).

Masin et al., (2003) and Jezbera, et al., (2003)dahat two reservoirs of different
trophic status and with different inflow loadingosted different specific longitudinal
changes in bacterial community composition, whigrewelated mainly to
allochthonous input and longitudinal patterns afary production and nutrient
availability. In the riverine zone, the main saunf carbon that fuels microbial
processes is in the allochthonous organic matteitewdownstream, through the
transition and into the lacustrine zones, autoatlisly produced organic carbon
becomes more important (Masin et al. 2003).

The pattern of longitudinal distribution of phytapkton and zooplankton communities
in reservoirs has been known for some time (e.gb&lr1989; Pinel-Alloul, 1995; Masin
et al. 2003). However, recent studies carriedrothie Sau Reservoir in Spain mapped
longitudinal changes in the microbial food webetation to other biological and
chemical variables (Comerma et al., 1999; Simek.eP001; Gasol et al., 2002),
illustrating that the communities of protistan leail grazers displayed a clear
longitudinal pattern; bacterivory of heterotrophenoflagellates dominated the upper
inflow area of the reservoir, while ciliates wehe tmost important bacterivores in the
lacustrine area (Comerma et al., 1999; Simek g2@01; Simek et al., 1999a).

The important role of protistan bacterivory in simgdongitudinal distribution of

bacterial community composition was confirmed ipexments conducted in the Sau
Reservoir (Simek et al., 1998; Gasol et al., 2002dstrom (2000) also confirmed the
important impacts of micro zooplankton grazing bagpng bacterial community
composition. It may also be affected by nutriem@y (Pace and Cole, 1994; Thingstad
and Lignell, 1977), or by host-specific viral lyglsuhrman, 1999 in Masin et al., 2003).
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Recent focus on carbon flux dynamics has raisedinrest in detailed studies of
longitudinal changes in reservoirs (Simek et &#98; Armengol et al., 1999; Comerma
et al., 2001)

« Environmental factors affecting heterotrophic bacteioplankton

The availability of organic substances, a commanetate with bacterial activity and
biomass (Garnier and Benest, 1990; Balogh and Va&%7) has been identified as
much more significant than predatory controls anlibcterial community (Pace and
Cole, 1994). A correlation between temperaturelsatderial biomass has been reported
by many workers (Findlay et al., 1991; White et 8991; Wikner and Hagstrom, 1991,
Coveney and Wetzel, 1995; Tietjen and Wetzel, 2@08)the correlation between
phytoplankton and bacterial community dynamicslheen made in many previous
studies (Tietjen and Wetzel, 2003). These coimlatsupport the hypothesis that both
bacterio- and phytoplankton are influenced by siméinvironmental parameters,
especially temperature and nutrients.

Many studies imply that the bacterial communityalepends upon the phytoplankton
for organic matter (Tietjen and Wetzel, 2003). Hoere this view is undergoing revision
(Kalff, 2002) with the recognition that bacteri&atcacterized by a ten-fold lower C:P
ratio than phytoplankton (Fagerbakke et al., 199&alff, 2002) compete successfully
with algae for limiting inorganic nutrients wheretbrganic matter supply is not their
principal constraining factor.

It has been widely accepted that predators cangehbacterial community composition
by feeding on larger more active cells (e.g. der@p et al., 1995), and/or specific
groups of bacteria (Simek et al., 1997; Jurgerad.£1999). Factors thatduce changes
in bacterial community composition have become afrtbe central issues in aquatic
microbial ecology (Simek et al. 1999). Protozosswgg on bacteria is size selective
(Chrzanowski and Simek, 1990; Gonzalez et al., 4990us inducing a strong
morphological shift in bacterial communities towsuaklls that are resistant to grazing
(Sibbald and Albright, 1988; Bianchi, 1989; Gud@39, in Simek et al., 1999a).
Different bacterial strains are consumed with vagygrowth efficiency for the consumer
(Mitchell et al., 1988; Gonzalez et al., 1990aipkeri et al., 1994, in Simek et al., 1998).
Finally, through feedback mechanisms, grazing mknto affect substrate availability
for bacteria, resulting in a tight relationshipweén protistan grazing and the metabolic
and physiological activities of bacterioplanktom(8k et al., 1990).

Simek and Straskrabova (1992) obtained data tluatesth the existence of significant
seasonal changes in grazer control of bacteriopdank the mesotrophic Rimov
Reservoir in the Czech Republic. During the sppaegod and during the clear-water
phase, bacterial growth was not regulated by gestigrazing alone (only about 20% of
bacterial production was consumed by protozoa).th@rother hand, during the summer-
fall period, equilibrium between bacterial prodoatiand protozoan grazing was evident.
They concluded from their study that a steady prdcontrol of bacterial by protozoa
did not exist, and that bottom up control mighteiiiective during the spring period.
Other losses such as grazing by meso- and macplardton could be more significant
than protozoan control.
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» Seasonal distribution and viability

A close correlation often exists between seasdmahges in phytoplankton biomass and
resulting increased photosynthetic productivityd &eterotrophic bacterioplankton
biomass and productivity (Wetzel, 2001; Tietjen &vieltzel, 2003; Voros et al., 2003;

Di Siervi et al., 1995). An increase in summertbaal biomass has also been recorded
by Coveney and Wetzel, 1995; Ochs et al., 1995jiduet al., 2000; Tietjen and Wetzel,
2003.

Tietjen and Wetzel (2003), using a staining procedinat provides information on the
physiological state of bacteria, found the bactdriamass was highest during the late
summer in a small reservoir in Alabama, with 50-78Rthe cells being viable. This was
associated with the mixing of large accumulatiohlygolimnetic nutrients,

hypolimnetic DOC and dissolved oxygen to the entisger column. Bacterial numbers
also increased following a >10-fold increase irbidity associated with a major
precipitation event, but only about 10% of thedésagere viable. This was probably the
result of an influx of large numbers of soil bacedead cells and cells compromised by
the sudden introduction to an aquatic environmasgpciated with the turbid clay inflow
associated with the storm.

* Humic lakes

Humic lakes generally have higher DOC concentratibian clear-water systems, which
results in a higher carrying capacity for bacteaofton in humic lakes. In this way, the
DOC of allochthonous origin in humic lakes can d¢itae an input to the aquatic biota,
counteracting its negative effect on primary prdoturcdue to light attenuation (Balogh
and Voros, 1997).

In humic waters, the relative abundance of largetdria is significant (Pinel-Alloul and
Letarte, 1993) and these larger bacteria contribigigroportionately to the total
bacterioplankton production (Kalff, 2002).

* Role in the microbial food web

Historically, less attention has been paid to tile of pelagic microbial food webs in
reservoirs than in marine ecosystems and natkasI@Masin et al., 2003). However,
during the last two decades, microbial studies ltBreonstrated the existence of a
diverse microbial community in aquatic planktoncogystems where microbial
production is integrated in the pelagic food wehblblevels (Gaedke et al., 1995, in
Comerma et al., 2003; Kalff, 2002).

In terms of food web structure and energy flow, ib&erotrophic bacteria and
phytoplankton occupy the same trophic level (Joh®82); in the sense that both
nourish the primary consumers. From a food webgeetive, heterotrophic bacterial
production can be considered as primary produdtidhat it converts dissolved to
particulate matter or synthesises organic matterh@ymnosynthetic autotrophy (Kalff,
2002; Kim et al., 2000).
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In systems with significant autochthonous inpug.(bumic lakes or the riverine zone of
some reservoirs), the bacteria may act as a pris@ugce of organic carbon, passing
organic matter imported from external sources @pfdlod web (Tranvik, 1988, in
Balogh and Voros, 1997).

The “microbial loop” is simply a model of the pathys of carbon and nutrient cycling
through microbial components of pelagic aquatic camities (Wetzel, 2001). In
addition to bacterial uptake of nonliving organiatter, many direct links exist among
algae, bacteria and other heterotrophic microfddg “microbial loop” complements the
classical food web leading from nanoplankton tortteero zooplankton and up (Kalff,
2002). (See Figure 11)

Low fish-stock

phytoplankton

bacteria

24

zooplankton

Figure 11. A simplified scheme of the contrasimgortance of the major carbon fluxes among
large zooplankton, rotifers, phytoplankton, andriast important members of microbial food webs
(bacteria, HNF and ciliates) under high fish steeksus low fish stock. Black arrows and their
thickness indicate relative importance of the ppgatcarbon fluxes; dotted line arrows indicate the
carbon fluxes of minor importance (after Simeklet199)

Bacterivory by protists (especially nanoflagellatasd other zooplankton is a dominant
mortality factor in natural bacterioplankton comnti@s (usually about 50%) (Wetzel, 2001,
Kalff, 2002; V-Balogh and Voros, 1997; Comermalet2001). Protozoans are in turn
preyed upon by micro zooplankton such as rotifAradqt, 1993; Ooms-Wilms, 1997) and
small crustaceans, or by macro zooplankton suthealsrger filter-feeding cladocerans.
Some of the large herbivorous cladocerans can amplake directly on larger bacteria

Project K8/612 FINAL REPORT Page 37



(Kalff, 2002; Thouvenot et al., 1999b). Patersornlet(1997) suggested that metazoan
zooplankton in a newly flooded reservoir could baeteria as an energy source.

In fact, unless a high fraction of bacterial carlflows directly into large filter feeding
cladocerans that are fed upon by fish, the princigda of the microbial food web lies in the
degradation (respiration) of organic matter (K&202). The reason for this is the loss of
energy at each level of the food web. The conearsificiency of the bacterivores and their
predators is not high enough to ensure the trangfeacterial carbon through more than
about a three-step chain. Three to five stepsieikely for the microbial loop and it is
evident that little would remain for transfer to en@zooplankton and then on to fish. Only
when there is a major one-step transfer from biacterarge bacterivorous macro
zooplankton, is it likely that appreciable amounitfacterial carbon would become
available to fish (Wylie and Currie, 1991).

The microbial food web, therefore, appears to li@amily an energy “sink” in the plankton,
but, in the process serves as a crucially importatrient “link” (Kalff, 2002). Where it
serves as a loop, it is largely responsible foyekeg critical nutrients within the euphotic
zone (Nakano, 1994, in Kalff, 2002). In the pracegreatly reduces losses by
sedimentation of particulate nitrogen and phosphéam the site of primary production in
the water column.

2.6.1.1.2 Autotrophic Cyanobacteria

Cyanobacteria exhibit extraordinary structural &ntttional heterogeneity, which is
reflected in their diversity of form and habitatai€, 2002). Many different factors
determine the dominance of particular speciesffer@int environments — light, nutrients,
CO,, pH, temperature, turbulence, competition and $sgkegrazing by predators (Kalff,
2002). In addition, some cyanobacteria can regula density of their individual cells
(Oliver, 1994) and thus their buoyancy (Brookealgt1999).

* Buoyancy

When z,x/zey=1, cells are constantly illuminated and photosgsihis continuous
during the daylight period. If the mixing depth bewes greater than the depth of light
penetration, then phytoplankton spend a propouidheir daylight period in the dark
where photosynthesis cannot take place but regpiraan (Bormans et al., 2005). In
stratified systems, buoyant cyanobacteria havea eldvantage over other
phytoplankton groups to stay in the well-lit sudanixed layer.

Brookes et al. (1999) observed tiatabaena circinaligilaments accumulated at the
surface of Chaffey Dam in New South Wales, Ausdrads diurnal surface layer thermal
stratification developed with many previously buetydnomogenously distributed
colonies accumulating in the top 2 metres. It fWeamd that colonies suspended at low
light aggregated together, increasing the sizé@®biomass unit, which contributed to an
increased flotation velocity, a strategy to inceskight capture. This attribute, shared by
A. circinalisandMicrocystis aeruginosavould appear to make these species well suited
to an environment which is either shallow and #testdaily, or deeper water bodies
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with a permanent deep-water thermocline well belogveuphotic zone overlain by
diurnal surface layer stratification.

* Nitrogen uptake

Some cyanobacteria are able to fix atmospheriogein. They belong to the
filamentous genera that have heterocysts, spesthheavy-walled cells that provide the
anoxic conditions required (Kalff, 2002). Nitrogixing cyanobacteria require the
energy of the sun to reduce fd the organic nitrogen of protoplasm with the rethat

the process varies diurnally and typically decling depth. It is energetically
expensive and consequently cyanobacteria able tutfogen, stop when nitrate or
ammonia become readily available. However, thibtrlgives cyanobacteria a great
advantage over other phytoplankton in the seasutalession of species. The
cyanobacteria able to fix nitrogen often gain tpper hand, when it becomes limiting to
other species. This is especially relevant in @k of eutrophication, when N:P
stoichiometry is altered.

In the Marcali Reservoir, a shallow hypertrophisteyn, Presing et al. (1997) found that
despite conditions, including the N:P ratio, befagourable for nitrogen fixing
cyanobacteria, they did not occur. It was suggeittat although they are capable of
using nitrate as a nitrogen source, they are rettalcompete with other phytoplankton
for it. According to Blomqvist et al., (1994) tmsay be attributed to differences in the
enzymatic processes by which nitrogen is assintgilat@yanobacteria are not only
uncompetitive for nitrate, but above a certain leveeduces their growth. The general
rule that ammonium is preferred over nitrate agragen source for phytoplankton
holds true, especially for cyanobacteria (Presira).1997).

* Resistance to herbivory

Cyanobacteria are resistant to herbivory becausieeaflow nutritional value for
zooplankton, aggregation into large, indigestildnies or filaments and their ability to
synthesize toxins. These traits may partly expia@ir dominance in many freshwater
systems (Paerl, 1988, in Panosso et al., 2003yveMer, some copepods have high
ingestion rates on cyanobacteria filaments or dek(Koski et al., 2002), as they are
able to capture and handle large particles (DeM8®0). In addition, possibly through
physiological adaptations, some herbivores aretaldgaze on cyanobacteria and
develop resistance to their cyanotoxins (Fulton Raerl, 1987).

The problem of cyanobacterial blooms and their rgangent is discussed in Section
3.1.2

2.6.1.1.3 Photosynthetic Bacteria

Green and purple photosynthetic bacteria, unlieaktionic heterotrophic bacteria that
normally require dissolved oxygen but need no Jigihquire anoxic conditions and need
light. They are found in abundance at the bottéifiioninated oxyclines in either the water
column or the sediments. The anoxygenic photoggmiof green and purple bacteria, in
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contrast to the oxygenic photosynthesis of the guk& algae and cyanobacteria, is
primarily dependent on the availability of redudednms of sulphur.

Purple sulphur bacteria usually dominate close¢h¢éowater surface than green bacteria. The
green bacteria have highly efficient light-harvegtunits allowing them to grow
photosynthetically deeper in the water column whiees benefit from higher concentrations
of H,S at the chemocline.

Many of the purple sulphur bacteria have flageldd®wing them to migrate vertically in
chemoclines in response to phototaxic or chemotax@s. Most planktonic species of
green, and some of the purple sulphur bacterisadogis vacuoles that impart buoyancy
control and allow them to position themselves mtlon-turbulent metalimnia to optimize
light and substrate availabilitgKalff, 2002)

2.6.1.2 Bacteria in the sediments

The sediment layer is notoriously difficult to sdempnd most methods of identifying
bacterial density and species composition in sediire@mnples are unsatisfactory, and very
laborious. The composition of the microbial comntiasiin sediments is therefore largely
unknown (Kalff, 2002; Roske et al., 2002; Wobusalet2003). Recent studies involving
the application of molecular biological methods é@nhanced the knowledge of bacterial
diversity in different ecosystems (Head et al.,&9Borsvik and Ovreas, 2002, in Wobus et
al., 2003).

2.6.1.2.1 Distribution

The sediment bacterial abundance, expressed pgeralnme of surface sediment is,
depending on the water column thickness (depth)c&jly between 2 and 1000 times
greater per unit volume than in the water columoval(Schallenberg and Kalff, 1993). The
reasons for high densities may be low grazing piressompared to the overlying water, low
temperature, and the presence of particulate argaaterial and associated microbial
species from erosional processes in the catchridtn@nn et al., 2000). Their size is
typically several times larger than the free-liviacteria in the water column (Kalff, 2002).
Numbers decrease rapidly with increasing depthensediments (Wetzel, 2001).

2.6.1.2.2 Structure and dynamics of microbial commmities

Knowledge of the structure and dynamics of micrbbemmunities in lake sediments is still
very limited (Uhlmann et al., 2000).

Wobus et al. (2003) in a study of sediment bacfieoia reservoirs of different trophic
status, found that the species composition wastaffeo a larger extent than bacterial
density, and the diversity of the microbial sedilmsmmunities 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 amnaje in determining sediment-
production rates (Bostrom et al., 1989; Sanderkaltf, 1993; Wetzel, 2001). Microbial
decomposition usually exhibits its highest intensitthe uppermost sediment layer (Roske
et al., 2002).

Sediment-water content is the single best indicatdracteriabbundancein the sediments,
with highest numbers at intermediate water corlmrdls (Kalff, 2002). Bacterial
heterotrophigroduction is a function of the organic content of sedimeats] flushing rate
(Schallenberg and Kalff, 1993). Increased flushegults in greater export of organic
matter and inorganic nutrients from catchmentsighegflected in enhanced phytoplankton
and bacterioplankton production rates.

2.6.1.2.4 Importance

The bottom sediment of a reservoir is the compartméth the highest concentration of
most chemical constituents as well as the highésbimal biomass (Wobus et al., 2003).
Therefore abiotic and microbial processes in tlinsent have a major influence on the
nutrient balance in the water body. The relativpontance of sediments as a site for organic
matter decomposition and bacterial production iases with decreasing water depth. Rapid
sedimentation of particles from shallow water cahsndecreases the time available for
decomposition in the water column. (Kalff, 2002)

In extremely oligotrophic systems, total numberdadteria in the sediments can be less
than the cumulative total of the entire overlyimgter column, which indicates that most of
the readily decomposable organic matter has beparalized before it reaches the
sediments (Kalff, 2002). Roske et al. (2002), hesvefound high bacterial numbers in the
sediments of oligotrophic reservoirs, from whickytttoncluded that they could tolerate
long periods of starvation.

The role of bacteria in the mobilization and fixetiof the important nutrients is discussed in
Section 2.5.

2.6.1.2.5 Anaerobic decomposition in sediments

Bacterial metabolism rapidly produces anoxic redga@onditions where various substances
e.g. nitrates, manganese and iron oxides and delpkglace molecular oxygen as electron
acceptors (Wetzel, 2001). Accordingly, methane g can be very intense in anaerobic
sediments. At the aerobic-anaerobic interfaceifseat water interface or in the
metalimnion overlying an anoxic hypolimnion), muzfthe methane is converted to £0

by aerobic methane oxidizing bacteria.

Most of the very high bacterial production of sedints is mineralized and respired as,CO
and CH within the microbial food web and eventually estdre atmosphere. Less than
20% of this rich bacterial production is expecteddach higher trophic levels in the lake
ecosystem.

Project K8/612 FINAL REPORT Page 41



2.6.2 Phytoplankton

2.6.2.1 Reservoir primary producers

Primary producers in reservoirs (as in rivers ae$) occur in four categories —
phytoplankton (algae), planktonic phototrophic leaet (which includes cyanobacteria, and
purple and green bacteria), attached algae (paophwynd rooted macrophytes (Kimmel et
al., 1990; Straskraba and Tundisi, 1999).

Turbidity due to suspended silts and clays erodaa the watershed imposes significant
light limitations on primary productivity. Howevdarge water-level fluctuations often
restrict the development of attached algal andesbatacrophyte communities in reservoirs
and thus ensure a maximal contribution of the piamk rather than benthic primary
producers (Kimmel and Groeger, 1984, in Kimmellgtl®90). Although photosynthetic
bacteria are probably common in clear, stablyifigdtreservoirs and contribute to the
development of chlorophyll peaks, their contribatto reservoir primary production is
certainly small in comparison to that of the phyamiton (Knowlton and Jones, 1989; in
Kimmel et al., 1990).

The relative quantities of the different categoresult from their competition for resources
(mostly light and nutrients) as well as their apito withstand environmental variations
(water level and turbulence) or biological interaigs (Thomas et al., 2000). In the case of
water level fluctuations, the success of sessiletéd or attached) plants depends on their
ability to colonise new substrates to avoid degioosor alternatively, insufficient light,
when water levels change (Thomas et al., 2000)weier, established, attached micro algal
communities may tolerate moderate changes in Matel more easily than the colonizing
of new substrates (Thomas et al., 1999, in Thormak,&2000). Some strategies which
epilithic algae use for survival are variabilitylife cycles (the organisms change their
habitats in the adult phase), and physiologicaptatens (they develop thickened
mucilaginous sheaths to avoid desiccation) (Cake@y).

In shallow waters, attached primary producers ednce the flow of mineral nutrients from
the bottom sediments to the water column. Epipetay retain part of newly mineralized
nutrients at the sediment surface (Carlton and @et888; Hansson. 1988, 1989), as can
macrophytes (Thomas et al., 2000), therefore haaiogmpetitive advantage over
phytoplankton.

2.6.2.2  Environmental factors controlling primary productio n in reservoirs

Although the growth and biomass of phytoplanktoneservoirs and lakes are controlled by
similar parameters, marked differences betweerettves types of aquatic ecosystems have
been reported (Wetzel, 1990; Komarkova and Hej2l@96; Menshutkin and Klekowski,
2001; Uhlmann, 1998; Carpenter and Pace, 1997; Hemim and Oksiyuk, 2002).

Reservoir phytoplankton productivity and biomassle are dependent on interrelated
physical, chemical and biological factors thatthemselves functions of the climatic and
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hydrological regimes, the size and nature of theergaed, reservoir basin morphology,
nature and volume of river inflow, and the reseryood-web structure (Kimmel et al.,
1990; Komarkova and Hejzlar, 1996; Naselli-Flored 8arone, 2000; Horn, 2003). In
particular, factors including precipitation, evagion, flow rate, stratification, irregular
water use (including drawdown), concentrationsusigended solids and floral and faunal
diversity may influence the growth of phytoplanki@ibay and Akcaalan, 2003).

Basically, algal growth is determined by the refatavailability of some limiting factor, and
increases as that factor increases, until ano#tweorf becomes limiting (Kimmel et al.,
1990). The fundamental factors controlling phytotan productivity are temperature
(Perry et al., 1990; Kureyshevich, 2004), lighw(llight is often due to turbidity)
(Kureyshevich, 2004; Arfi et al., 2001; Perry et &B90; Menshutkin and Klekowski,
2001), and nutrient availability (Strojsova et 2D03; Naselli-Flores and Barone, 1994; Arfi
et al., 2001; Horn, 2003; Menshutkin and Klekow&ki01). However, the concept of a
complex of environmental factors controlling algadbwth might be more appropriate than
that of control by a single limiting factor (O’'Bne1972, 1974; Harris, 1978, 1980a, 1988,
all in Kimmel et al. 1990). In reservoirs, watetantion time is also important factor
controlling phytoplankton productivity (Perry et,@990; Komarkova, 1993).

2.6.2.2.1 Nutrients

The availability of a particular nutrient may detene the presence or absence of species of
algae or cyanobacteria within the phytoplanktom8eer, 1993). Phosphorus is the most
commonly limiting nutrient in fresh waters althoutjle P requirement of phytoplankton is
relatively small (Graham and Wilcox, 2000). Oniyhmphosphate can be taken up in
substantial amounts (Taft et al., 1977; Heath agidder, 1990; Cotner and Wetzel, 1991),
therefore orthophosphate depletion occurs peritigicathe epilimnion of most natural
waters as a consequence of phytoplankton growthz@e€001).

One of the possible mechanisms which enables playtkion to overcome P limitation is

the production of extra cellular phosphatases. tMbhesphorus-deficient algae and
cyanobacteria produce extra cellular, mostly cédened phosphatases, presumably to make
ambient organically- bound phosphorus availableweler, the distribution of phosphatase
activity among natural phytoplankton populationd &s ecological significance is largely
unknown (Strojsova et al., 2003). These autha@athe opinion that this new information
(obtained by means of the new enzyme labelled ésmance technique — ELF) has extended
freshwater studies on P-limited phytoplankton afidre new areas for future research).

2.6.2.2.2 Perturbations

The effect of environmental variations can be measas changes in the phytoplankton
dynamics, and according to the Intermediate Distucke Hypothesis (IDH), perturbations of
intermediate intensities or frequencies support aues of diversity in phytoplankton
communities. A disturbance can be defined as abmaiic, stochastic event that results in
distinct and abrupt changes in the compositiorpfgtoplankton) and that interferes with
internally driven progress towards self-organizatamd ecological equilibrium (Reynolds et
al., 1993).
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An autogenic sequence of different phytoplankt@soemtions has been described by
Reynolds (1997, 2001, and 2002) in temperate lakigsvever, many aquatic systems,
including many reservoirs, are highly perturbed.these cases, allogenic factors change the
expected trajectory, and other functional groupalgée adapted to those perturbations can
appear (Reynolds, 1993). Phytoplankton shows patiaf a strong relationship between
physical changes in the environment and biologicatesses, especially within the euphotic
zone. These interactions usually prevent equilibrconditions (Sousa, 1984 in Leitao et

al., 2003), affecting the growth and persistencphgftoplankton populations and preventing
the attainment of a steady state community (Rewdl€i94, 1997).

Some causes of perturbation recorded in the litezadre storms (Barbiero et al., 1999),
floods and droughts (Arfi et al., 2000; Thomaslet2000; Hart, 2006), turbulence (Peterson
and Hoagland, 1990), destratification and mixingfi(at al., 2000; Matsumura-Tundisi and
Tundisi, 1997; Hart, 2006), as well as reservoeragion (Leitao et al., 2003; Oksiyuk et al.,
2001; Bertrand et al., 2004).

The magnitude of water level fluctuations may bgat in some reservoirs that they can
never be considered to be in a steady state (E681), and are often described as “river-
lake hybrids” (Kimmel et al., 1990). In Mediterean climates, reservoirs often become so
shallow that they can no longer accommodate aestablmocline (Calvo et al., 1993 in
Barone and Naselli-Flores, 1994). Such unstalielitons tend to affect the dynamics of
plankton communities (Barone et al., 1991; Barame [daselli-Flores, 1994). In Lake
Arancio, a hypertrophic reservoir in Sicily, theasenal cycle of the phytoplankton was
strongly related to the water level fluctuationg{@e and Naselli-Flores, 1994).

In regions of the world which experience monsodns intensity of the perturbations is
often extreme (An and Park, 2002), resulting irtidcs limnological differences between
pre- and post monsoon seasons (Zafar, 1986; Loletnan 1988; Khondker and Kabar,
1995; Silva and Davies, 1987, all in An and PaflQ2). Such a disturbance or
reorganization is, however, not a random phenomémnba consistent cyclic pattern which
influences functional processes in affected aquatstems (An and Park, 2002).

Similarly, the drastic impact of weather associatéti EI Nino events, on catchment and
hydrological processes can cause unexpected chamgkgsical, chemical and biological
properties of freshwater aquatic ecosystems (Betay., 2003; Gerten and Adrian, 2001).
Changes in climatic conditions linked to the 19983 El Nino phenomenon in the
Brazilian Northeast, have been responsible for fizadions 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, hidlashing rates cause increased export of
plankton from the reservoir. When the ratio ogfling rate: specific growth rate is >1, the
growth rate is insufficient to compensate for l@sg flushing. This can lead to changes in
community structure associated with species diffegs in intrinsic growth rates. Shorter
retention times also alter local limnological cdrahs through the introduction of nutrients,
or water of a different temperature or turbiditifeating growth rates and species
composition of phytoplankton. When retention tiraes longer, losses of algal cells
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associated with sedimentation to the bottom, artlld griazing become more important
factors influencing cell density and type (Perralet 1990).

Numerous run-of-the-river mainstream impoundmeaigehretention times of less than 7
days, which influences phytoplankton production apecies composition in such systems
(Kimmel et al., 1990).

2.6.2.2.4 Gain and loss processes determining pny production

The phytoplankton standing crop (or algal biomassgservoirs is determined by both the
rate of biomass production and the rate of bion@ss(Kimmel et al., 1990). Physical and
chemical factors influence the availability of ltgdnd nutrients for photosynthesis, and
temperature dependent metabolic rates. On the bémel they influence phytoplankton
losses due to cell sedimentation (Galvez et aB3),%nd washout. Biotic factors influence
photosynthetic efficiency, extra cellular excretmiiphotosynthate, and phytoplankton
losses resulting from predation or parasitism.

2.6.2.3 Temporal and spatial variation in primaryproduction

The quantification of temporal and spatial phytogtan distribution in reservoirs is of
major concern to limnologists (Gurbuz et al., 200Bgmporal and spatial distribution is
influenced by both loading from the watershed apthternal processes within the reservoir
ecosystem (Wetzel, 1990)

2.6.2.3.1 Short term variation

Short-term variations of phytoplankton biomassmany productivity and species diversity
often occur as a result of perturbations (discusdede) (Calijuri and Dos Santos, 1996).
The frequency of disturbances has a critical infeeon the diversity of phytoplankton and
on the establishment of equilibrium (Sommer etl#93). A number of studies have shown
that fluctuations in the stability of surface waitescales of time of about 10 days, are
responsible for changes in algal composition amdrdity, and that the biomass and
taxonomic composition of phytoplankton can be calted by changes in the mixing layer
over a few days (Sommer et al., 1993; Reynolds. €1287; Capblang and Catalan, 1994).

Evaluation of the response of a phytoplankton comityuo the variability of a water body
would provide further understanding of the procsssestressed environments (Calijuri and
Dos Santos, 1996).

2.6.2.3.2 Seasonal variation

Distinct seasonal patterns and successions of pdgmllations and biomass are observed in
phytoplankton communities (Wetzel, 2001).

In temperate reservoirs, growth is greatly redunesinter when both light and temperature
are low. Phytoplankton numbers and biomass noymatrease greatly in the spring under

Project K8/612 FINAL REPORT Page 45



improved light conditions and often consist predaenitly of diatoms adapted to low
temperatures. This spring maximum is generallytsineed (less than 3 months) and is
often followed by a period of low numbers and bissthat may extend through the
summer.

In more eutrophic waters with high phosphorus Ingdsilica concentrations are commonly
reduced in the spring to levels inadequate to sup@ae diatom populations. Summer
populations of green algae often then flourishlwancentrations of nitrogen are severely
reduced. Under these conditions, nitrogen-fixiagtbria have competitive advantage and
often proliferate.

Independently of taxonomic affiliation, ecologicatategies of phytoplankton also play a
part in their succession in aquatic systems. Ratlg Grime (1979), Reynolds, (1988a)
described phytoplankton strategies in relatiomtensity of environmental stress
(availability of light and nutrients) and disturlz@n(Padisak, 2003).

If both stress and disturbance are low, rich resssifavour species with high intrinsic
growth rates. These are C-strategists (explogatolonists), typically small green algae,
cryptophytes and centric diatoms. If the streswofas high, but disturbances insignificant,
only effective competitors can survive. These amess tolerant S-strategists, typically
cyanobacteria, both colonial and filamentous forsesne chrysophytes and large colonial
green algae. The third type, the ruderal or digtoce- tolerant R-strategists are adapted to
conditions of high disturbance, reduced light, kemperatures and plentiful nutrients.
Typically they are diatoms (which need the distad#ato keep them suspended in the water
column), and some green algae (Padisak, 2003% i$lai very simplified account; these
strategies are not wholly exclusive and individgfacies may possess intermediate
characteristics. Put simply, the species commosif phytoplankton at any given time,
depends on the ability of some species to do thimge effectively or faster than others
when conditions are perceived to be near-ideaindheir relative abilities to function
adequately under conditions that are markedly dehtiwith respect to resource availability
or energy supply (Reynolds, 1999).

In tropical reservoirs total phytoplankton biomasmore constant and greater than in
temperate waters, with the maximum often in wifi#etzel, 2001), a trend observed
locally by Hart (2006).

If the system is not perturbed by outside influenn¢ke seasonal periodicity of
phytoplankton biomass is reasonably constant frear o year (Wetzel, 2001). By their
very nature, however, reservoirs tend to be madidentinuously, with correspondingly
inconsistent patterns or trends in phytoplanktamgosition and biomass.

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

Lewis (1995) maintains that the (vertical) straafion regime is the most important
hydroclimatic factor regulating biotic processesake ecosystems generally. Given the
wide variability in stratification intensity and dhtion in reservoirs, hydrodynamics plays a
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correspondingly large part in their biotic struetand function, as emphasized by Allanson
(2004).

Figure 12. The influence of photic-layer depih X and mixed-layer depth {£) on the vertical
distribution of phytoplankton productivity and biass (after Kimmel et al., 1990).

In highly transparent reservoirs, the depth ofgghetic layer (4, may exceed that of the
mixed layer (4ix) and phytoplankton production can occur in bothépilimnion and in
euphotic portions of the metalimnion and hypolilnm{&igure 12a). Commonly by
midsummer the mixed layer becomes nutrient depleted metalimnion or hypolimnion
peaks in phytoplankton biomass and productivitg,sb-called deep chlorophyll maxima,
develop. In stratified reservoirs, deep chloroppgbks can be formed by the accumulation
of viable cells settled from the mixed layer, byiwe growth of cells adapted to the low
light/high nutrient environment of the deeper layand/or by the subsurface transport of
phytoplankton entrained from more productive swefaaters upreservoir (Kimmel et al.,
1990).

If Zew=Zmix, phytoplankton circulate through a vertical liginadient ranging from high,
potentially photo inhibiting light intensities dte surface, to the compensation level (where
photosynthesis=respiration a{,Z(See Figure 12b) In turbid, well mixed resersayx

often exceeds ¢ and planktonic algae are exposed not only to hafiiiactuating light but
intermittently to aphotic conditions Figure 12cedaduse phytoplankton P<R in the aphotic
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zone, primary production must be limited to someedepending on the relative amount
of time cells spend at depths gZKimmel et al, 1990).

Vertical water movements

Studies of the dynamics of plankton organisms &edriterpretation of primary production
measurements require thorough quantitative knovdedgertical (and horizontal)
advection (Schanz et al., 2001).

Vertical displacement causes changes of layer tieisk which influences phytoplankton
abundance at various depth levels (Thomas 1938;hanz et al., 2001). The most
pronounced vertical movements occur around thertbeline and are seiche-driven (Gaedke
and Schimmele, 1991).

Short-term mixing events in the euphotic zone &m@asiderable quantitative importance as
a controlling mechanism of the primary productidmplytoplankton. These short-term
events may last for only minutes or hours and elemge on a daily basis (Horn and
Goldman, 1994). They indicate unstable conditimg introduce variable situations in the
light climate and nutrient availability. Furthernegin reservoirs, the nature of mixing is
complicated by the changing patterns of flow rateich determine retention time
(Matsumura-Tundisi and Tundisi, 1997).

The vertical movement of water plays an importate in controlling the distribution of
nutrients in the euphotic zone, photosynthetic gsses and the distribution of
phytoplankton. This constant change in the compamtalization of the system produces
intermediate disturbances as discussed above (MatsdTundisi and Tundisi, 1997).
Vertical mixing regulates the distribution of ioasd suspended particles with respect to
depth. Water column mixing processes are undolipterk of the dominant controls on
algal community structure and succession (Reyndleid4).

Longitudinal gradients

The horizontal zones along the axis of a typicaéreoir were described in Section 2.3, but
will be discussed here with reference to primadpiction.

The riverine zone is characterised by higher flskagrter water residence time, higher levels
of available nutrients and suspended solids, aedter light extinction relative to the
downstream zones of the reservoir. Abiotic tutlyidiften limits light penetration and
thereby limits the thickness of the photic layemsequently primary productivity is often
light-limited (Kimmel et al., 1990).

The transition zone is characterised by highergpiginhkton productivity and biomass
occurring in conjunction with increasing basin lfis decreasing flow velocity, increased
water residence time, sedimentation of silt angl perticles from near-surface waters, and
increased light penetration. Because light andenits are available for algal
photosynthesis, this can be the most fertile regidhe reservoir (Kimmel et al., 1990;
Armengol et al., 1999). Noguiera (2000) recordeghér phytoplankton diversity in the
transition zone of the Jurumirim Reservoir in Blazi
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Figure 13. A cross-sectional view of gradientemvironmental factors affecting phytoplankton
productivity and biomass, and of the relative intaoce of allochthonous and autochthonous organic
matter along the longitudinal axis of an idealizeservoir. (After Kimmel et al., 1990).

The lacustrine zone usually has a longer watedeesie time, lower concentrations of
dissolved nutrients and suspended abiogenic pestibigher water transparency and a
deeper photic layer. However, the phytoplanktardpctivity is reduced (often nutrient
limited) during most of the growing season anduigp®rted primarily by in situ nutrient
cycling rather than by advected nutrients (Kimntedle 1990). (Figure 13)

The photic layer/mixed layer relationship discusakdve is also relevant to the horizontal
zones of a reservoir. All three patterns descrit@doccur within a single reservoir as
photic layer depth increases and nutrient avaitgitiecreases along the riverine to
lacustrine zone gradient (Kimmel et al., 1990).

2.6.2.5 Importance and quantification

Properly collected and analysed phytoplankton femmy reservoir can be beneficially
utilized in the identification process of its troplevel and primary productivity (Reynolds
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et al., 2002). Artificial neural network approashamploy easily and precisely measurable
environmental parameters to quantify temporal gadial phytoplankton distribution in
reservoirs. Ultilization of neural network approasttan be considered a remedy to
eliminate the difficulties of the classical apprbaxd arduous counting and volumetric
calculations (Gurbuz et al., 2003).

Early pioneering works have utilized the neuralweek approach beneficially, either for
predicting the primary productivity in reservoirs @function of environmental variables
(Karul et al., 1999), or for predicting algal blosifRecknagel et al., 1997).

2.6.3 Macrophytes

Four groups of macrophytes can be distinguishetthemasis of morphology and
physiology (Wetzel, 2001), namely:

* emergent macrophytes which occur on saturatedlonersed soils (upper
littoral),

» floating-leaved macrophytes which are rooted imseitsed sediments (middle
littoral),

» submersed macrophytes which occur at all depthsmibe photic zone, and

» freely floating macrophytes which are not rooted are usually restricted to
protected areas.

As mentioned above, fluctuating water levels in ynagservoirs prevent the development of
macrophytes, particularly submerged and floatiray4el rooted species. Floating species
are not affected to the same extent by drawdowingadh wave action on an unprotected
shoreline is a major factor limiting their distrin.

2.6.3.1 Effects of reservoir formation on macrophyte abundace and diversity

The formation of a reservoir strongly influences ttonditions that determine the diversity
and abundance of macrophytes (Agostinho, 199%helke is an increase in spatial
heterogeneity during flooding (for example a comedi river may expand into a shallower
riparian zone), macrophyte habitat suitability Viedl enhanced as exemplified by the Itaipu
Reservoir in Brazil. On the other hand, if theridated terrestrial habitat has high habitat
diversity with wetlands, lagoons etc., simplificatiof the environment by impoundment can
lead to reduction of diversity of habitat suitafile macrophyte growth (Thomaz and Bini,
1998a in Agostinho et al., 1999).

Other significant factors associated with reserfmimation that affect aquatic macrophyte
abundance and diversity include

* reduction in water velocity which increases favdalgaconditions for attachment
of macrophytes;

Project K8/612 FINAL REPORT Page 50



* increase in sedimentation which increases nutgententration in the water and
sediments, but decreases light penetration, andresa§t in unconsolidated
substrate that hampers rooting;

« alteration in hydrological regime, often with sesgrfluctuating water levels;

e anincrease in nutrient availability (Thomaz andiB1998b in Agostinho et al.,
1999; Mazzeo et al., 1995).

Independently of immediate or intermediate effeaservoir formation results in the
creation of lentic environments that will inevitghindergo the ecological succession typical
of lakes. With time, natural or artificial eutrapation and reduction of depth will lead to
the development of various species of aquatic npdaytes (Thornton, 1990; Agostinho et
al., 1999). Although considered a nuisance wheir ttolonization interferes with multiple
uses, macrophytes are important for the functioaimgy biodiversity conservation in
reservoirs (Smart et al., 1996; Martinez et alQ®@0rhomaz et al., 2003). Submerged and
floating water plants serve a number of importantctions (Brendonck et al. 2003). A well-
developed macrophyte community provides sheltenfpoedation for vulnerable prey
species (Diehl, 1992; Batzer, 1998). Macrophytesuaually covered with epiphytes (Kiss
et al., 2003) that are grazed upon by invertebi@s den Berg et al., 1997), many of which
are important in the diet of fish and birds (Bataed Wissinger, 1996). Generally, lakes
and reservoirs with a well-developed macrophyteroomty have a more diverse
community of zooplankton (Timms and Moss, 1984)plenthos (Munro, 1966) and fish
(Olson et al., 1994; Maceina et al., 1992). Vegetaites usually support a greater diversity
of macroinvertebates than open water sites (Olsah,e1994; Savage and Beaumont, 1997).

Other determinants of aquatic macrophyte diversitiude water chemistry and trophic
state (Murphy et al., 1990; Bornette et al., 2QGdygheed et al., 2001), reservoir
morphometry including depth, slope, shoreline depeient ratio (Duarte, 1986), degree of
exposure to wind (Chambers, 1987; Hudon et al.0p@0Ad degree of connectivity to rivers
(Amoros and Bornette, 1999). These characteristieble the prediction, within certain
limits, of the intensity of development of aquanacrophytes after impoundment
(Agostinho et al., 1999).

Several studies have dealt with the effect of inmubnent on the mid- to long term
dynamics of aquatic macrophyte communities in teatperegions (e.g. Krahulec and
Kaplan, 1994; Rorslett and Johansen, 1996; Krolgiay 1997), but there is a relative lack
of information for tropical and subtropical regiai#ggostinho et al., 1999). However
massive development of free-floating macrophytestmeen recorded in the early stages of
filling of many tropical reservoirs such as Tucuruthe Amazon River Basin (Tundisi,
1994) and Kariba on the Zambezi River (Mitchelakt 1990). Such extensive development
of aquatic macrophytes depends on conditions ssiebsence of strong winds, low water
turbulence and availability of propagules or otbaurces of dispersion occurring
simultaneously with nutrient increases typicalithing phases (Thomaz and Bini, 1998a in
Agostinho et al., 1999). These conditions faveaeiffloating species, especialtychhornia
crassipes, Pistia stratiotesdSalvinia auriculatavhose populations can experience huge
increases during and soon after filling, constitgtpotential threats to reservoir uses. The
largest problems are usually associated with imeaspecies (Brendonck et al., 2003). (See
Section 3.4).
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2.6.3.2 Periphyton associated with macrophytes

The functional role of macrophytes as regulatoraatier quality (through nutrient
sequestration, for instance) is enhanced by thpipgon that develops on the submerged
parts of the macrophytes (Lalende and Downing, 1B8&atos et al. 1999; King et al.,
2000; Roberts et al., 2003). In addition, the dtrreeand composition of periphyton reflect
habitat differences relating to ecological and wateality factors, while any qualitative or
quantitative transformation indicates the ecologstate of the environment as well as the
changes occurring (Round, 1991; McCormick and Steme, 1998). In their study on littoral
macrophyte-periphyton complexes in the Kis-Bald@ootection System and the Kiskore
Reservoir in Hungary, Kiss et al. (2003) stated the is a particularly important and
required area of investigation in studies on wetelity.

2.6.3.3 Macrophytes in reservoir cascades

In the case of reservoir cascades, position iséhnies may also be an indicator of potential
for the development of submerged macrophytes (Aguostet al., 1999). Suitable
environments seem to be characteristic of resexVooated at the downstream end of the
cascade. These reservoirs receive water with egtisigspended loads and consequently
light penetration into the water column is highisTbbservation is corroborated by the
excessive development Bfjeriain the Paulo Afonso Reservoir (Sao Francisco Rigad
the Jupia Reservoir (Upper Parana River), Branih lof which are situated at or near the
downstream end of reservoir cascades.

Management of macrophytes in reservoirs is discuss8ection 3.1.2.

2.6.4 Zooplankton

2.6.4.1 Role in secondary production

The study of secondary production has an impophkate in biological research. Assessing
the balance between input and output of mattereaedgy of populations is vital for an
understanding of the ecosystem’s dynamics. Basivledge of the life history and
biomass of different zooplankton species provitiesnecessary data for the calculation of
secondary production in aquatic environments, dsaganformation about the competitive
strategies responsible for their success in a gavetronment (Melao and Rocha, 2000,
2004).

2.6.4.2 Zooplankton community structure and dynangs in reservoirs

Change in size-structure, species composition amddss of zooplankton in relation to
trophic state have been reported repeatedly itnfvater environments (Peters, 1986 in De
Manuel and Jaume, 1993), but there is a scarcityfofmation about these relationships in
reservoirs.

Project K8/612 FINAL REPORT Page 52



From the point of view of zooplankton, reservoire gery different from lakes. Since
zooplankton populations are not characteristicaltpmponent of rivers, the impoundments
constructed in the last 50 years have establiseedentic habitats, which have been
colonized by zooplankton (Marzolf et al., 1990).véver, reservoirs can be considered
favourable environments for the development of rarggion communities, which may
establish diversified assemblages in relativelyrtsperiods of time after impoundment
(Rocha et al. 1999).

The colonization process differs greatly amongmases because the initial conditions in
recently filled water bodies are variable (Rochalgt1999; Schmid-Araya and Zuniga,
1992). Depending on morphometry, geology and véigetaf the flooded basin, the water
chemistry can be significantly different, providiagselective filter” for the organisms that
potentially can establish populations (Rocha et1&l99).

The typical zooplankton assemblage of reservoic®mmonly comprised of 10-20 species
of protozoa, 20-60 species of Rotifera, 5-10 secfeCopepoda and 10-20 species of
Cladocera. In addition there are usually someispaxf Ostracoda, Gastrotricha, Diptera
larvae and planktonic Turbellaria. However, wittiiese guidelines, species diversity varies
greatly, between individual reservoirs, locatiorighim each reservoir, geographical regions,
and also with time (Rocha et al., 1999).

2.6.4.3 Factors influencing zooplankton community structurein reservoirs
2.6.4.3.1 Turbidity

Introduction

The susceptibility of reservoirs to high sedimerading has been emphasized. The high
level of sediment-related or mineral turbidity th@sults in reservoirs has significant impacts
on zooplankton, and the resulting food-web struectfraffected reservoirs. The scientific
investigation of this topic was largely pioneerediinnological studies of various South
African reservoirs, commencing with Lake le RowafMerkloof Dam).

Suspended sediment impacts on small particle-fggdnerbivorous’) zooplankton are
essentially three-fold. First, light-limitation afitotrophic photosynthetic production
reduces their primary food resource base. This anipas been discussed/explored in
Section 2.6.2, and is not further re-considereé h®econd, astronomical densities®10’
ml™) of non-nutritive particles differentially comprase the food-collecting abilities of
different component taxa. And lastly, suspendatigdes provide a ‘visual screen’ for
zooplankton that effectively serves as a refugenagaisual zooplanktivores — fish. The
present section concentrates on these two attsbute

Additional indirect impacts largely involve the lkeat budget. High light attenuation
results in a shallower heated surface layer ancesdrat warmesurface temperatures than
expected for locality latitudes (Van Schalkwyk & Wialey 1984). Conversely, this tends to
translate into slightly cooler water coluraeragetemperatures. Despite unexpectedly
rapidsurfacewarming (Van Schalkwyk & Walmsley 1984), seasdresdting of the entire
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surfacemixed layer can be slower, and lessened, accordingly delegmaigshortening high
summer conditions, even while stratification inignsay be stronger. These heat budget
influences principally affect the seasonal dynamoicsooplankton, and are not explored in
further detail here. Contextually relevant inforioatis given in Section 2.2.

Impacts of turbidity on feeding biology as a deterrmant of zooplankton species
composition/community structure.

Total zooplankton abundance is inversely relatesettiment turbidity (Hart 1986a), in line
with associated reductions of primary food resosirdut in addition, striking reductions in
the proportional contribution of daphnids to tatabplankton biomass during years of
extremely high turbidity (SD < 30cm) observed ind.Roux (Hart 1986a) clearly signaled
the disproportionately severe impact of suspenddarsents on daphniid cladocerans
(Figure 14), and the experimental elucidation adentying reasons (Hart 1988, 1992). In
short, the contrast reflects fundamental differesroetween food collecting mechanisms of
cladocerans lik®aphnia and copepodsDaphniais an automatic filter-feeder, relying on
continuous filtration of its ambient fluid surrounds. Inter-setal and inter-setular spacing
on the filtering thoracopods varies between spesktting the effectively aperture of the
filter-combs. Very fine filters retain a large partion of the fine suspended sediment
particles. Once filtered, the bolus of collectedtjgles is moved to the mouth and
essentially ‘tasted’ for the first time, invokingganeral rejection of the bolus. Filtration is
recommenced, and the cycle of collection-rejectepeated. The energy and nutrient
deficiency created by this ‘empty’ feeding reduttesspecies fitness, leading@aphnids
displacement from the community assemblage. Howeseene species daphniaare

more tolerant of elevated turbidity than othersr{H&92), presumably depending on
differences in filter-mesh size and/or sensitidy responsiveness) to the ‘taste’ cues
imparted by the food bolus. Species that communtigbit turbid waters include. gibba
andD. barbatg wherea®. pulexandD. longispinaappear to be essentially ‘clean-water’
taxa.
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Figure 14. Weighted annual mean zooplankton stgnstinck levels in relation to corresponding Seciggith
transparency values in Lake le Roux between 19d71884. Forage zooplankton include all daphnidk an
large predatory copepddvenula excellenshich are important dietary items for planktivoroglowfish
Barbus aeneusd\ote the severe depression of daphnids in mosidtydars (upper panel). (After Hart, 1986b).

Copepods, on the other hand, are essentially ‘maptéeeders, that identify and capture
individual food particles. ‘Herbivorous’ calanoidad ‘herbivorous’ instars of cyclopoids
selectively identify and collect uni-cellular anther algae as food; predatory calanoids like
Lovenula and the carnivorous instars of many cyclopoictselect and capture appropriate
live animal prey. The high particle selectivity exgified by copepods accordingly
facilitates their occupancy of turbid waters, withvhich the plethora of nutritionally poor or
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valueless sediment particles translates into ‘whitse’ rather than the serious
‘contamination’ experienced by daphnids.

In contrast to the depressive effect of sedimertigh@s onDaphnids feeding ability
described above, small-bodied cladoceran taxa askloinais a common and sometimes
abundant occupant of turbid waters (Hart 1986a7h98999, 2001), implying some
fundamental difference in its feeding biology awdlegy. Paradoxically, even
Diaphanosoma- that Geller & Miller (1981) functionally clasgfl as a ‘high-efficiency
bacteria feeder’ in view of its extremely fine-medHilter — occurs in moderately (Hart
1996, 2001, 2004) as well as very turbid reservdiat 1999), suggesting potential duality
or plasticity in its feeding mode that merits sorut

Impacts of turbidity on visual predation, and zoophnkton community composition.

In general, large-bodied zooplankters are seldgtmeedated by visual zooplanktivores,
commonly leading to their local extirpation and lesen (Brooks & Dodson 1965), with
differences in escape probability rendering cladaae generally more vulnerable than
copepods to this exclusion (Drenner et al., 19T8)-existence of very large-bodied
zooplankton and (facultative) visual zooplanktiveone turbid reservoirs is accordingly
unanticipated. In L. le Rouaphnia gibba(> 3.5 mm) and.ovenula excellensan equally
large predatory copepod persist despite visual lan&gpvory byBarbus aeneufAllanson &
Jackson 1984, Hart 1986a).

2.6.4.3.2 Food quality and quantity/Trophic status

Eutrophication causes great changes in the steiofurooplankton communities (Rocha et
al., 2002). Generally an increase in eutrophicat@auses increased zooplankton numbers
and biomass (Rocha et al., 1999; Ostojic, 2000gssnchanges in phytoplankton
composition lead to the dominance of unfavourabiens (Rocha et al., 1999). Elenbaas and
Grundel (1994), comparing a more eutrophic withss leutrophic impoundment in
Zimbabwe found the relative abundance of main zdgbn groups to be similar, but the
density in the more eutrophic reservoir was neselyen times higher during the spring.

However, many species disappear as a consequeatgabfoxins or the clogging of filter-
feeding apparatus during algal blooms, especiddigras of cyanobacteria which have both
effects (Infante, 1982; Matsumura-Tundisi et 88@, in Rocha et al., 2002). Some species
such adBrachionus calyciflorugndBosmina longirostrisiave the ability to utilize colonial
cyanobacteria as food, so become abundant undercsaditions (Fulton and Paerl, 1987).

In non-eutrophic waters in temperate regions, adadan species usually dominate.
However, in tropical regions, Rotifera have beesearbed to be dominant irrespective of the
level of eutrophication, thus suggesting that ofhaetors (particularly competition and
predation) may be more important (Rocha et al.220Rotifera total biomass is usually low,
but this is compensated for by a short generatiog,tthus a fast renewal of populations
(Hutchinson 1967).
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Among Copepoda, the Cyclopoida are considered & swcessful group than Calanoida in
eutrophic systems (Tundisi et al., 1988, in Rodhal.e1999), by virtue of their ability to
capture large particles such as colonial and filsimes algae which usually become
dominant in eutrophic systems (Magrin and Matsuriwadisi, 1997). Even the colonial
cyanobacteria might be consumed by them, eithectijror after the decaying of blooms,
as detritus enriched by bacteria (Rocha et al.9199therwise, the shift to a microbial food
web provides an abundant supply of micro zooplamktbich serves as food for predatory
cyclopoid species or life stages.

2.6.4.3.3 Meteorological factors (precipitation andvind)

Long-term studies on zooplankton composition hadicated that in tropical regions,
precipitation and wind are important physical fastaffecting zooplankton community
structure (Matsumura-Tundisi and Tundisi, 1976; et and Matsumura-Tundisi, 1996,

in Rocha et al., 2002). In general, the effectretcpitation is predominant during the rainy
season (summer) and the wind during the dry wifiteis situation has been reported for a
number of Brazilian reservoirs such as Barra Bofktaseca, 1990 in Fonseca, 1997), Broa
Reservoir (Oishi 1990 in Fonseca, 1997), and BReéservoir (Sandes 1990 in Fonseca,
1997). The rainfall results in allochthonous flexeto the reservoirs, increasing suspended
matter and lowering water transparency

2.6.4.3.4 Reservoir ageing

The age of a reservoir is an important factor ioptankton community development, older
reservoirs tending to display higher species risenaless this is prevented by pollution and
contamination. However, many factors besides reseage influence the diversity of the
system, making it difficult to establish a direelationship between reservoir age and
community diversity (Rocha et al., 1999). Someonignt studies on the development of
zooplankton communities in the Amazonian reservo@ge been published (Magrin and
Matsumura-Tundisi, 1997; Falotico (1993) and Mor€@06) in Rocha et al., 1999).
Conditions in the early stages promote the deveépiraf R-strategist pioneers, such as
species of Protozoa and Rotifera. Later the Clagoand the K-strategists such as
Copepoda appear (Rocha et al., 1999).

2.6.4.35 Reservoir operations e.g. residence timmylses

There is a need to understand how reservoir easgstouple with hydrological processes.
This is often ignored in lake studies because @i tmore stable hydrological regimes, but
becomes very important in environments subjectéon@unced and short-term changes in
water level (Straskraba et al., 1993). This isuised in Section 3.2.

Bledzki and Ellison (2000) found zooplankton aburmaand community structure to be
significantly dependent on water retention timed(da converse, flow rate). Results
obtained from Wloclawek Reservoir in Poland and éidpake in Massachusetts, USA,
suggested that a retention time of 6 days repredenthreshold. At this retention time,
Cladocera comprised the highest percent of totaplamkton biomass, while its relative
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importance declined at both higher and lower r@artimes. These authors hypothesized
that because cladocerans remove phosphorus froen thadugh herbivorous grazing
activity and transformation of smaller particletifarger ones (faster sedimentation)
(Ejsmont-Karabin et al. 1993), the 6 day retentiore could result in maximal depletion of
phosphorus. Under such conditions, zooplanktonnconity composition could ameliorate
declines in water quality.

Naselli-Flores and Barone (1997) recorded a donu@ar cladocerans in Lake Arancio, a
hypertrophic reservoir in Sicily, associated wittosg fluctuations in water level. The
dominance of Cladocera resulted from the influesfogater level fluctuations on
populations of phytoplankton (Padisak et al. 199&selli-Flores and Barone, 1996) and fish
(Soranno et al., 1993; Kubecka, 1993), thus affigdbottom-up and top-down forces acting
on the zooplankton community. Naselli-Flores andoBa (1994) also recorded a
dominance of large cladocerans in reservoirs ilySttat were subjected to extreme
fluctuations in water level.

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

The zooplankton communities of two Chilean resas/d?enuelas and Rungue were
investigated by Schmid-Araya and Zuniga (1992)ndue Reservoir undergoes extreme
water level fluctuations on a regular basis with Water of the reservoir being renewed
annually. At the lowest water level during theurdy, the number of species and their
abundance decreased drastically, even to the pbdisappearing completely. The
observed community was therefore in an early sisooesal stage with only r-strategists
present. In contrast, Penuelas, which undergoekerate fluctuations, has a zooplankton
community that follows the seasonal changes duhegear.

Reservoirs can be viewed as “pulsed systems” ichwvabrupt changes (pulses) can be of
either natural or artificial origin (Straskrabaaét 1993). They affect physical, chemical and
biological conditions in the reservoir and can ihduiced by natural causes such as
precipitation or by man during reservoir operatiBarbiero et al., 1997). Communities are
sensitive to the operational regime. Great chamgspecies composition, density and
production can occur as a consequence of variaiowsiter outflow. Braga et al., (1998) in
Rocha et al. (1999), recorded decreases in algbtanplankton populations in Barra Bonita
Reservoir in Brazil after strong water outflow. niseca (1996) in Rocha et al., (1999),
showed that the loss was selective in Balbina Regeinducing changes in the

zooplankton community structure. Small organisothsas Protozoa, Rotifera and Copepod
nauplii were more vulnerable than Cladocera andeoga, which occupied the deeper
waters. Thus the effect of outflow depends onrgtaof factors such as the depth of the
outlet, and the vertical distribution of the plamkt Such removal of organisms may prevent
the occurrence of competitive exclusion, allowinggeneric associations of organisms as
indicated for the genedotodiaptomusndMesocyclopsn Barra Bonita (Espindola (1994)
and Rietzler (1995) in Rocha et al., 1999).

The littoral zone tends to have a higher bioditgi$ian the limnetic zone, thus contributing
to the total diversity of the system (Okano (19®56fRocha et al., 1999). Macrophytes
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growing in the littoral zone affect zooplankton frpviding increased food availability and
refuges from predation. Rocha et al. (1982) inlRoet al., 1999, observed that
Argyrodiaptomus furcatys calanoid copepod occurred in a vegetated zbtine dittoral

zone at densities ten times higher than areas utittmacrophytes. Changes in water level as
a result of the operational regime may prevenhbihit the establishment of macrophytes in
the littoral, or change the species compositiosuzh 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 nmeatked distinction to be made among
reservoirs. They vary enormously in area, voluneptldl and shape, each factor influencing
the community structure of zooplankton, as spaiéérogeneity increases and the
possibility of colonization by a larger number pesies occurs. Many reservoirs are
extremely dendritic, the complexity of the numerdugined valleys increasing the length of
the shoreline and the extent of the littoral zare] introducing potential chemical novelty
and distinctiveness. These peripheral zones dffésr 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 havieated that the stoichiometry of carbon,
nitrogen and phosphorus may be a major factor obhiniy zooplankton communities

(Sterner and Hessen, 1994; Hessen, 1997). ltawkrhat lacustrine systems demonstrate a
wide range in their C: N and C: P ratios (Heckglet1993) and that they differ from marine
systems (Elser and Hassett, 1994). Itis also knihnat zooplankton demonstrate an
interspecific variation in their C: N and C: P aatilAndersen and Hessen, 1991), and thus
they presumably also differ in stoichiometric regments for these elements. Individual
zooplankton species have been described as “hoatedsheaning that their C: N: P ratios
remain relatively constant in spite of the wideiaton of food they consume (Hessen and
Lyche, 1991).

There is evidence in the literature that stoichitgndoes in fact have an effect on
zooplankton communities (Sterner et al., 2000)tai@m Europe (Gulati et al., 1991,
Hessen, 1992) and North America (Hassett et ad7)Llivdicate that the high P herbivore,
Daphniais generally not favoured at high C:P ratios r&sglin growth penalties when the
seston food base has a high C:P ratio. Sterradr @000) pose the question: is there a
consistent pattern of species replacements in ao&fdn arranged along a seston C: P ratio
gradient. If so, great inroads to another predéctixis for zooplankton communities would
have been found.

2.6.4.3.8 The reservoir food web

See Section 2.6.7 for a contextually relevant amrsition.
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2.6.4.4 Zooplankton migration
2.6.44.1 Vertical migration

Diel vertical migration (DMV) of zooplankton hasdredescribed by many authors (e.g.
Woijtal et al., 2003; Johnsen and Jacobsen, 198%pket, 1993; Horppila, 1997). The
results of long-term studies on diurnal changesowplankton distribution indicate that
several factors are responsible for this phenoméWajtal et al., 2003). According to the
generally accepted hypothesis, migrations of zatgitan are the consequence of a foraging
rate-predation risk trade-off (Desmarius and Tes$@99). By means of DVM zooplankton
avoid visually orienting predators like fish (Stiahd Lampert, 1981; Brancelj and Blejec,
1994) and invertebrate predators (Lampert, 19898yrations can also be the effect of
vertical distribution of nutrients in the water goin (Kitchell et al., 1979) and/or the
location of available food (Pijanowska and Dawidcyi1987).

2.6.4.4.2 Horizontal migration

DVM occurs mostly in deep stratified lakes and regies that can provide refuges for
herbivores (Wright and Shapiro, 1990). In shallowaters, lack of deep water refuges
result in higher planktivory pressure and lowemhéss of zooplankton (Desmarius and
Tessier, 1999). Many authors have suggested tisdiatow lakes with sufficient
development of macrophytes in the littoral zonesthplants providBaphniasp. with
spatial refuges from fish during the day (Timms &mks, 1984; Davies, 1985; Vuille,
1991; Lauridsen and Buenk, 1996; Lauridsen efl@By). Consequently, submerged
macrophytes may indirectly improve water transpeyeas increased zooplankton survival
will enhance their grazing pressure on phytoplamktoth within the vegetation during the
day and in the pelagic zone at night (Jeppeser8,i8Woijtal et al., 2003). This is the
basis for the much vaunted management prospeab-obbfood web manipulation (e.g.
Moss, 1998).

In the Sulejow Reservoir in Poland, which has asglg vegetated littoral zone due to high
water level fluctuations, large-bodied zooplankimre shown to migrate towards the open
water at dusk, and towards submerged macrophytesat, answering the question posed
by Wojtal et al. (2003) whether horizontal migratiof zooplankton, described for lakes,
also occurs in reservoirs with a sparsely vegetiittedal zone.

2.6.4.5 Longitudinal distribution of zooplankton n reservoirs

The longitudinal distribution of zooplankton in eegoirs is influenced by many of the same
abiotic and biotic factors as those discussed ab@vieen these factors change along the
longitudinal gradient, so do the zooplankton comitystructure and dynamics. The
longitudinal gradients of a variety of parametersaservoirs have been discussed in Section
2.3.

Various factors have been cited as being resp@fblthe horizontal heterogeneity of
zooplankton in various types of water bodies, ideig, the effects of advective physical
forces resulting from river inflows (Patalas andk§d.990; Ford, 1990), turbidity gradients
(Zettler and Carter, 1986; Hart, 1990), temperatageme (Johannson et al., 1991); food
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availability and trophic conditions (Peters, 1983yter et al., 1995) or predation and
competition (Jakobsen and Johnsen, 1987; Urab®, I&8vicz and Rykowska, 1992; Pont
and Amrani, 1990). On the other hand there aleast two known mechanisms for
reducing zooplankton patchiness and randomizinglao&ton distribution (Seda and
Devetter, 2000). These are wind induced surfadmutence and advective processes in
epilimnetic layers (Pinel-Alloul et al., 1988; Platg 1990; Pinel-Alloul and Pont, 1991).

Marzolf (1990) presented a theoretical model tlestcdbed the abundance distribution of
zooplankton along the longitudinal axis of resersoaccording to which it is determined by
two main factors. These are the velocity of theent and the exportation of material (clay,
nutrients, DOC and micro flora). (Figure 14) Thedmlopostulates that if the velocity of the
current is the factor that exerts the greatestianite on the distribution of zooplankton,
there is an increase in zooplankton density towtreslam. If the exportation of material
exerts the greatest influence, the zooplanktonitjeissgreatest towards the riverine zone.
If both factors are acting, the density along thregitudinal axis of the reservoir (in the
direction river-dam) resembles a frequency distrdruwith positive asymmetry (Figure 15).

Reservoir x-section Export from river of:
silts and clays
nutrients

DocC
algae
bacteria

-——
-

(a) { current velocity (c)
J (Turnover time)

River Dam River Dam

Zooplankton response

Zooplankton response to river export
to the hydraulic regime  (g)

)

River Dam River Dam

\ /

Observed zooplankton
distribution

(e)

River Dam

Figure 15. Anillustration of the several treitkiat develop along the longitudinal axis of an
impoundment, which when taken together result engbserved distribution of zooplankton shown
in the bottom panel (e). (From Marzolf, 1990).

Confirmation of some features of Marzolf's modeisilable. Seda and Machacek (1998)
found that the spring flood in Rimov Reservoirlie ICzech Republic removed much of the
zooplankton from the upstream region but did ntecfthe mean zooplankton densities for
the reservoir as a whole. The recovery of therapst zooplankton took just one week, and
was mediated by the animals that had been displd@edstream, as was proven by
allozyme analysis. This is in agreement with Sa®94) who showed that there is no
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evidence for a unidirectional flow of zooplanktaorh the upstream to the downstream end
of Rimov Reservoir

Pinel-Alloul (1995), in a comprehensive overviewzobplankton spatial heterogeneity,
concluded that at large spatial scales (>1km) khetia factors are more important for the
maintenance of spatial heterogeneity, while at Enatales (1-10m) biological processes
are more important. However she maintained thtt ace linked interactively and the
resulting heterogeneity can be perceived as aifumadtinteraction between the organisms
and their environment

Bini et al. (1997), investigating spatial gradiemt®roa Reservoir in Brazil found that the
copepods (all age classes) increased towardswvitiene zone, while Cladocera increased
towards the lacustrine zone, although limnologi@alables such as temperature, dissolved
oxygen, pH and suspended material varied verg litth the eutrophic Salto Grande
Reservoir in Brazil, Zanata and Espindola (2002nfbthat rotifers were more abundant in
the riverine zone, decreasing towards the dam, edsen this case, copepods were more
abundant in the lacustrine zone, decreasing towthedsver inflow. Cladocera did not
display a significant density gradient althoughytiwere slightly more abundant in the
lacustrine zone. In the Kenyir Reservoir in Malaysladocerans formed the major group in
the lacustrine and transitional zones, whereaspmgsewere the main group in the riverine
zone. Copepod nauplii and copepodids contributi®e of the total copepods at all
stations, probably indicating that the adults wexpt at low levels by predation (Yusoff et
al., 2002).

2.6.5 Zoobenthos in reservoirs
2.6.5.1 Introduction

The zoobenthos is the animal community living isas$ation with any substrate-water
interface. Itis divided on the basis of size (K&002) into:

» the mega benthos, e.g. large molluscs (>1000unm @&td Sankare, 1998;
Kharchenko and Zorina-Sakharova, 2002; JurkiewiazaKowska, 2005; Yu and
Culver, 1999; 2000; Kiibus and Kautsky, 1996; Bl2990),

* the relatively well studied macro benthos e.g. thmusect larvae, small molluscs
(<1000-400um) (Koskenniemi, 1994; Tavcar, 1993rifistand Sinis, 1993;
Grzybkowska and Dukowska, 2002; Real et al., 2@0fitage et al., 1995;
Hamburger et al., 1995; Heinis and Crommentuiji2t Xoskenniemi, 1992;
Lindegaard, 1995; Pelegri and Blackburn, 1996; Ssen and Leonardson, 1996;
Szito and Botos, 1993)

* the meiobenthos e.q. rotifers, copepods, youngrbmids, small oligochaetes and
nematodes (400-100um) (Mashina, 2003; 890) and

* the relatively little studied micro benthos e.gotprzoans and juveniles of larger
forms (<100um) (Kalff, 2002). The zoobenthos isnevically dominated by small
species and is species rich compared to the irvatts of the open water
(zooplankton) (Kalff, 2002).
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2.6.5.2 Distribution

2.6.5.2.1 Littoral zone

The littoral zone, when not adversely affected dservoir drawdown, is often dominated by
macrophytes, and is widely recognized as the nrosiygtive region of lakes and reservoirs.
It generally has the largest number of animal gseaontains the highest animal biomass
and density, and has the highest secondary pradu@@rinkhurst, 1974 in Kalff, 2002). For
convenience, three subdivisions of this zone carebegnized:

» the upper littoral reaching from the shoreline foewe emergent macrophytes (if
present) disappear (approx. 1-1.5m),

* the middle littoral extending from this depth toevl rooted submerged
macrophytes disappear, and

* the sublittoral zone from the lower level of themh®r, to the lower level of the
euphotic zone (Wetzel, 2001; Kalff. 2002).

The largest numbers of macrobenthic species ocitigosgtructurally diverse and often
macrophyte-dominated middle littoral zone, wheeytlive on the macrophytes or in the
organic sediments below. However, fluctuating whdeels in reservoirs can severely alter
the habitat and survival of benthic invertebratesnacrophytes; submerged species in
particular are often unable to survive marked flations of water level resulting in almost
complete elimination of benthic invertebrate haisita some reservoirs (Wetzel, 2001).

2.6.52.2 Profundal zone

The zoobenthos of the profundal zone inhabits tme of sediment accumulation, where the
sediments are generally fine silts and clays. Séddment-water content is typically high
(75-90% water) allowing for easy burrowing (Ka2)02). However, increased productivity
and organic loading to reservoirs often inducesohgmetic anoxia and related toxic
products of fermentative metabolism (Wetzel, 200dlff, 2002; Prat et al., 1992), leading

to the disappearance of many benthic invertebexi@ and the reduction in biomass and
production of invertebrates commonly found in rgees (Siegfried, 1984 in Wetzel, 2001,
Popp and Hoagland, 1995).

2.6.5.3 Zoobenthos as indicators of water quality

Benthic macroinvertebrates are found in large numiverich organic sediment of eutrophic
reservoirs. Composition of the benthic fauna geann response to physical and chemical
changes in the catchment and in the water, botinglueservoir ageing, and in subsequent
changes in the trophic state of a water body (Beal, 2000). Jonasson (1996) showed that
hypolimnion oxygen content, food quantity and qgiyadind water temperature are the main
factors influencing the presence and biomass ahlbi@species in lakes and reservoirs.
Zoobenthic composition is therefore a good indicafdrophic status (Popp and Hoagland,
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1995; Lyashenko and Protasov, 2003; Bren, 2001 g{bgand Oribhabor, 2002, as
exemplified in the following two cases.

Example 1

Chironomidae (Diptera) present a wide range ofifegtdehaviour and lifestyles, and
collectively inhabit all freshwater habitats (Grkglvska and Dukowska, 2002). As a
result of the relationship between specific spearas specific environmental factors,
different species of the genG@hironomushave been used for many years as
indicators of trophic conditions of lakes and rgsas (Lindegaard, 1995, in Real et
al., 2000; Popp and Hoagland, 1995).

Example 2

Because they filter a great volume of water comagisoluble and particulate
substances, bivalve molluscs are effective accuimnglaf metals and organic
micropollutants. After being metabolized, theséytants are selectively
concentrated in the soft tissue or the shell. diditeon, bivalve molluscs are resistant
to several pollutants (e.g. organochlorines), wiaidhdangerous for other animals
such as crustaceans and insects. They are sedanthe adult stage, often
widespread and abundant and sometimes long-liveéeése factors make them useful
in evaluating the levels and distribution of mamyiytants (Ravera, 2001). For
exampleDreissena polymorphs commonly used to monitor freshwater ecosystems
(Doherty et al., 1993; Sures et al., 1999).

2.6.54 Ecosystem impact

The ecological role of mussels in tropical Lake iKamwas investigated by Kiibus and
Kautsky (1996), who found that they had a signiitoeffect on the nutrient dynamics. A
volume of water corresponding to the total epiliomof the lake was found to be filtered by
the mussels annually. It was also estimated tleat temineralized 25% of the total
phosphate load, and 8 times the total nitrogen inadyear. Approximately 5% of the
annual phytoplankton production was channelledufihathe mussels, which tend to be
limited to a narrow inshore zone of gently shelwmater of 3-9 m depth in Kariba
(Kenmuir, 1980), with a similarly restricted deplistribution in Lake Mcllwaine (Kenmuir,
1980; Marshall, 1982). In Lake Kariba 95.8% of beathic biomass consists of mussels,
4.1% of snails, and only 0.1% of insect larvae (Mama and Kautsky, 1988 in Kiibus and
Kautsky, 1996).

2.6.6 Fish
2.6.6.1 The development of fish communities in ressoirs

The filling of reservoirs can be considered a dadadic event for the impounded riverine
fish community; however some riverine fishes sharous adaptive abilities in newly
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formed lentic environments (Kubecka, 1993). Theagosition of the fish fauna of a
dammed river is thus the first of the factors iefiging the final fish composition.

Abiotic conditions in reservoirs such as tempemategime, retention time, pH, oxygen
conditions, presence of toxins, water level fluttwas and turbidity, are fundamentally
important to ichthyofauna, and may be responsiethfe presence or absence of particular
species in particular reservoirs. When a speaiemable to survive in an impounded water
body it is often for lack of

» suitable water temperature and/or dissolved oxygen;
* habitat diversity;

e spawning sites;

« sufficient prey for a particular stage in the lifgcle;

» refuge from predators (O’Brien, 1990);

» seasonally appropriate spawning cues

However, reservoirs are aquatic ecosystems crégtbdmans and most riverine fish
species tend to disappear with time (Quiros anceBp%¥999; Encina and Rodriguez-Ruiz,
2002; Paller and Gladden, 1991), while some dotadape new environment (Kubecka,
1993). The change from high flow to low flow tertdsselect riverine fish species previously
adapted to floodplain habitats. The reduction eathmber of species is usually high (Arcifa
and Northcote, 1997; Araujo and Santos, 2001).iffp@undment of most Brazilian rivers
resulted in several modifications of their origifiah fauna including a decrease in the
number and diversity of species, as well as shifteeir dominance and trophic
relationships (Arcifa and Northcote, 1997). Mastervoirs in Brazil have less than 75
species whereas most influent rivers have more 1Rarspecies (Araujo-Lima et al., 1995).

After the damming of rivers, reservoirs are usuathycked with fish (Quiros and Boveri,
1999). Fish introductions and stocking, thoughallgyustified on socio-economic grounds,
are only occasionally evaluated in their outputsl are rarely supported by sound
ecological science (Quiros, 1999). Fish assemblagmost reservoirs include both native
and introduced fish in a non-naturally occurringiket that is subjected to manipulation by
man. Such artificial assemblages have occurredlmmfly in evolutionary time relative to
those in naturally occurring habitats (Araujo araoht®s, 2001).

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

For any nest building fish, or fish which attackitreggs to a particular substrate, the nature
of the substrate is important for successful spag/(Clark et al., 1998). Vegetation may
also be important, but soil type, wave action, ursodidated shorelines and high levels of
turbidity often preclude the development of sub#hifittoral zone vegetation and are thus
not suitable for fish dependent on vegetation tmcessful spawning (O’Brien, 1990) or as
food sources and/or refuges for juveniles. Mangmasrs are characterized by moderate to
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heavy turbidity and siltation (Quiros and Bove®99). Silt deposition on eggs increases egg
mortality and thus decreases spawning success ig')Br990).

A common attribute of reservoirs is the water |ugttuation (Encina and Rodriguez-Ruiz,
2002; Clark et al., 1998). This may have both fpasiand negative effects on spawning.
Because most gravel beds occur in the upper fewrsef the littoral zone where wave
action keeps gravel beds clear of silt, drawdownwehis level may leave muddy areas
which are poor for spawning. Drawdown also miniesithe amount of vegetation available
for spawning, especially in turbid reservoirs whigght sufficient for macrophyte growth
may not penetrate very far into the water. Inaaasvater level may have the opposite
effect. Spawning success has been found to inerEtdeer as reservoirs fill and flood
vegetation, or in years of high water. High watemetimes floods terrestrial vegetation and
could inundate gravel areas on the reservoir sippoejding a diversity of substrates needed
for spawning. (O’Brien, 1990). This phenomenorswhserved by Zalewski et al. (1990)

in the Sulejow Reservoir in Poland when high wateels were recorded and large areas of
terrestrial vegetation were flooded. The increatiedrsity of “littoral” habitats enabled the
coexistence of large densities of perch (the domispecies) and cyprinids. The highly
significant correlation between water level, itsctuations, and the reproductive success of
dominant species might be used as a predictivéoondnipulating tool for steering the
reproductive success of fish in reservoirs, bua diam other reservoirs are needed to allow
verification (Zalewski et al., 1990).

2.6.6.2.2 Larval fish and fingerlings

Survival of larval fish is dependent primarily ocoairing food and avoiding predation.
Almost all larval fish feed on zooplankton, theywgoungest being gape-limited and able to
feed only on very small zooplankton such as sntatiacerans and rotifers. However, this
stage of gape limitation is brief (a few weeksun®val of larval fish is probably influenced
more by predation than by feeding, these very shisallbeing vulnerable to virtually every
other predator in lakes and reservoirs. Not omdyal-feeding fish, but also predaceous
copepods may have considerable influence on léislabensities. Protective cover such as
aquatic macrophytes is especially critical in miriimg fish and avian predation on small
fish. Any factors that reduce vegetation covechsas turbidity or wave action could
therefore also minimize larval fish survival. Dmdawn of water levels below the vegetation
zone would be especially detrimental to larval {i€"Brien, 1990).

2.6.6.3 Distribution of fish in reservoirs

An important area of study in fisheries and fishlegy is the estimation of the number of
fish in a population (Encina and Rodriguez-RuiZ)2)0 The patterns and degree of
patchiness in time and space are therefore of fuedtal importance because of their
relationship to abundance estimates (Levin, 199&rgdlef, 1993; Schael et al., 1995), and
their importance for the understanding of fish gyl and therefore its management.

In a newly flooded reservoir most of the fish ayarid close to the shore and at the riverine
end of the reservoir. The pelagic zone and dedpra/are little used, probably due to low
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efficiency in exploiting food resources (Granada+mcio, 1992). Encina and Rodriguez-
Ruiz (2002) studied the seasonal distribution gt fn the newly filled Zahara Reservoir in
Spain, where the native species were unable tmitpe planktonic resources. Because
detritus formed part of their natural diet in th&d environment, the reservoir shoreline and
the river above the reservoir were suitable feedmes (Encina and Granado-Lorencio,
1994; Magalhaes, 1992; 1993). The spatial distionutould also be related in some species
to seasonal reproductive migration up the rivela(@do-Lorencio, 1991). Other species
can modify their reproductive tactics and assodiaen to the littoral zones of a reservoir
(Fisher and Zale, 1991). Spanish reservoirs gépdrave little stability as they are built for
power generation, irrigation and water supply aredsaibject to large water level
fluctuations, hypolimnetic spillage and other dibances. Consequently, only those species
with generalist and detritivorous feeding habitd egproductive migrations out of the
reservoir are capable of existing in the resen{&ncina and Rodriguez-Ruiz, 2002).

The spatial distribution of fish assemblages wasstigated in Lajes Reservoir in Brazil
(Araujo and Santos, 2001) to detect patterns ofabla habitat use by fish. Lajes is
unusual compared to most Brazilian reservoirs &t there is no marked longitudinal
gradient due to small tributary contributions, famga more restricted habitat with no
available lotic environment to allow for fish migieans into and out of the lake. Three zones
were distinguished — an upper zone near the tripunélows, and middle and lower zones
progressively nearer the dam. Fish abundance, euailspecies and biomass were higher
in the upper zone (probably due to higher foodlabdity and habitat diversity) but only
two species were more abundant there, all othaiepshowing no difference in their
abundance among the zones. Seasonal environmantles of temperature, pH,
transparency and water level did not show an aasoiwith fish occurrence. Most fish
used the different zones of the reservoir with igo sf spatial separation.

The pelagic zone of reservoirs has been considgredme authors to be a vacant habitat
for fish, and not inhabited by riverine speciesd@e et al., 1998). Although pelagic fish
are scarce in some reservoirs (Straile and Gal898), in some others fish may be quite
abundant (Adrian et al., 1999). In Lake Karibgetfish have adapted to inshore pelagic
zones, while in Lake Hume, a warm monomictic lakéustralia (Matveev et al., 2002), the
presence of significant numbers of small plankius fish, mostly juvenile introduced
European perch and Australian smelt were determeoadordantly in hydro acoustic
surveys and direct catches from pelagic water.

The inflow zone situated at the boundary betweerriiter and the reservoir is often an
important migration path. All the main types dafffimigration as defined by Lucas and
Baras (2001) (feeding, refuge-seeking, spawningatimns, post-disturbance movements,
recolonization and exploratory migration can beeeted to happen in this ecotone (Hladik
and Kubecka, 2003). Upstream and downstream nuograf fish between the Rimov
Reservoir and its only tributary, the Malse, in @eech Republic was studied by Hladik and
Kubecka (2003). Due to many of the fish speciesdoef riverine origin, they require
access to the river habitat during crucial periddsddition, the river fish may use the
reservoir as a refuge or feeding ground. Thisystuals carried out to provide a detailed
understanding of fish migration events in the riregervoir ecotone and to estimate the
importance of the tributary for the functioning amdnagement of the fish stock. It was
found that the reservoir tributary zone was anesmgly important area for fish, a significant
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proportion of the total fish stock migrating thrdui. Some species (asp, bleak, chub and
white bream), seemed to be strictly dependent ertributary zone (obligate tributary
spawners) as they were never observed reprodutiting ireservoir, while others (roach,
bream, pike, perch, ruffe). were facultative trdoytusers or generalists, spawning in
suitable places both in the reservoir and in tibeitary (roach, bream, pike, perch, ruffe). A
third group (carp, pikeperch, catfish and eel) speavout of the tributary (i.e. in the
reservoir). Six periods of migration successiomendentified during spring and summer,
which differed in species dominance, gonadal statusmigration rates.

Allanson and Jackson (1983), in Paxton (2004) itgated the effects of flow reduction
resulting from the construction of the Vanderklaofl Gariep dams on the Orange River
(South Africa) on reproduction, growth, dispersad anortality of freshwater fish in the
river between the two dams. Regulation by the &palam was found to have significant
biological consequences for the populations of $yecies of yellowfishRarbus)in the
Vanderkloof Dam downstream. Both species migrastream from the lower reservoir to
the lotic region between the reservoirs where gpawn in gravel-bed riffles. The entire
population of yellowfish in the Vanderkloof Dambslieved to depend on recruitment from
this region. In addition, thedarbusspp. generally spawn during the first floods afrgp
Allanson and Jackson (1983) suggested that conisflows from the Gariep Dam through
the year resulted in spawning events being trighypramarily by temperature (Paxton,
2004).

2.6.6.4 The effect of fish on reservoir trophic retionships

Current theory holds that, in lentic systems, thkagic trophic level biomass is controlled
both from below by producers (bottom up) and frdro\e by consumers (top down) (see
Section 2.6.7). The evidence supporting this éissederives from studies of individual
lakes and mesocosm and enclosure experiments/@ngi et al., 1990; Lazzaro, et al.,

1992; Meijer et al., 1994, and many others). Tropghscade hypotheses were mostly
developed from north temperate lake data but Laz{&897) has reviewed these data in
order to analyse their application to tropical klk&d reservoirs. He concluded that it
remains unclear whether hypotheses developedrgraeate systems are appropriate for the
tropics. Food webs of tropical systems are typraalbre complex and for practical reasons,
the relevance of alternative models should be eggdlo

It has been suggested that the effects of partifislaassemblages might cascade down the
food web in both lakes and reservoirs, but thatdmetup and top-down effects may be
asymmetrical (Quiros and Boveri, 1999). Top-dovaphic interactions at the
macrozooplankton-phytoplankton level have beenigddyy DeMelo et al., (1992), who
concur with other studies that question the validitthe biomanipulation/trophic
cascade/top-down model.

Quiros and Boveri (1999) examined the differenagsvben reservoirs supporting different
fish assemblages. In 31 reservoirs in Argentimay differentiated between Type |
reservoirs with planktivorous fish but no pisciverand Type Il reservoirs with both
piscivores and planktivores and found that in Tlypeservoirs, there was a huge increase in
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macrozooplankton biomass with decreased body siz@ype Il reservoirs they found that
both biomass and size of macro-zooplankton hacedsed or remained unchanged. They
interpreted this to mean that planktivores hadsopipressed macrozooplankton biomass, but
they may control macrozooplankton size. For bggies of reservoirs, bottom-up effects

from nutrients to algae were strong, but top-doWects on phytoplankton increased in the
planktivore dominated Type | reservoirs.

These results are coincident with the view thaeservoirs where facultative
zooplanktivores are dominant, such fish play areénole in reservoir ecosystem function
by controlling zooplankton size, and also with liypothesis (Pace, 1986) that zooplankton
size structure, not biomass influences nutrientgblgnkton relationships (Quiros and
Boveri, 1999). For reservoirs with both piscivoaesl planktivores it would be expected that
efficiency of nutrient transfer would diminish frotine bottom up (Quiros, 1998a). These
patterns were not entirely displayed in the ab@sgeilts. Speculations as to the reasons for
this might be that human actions influence bothdrotup (nutrient loading) and top-down
(fish stocking) mechanisms. In reservoirs fisteadslage is usually dependent on human
action through fish introductions and stocking. Bependence of facultative planktivorous
fish on benthic resources may also explain sontkeofesults (Quiros and Boveri, 1999).

During recent years there has been increasingesttér determining the role played by
perch(Percafluviatilis L.), the dominant species in temperate lakes asgrveirs,

especially in relation to their pressure on thepaakton communities (Zalewski et al.,
1990). These authors, however, are of the opiriiahihsufficient attention has been paid to
the fish fry communities as a biomanipulating toDlespite the usually lower biomass of fry
than mature fishes, production of juveniles of Bstith as Percidae and Cyprinidae has been
found to be mostly on the level of 60-70% of thkproduction of a fish community. In
addition adult fish from the above two groups canswa much smaller amount of
zooplankton than the juveniles (Persson, 1986 alewski et al., 1990). In a five-year study
on the Sulejow Reservoir in Poland (Zalewski et90) the feeding strategy of perch and
the strong correlation between the density of t@idating perch fry and their growth rate,
indicated their influence on the density of lardief-feeding zooplankton, and thus water
guality. These authors believe that efforts shdaédocused on the elaboration of the
optimal fry density from the point of view of watguality and fisheries management. Their
data indicate that the level of 500 fry 106m mid-July would be optimal for Sulejow
Reservoir to maintain populations of large Cladaadra high and balanced level. On the
other hand, sufficient optimal food would accelergtowth of fry to increase their winter
survival and reduce their vulnerability to predatdhus increase amount and quality of fish
yield.

Fish can alter both the internal cycling of nuttgeand the primary producer biomass in
aquatic systems through a variety of mechanismisa(&et al., 1997). These include
incorporating nutrients into body tissue (Deegd@93) and the converse release by
decomposition of fish tissue (Parmenter and Lamag881l), as well as by excretion
(Braband et al., 1990). Excretion by fish has b&®swn to affect phytoplankton biomass,
productivity and community structure, and servegettycle nutrients within the water
column or transport nutrients from the benthosdpilimnetic phytoplankton depending
on the feeding habits and movement patterns dighe The release of nutrients from
benthic feeders can be viewed as a source of navemts that is fundamentally different
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from nutrients recycled by pelagic feeding fistzooplankton. Schaus et al. (1997)
quantified nutrient release by gizzard shad, atdetrous fish in a eutrophic reservoir,
Acton Lake, Ohio, USA. Their results indicatedtthatrient excretion by detrivorous fish
can be an important source of nutrients to opeemaespecially when other sources of
nutrients are reduced.

A study on the shallow, hypertrophic Bautzen Resieim Germany showed that diet shifts
in under yearling fish may change the patterns ddycling and distribution. In the case of
the dominant perch, this bottom-up impact of natriregeneration by fish was connected to
shifts in zooplankton density. Especially during midsummer decline &fiaphniawhen

the under yearling fish fed mainly on benthic prexgretion of P by fish was higher than
removal by feeding of P stored in pelagic preycomparison, during periods of high
zooplanktivory, in spring and autumn, pelagic Pstonption dominated and P release by
fish was comparatively lower (Mehner et al., 1998b)

Despite the importance of internal nutrient loadayggizzard shad, nutrient transport by
other fish species and nutrient recycling by plargkbus fish, many lake nutrient budgets
have either downplayed or ignored the role of figtithough fish may not regulate major
nutrient fluxes in lakes, inclusion of their rolesy help to balance nutrient budgets and
depict more accurately the cycling of nutrientshivitthese systems. Inclusion of fish is
especially warranted in systems with a high fishnfass or where detritivorous or benthic
feeding fish are abundant. In addition populab@mass and size structure of fish may
alter the impact that fish populations and commesihave on nutrient dynamics and
ecosystem productivity. Approaches that integristeeties biology and ecosystem ecology
will foster insight into the processes underlyihg structure and function of aquatic
ecosystems.

2.6.6.5 Management

In South Africa there have been relatively few sgan the consequences of reservoir
construction on indigenous fish populations aneiftsct on recruitment. In many cases
knowledge of the relationship between the hydralalgiegime and the life-histories of the
SA fish fauna is sparse or non-existent. The dduma between river regulation and the
demographic decline of freshwater fish populatiarestherefore inadequately understood
(Paxton, 2004).

Management of fisheries involving introduced speaeSouth African reservoirs is a
specialized study which will not be discussed is teview.

2.6.7 The reservoir food web

2.6.7.1 Introduction

Species composition and biomass of biota in angmaddy depend on a number of factors.
Resources for growth, such as nutrients (which ioatthe “bottom” of the stylized food
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chain) are referred to as bottom-up factors, amdrothing factors such as grazing and
predation (at the “top” of the food chain) are kmoas top-down factors (Komarkova et al.,
1995; Horn and Horn, 1995; Mehner et al., 1998azheo et al., 2003; Matveev, 2003;
Horn, 2003; Korponai et al., 2003). (Figure 16)

For management purposes, the more that is knowt &he food web of a reservoir — the
organisms that occur there and their interrelah@ss— the more possible it is to manage the
system in an informed, productive and sustainalaamar.

ba

Figure 16. A hypothetical food web of a typicabgwopical African lake. (After Davies and Day,
1998).

In addition, microbial studies in the last two dées have demonstrated the existence of a
diverse microbial community in aquatic planktontogystems where microbial production
is integrated into the pelagic food web at all Is\(&aedke et al., 1995 in Comerma et al.,
2003). The microbial loop mediates carbon andgynfow from bacterioplankton to
zooplankton (Thouvenot et al., 1999a; Comerma.eP803). Sommaruga and Robarts
(1997) concluded that bacteria are relevant menmdfetee limnetic planktonic food web, in
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terms of both biomass and production, and RiemadrChristoffersen (1993) suggested the
increasing importance of the microbial food chamepared to the classical food chain
(Figure 17) along a gradient of increased produtgtiv
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Figure 17. The contemporary view of microbialdomeb structure (below the lower thick black
line) in relation to the “classic” grazer food anan plankton (above the thick line). Full linasda
arrows indicate feeding interactions, broken arrowdicate viral infections. The pool of DOM used
as a substrate by the bacteria is replenished tigugarelease processes (excretion, exudation, cell
lysis, sloppy feeding) from each compartment anchfthe catchment (Modified from Weisse and
Stockner (1993) in Kalff (2002)).

2.6.7.2 Bacterivory and Picoplanktivory

Protozoans are consumers of bacterioplankton, platéton and organic matter (Fenchel,
1987, in Gomes and Godinho, 2003; Laybourn-Pa8921Simek and Straskrabova, 1992),
and thus are an important link in the transferradrgy from bacteria to the higher trophic
levels since they are a common staple diet foranitistaceans and fish larvae (Porter et al.,
1985, in Gomes and Godinho, 2003), and reach vigtygopulation densities. Gomes and
Godinho (2003) emphasise that protozooplanktorarebds essential for the understanding
of the dynamics of aquatic ecosystems.

An increasing number of studies have underlinedrtiportance of flagellate and ciliate
protozoans in the trophic web (Sanders et al., 1B8mann and Christoffersen, 1993; Pace

Project K8/612 FINAL REPORT Page 72



and Vaque, 1994; Burns and Schallenberg, 1996; védrat et al., 1999b). Heterotrophic
flagellates are generally thought to be the maimsamers of bacteria in fresh waters
(Riemann, 1985; Gude 1986, both in Thouvenot ¢.8P9), but phagotrophic
phytoflagellates (photosynthetic flagellates whéeh also particle feeders) have grazing
rates that are similar to heterotrophic flagelldiisd and Kalff 1986 in Thouvenot et al.,
1999b). In addition ciliates can be important aomers of bacteria in fresh water (Simek et
al., 1995). To date very few reports are availabhhich bacterivory or picoplanktivory of
freshwater pelagic ciliates have been well docuetbmt situ (Sherr et al., 1991; Simek and
Straskrabova, 1992; Sommaruga and Psenner, 1988k%it al., 1995). On the other hand,
increasing evidence from marine systems indicdiagissome ciliate taxa are voracious
consumers of bacteria (Sherr and Sherr 1987; Eh8r&t al., 1989; B.F. Sherr et al., 1989,
all in Simek et al., 1995). In Rimov ReservoilGaechoslovakia, Simek et al. (1995) found
that ciliates consumed a significant proportionhaf bacterial production in the reservoir
(20% as opposed to 70% consumed by heterotro@gelfates). However, some taxa were
found to consume mostly picoplankton in naturaldittons where availability of organic
carbon in picoplankton is almost equal to bactehnst ciliate species preferred larger
picoplankton, as has been reported for freshwadtaratrophic flagellates (Simek and
Chrzanowski, 1992). This size-selective grazing hmave ecological impacts on natural
bacterial assemblages (Gonzalez et al., 1990; Sanak, 1994).

Although protists are thought to be the main coremsnof bacteria, some metazoans can
nevertheless play an important role in regulatiagtérial communities (Jurgens et al.,

1994). Among these, Cladocera rather than Copepadtnought to be effective consumers
of bacteria (Geller and Muller, 1981; Pace et1883; Gude, 1988; Jurgens et al., 1994) that
can be an important food source during the summsoine temperate waterbodies (Pace et
al., 1983). Although some rotifers consume hetepidtic bacteria (Boon and Shiel, 1990;
Ooms-Wilms et al., 1995; Ooms-Wilms, 1997; Thouvezial., 1999), their contribution to
regulating the bacterial plankton is thought taredest (Sanders et al., 1989; Pace et al.,
1990; Pernie et al., 1990).

In the newly flooded Sep Reservoir in France, Meoot et al. (1999a) measured bacterial
consumption in the epilimnion (1m) and metalimn{@m) during the period of thermal
stratification. They found that the main consunmeese the cladoceramaphnia longispina
andCeriodaphnia quadrangulaccounting for, on average, 72% of the potentiall to
predation of bacteria at 1m and 56% at 7m, espgdating May, June and August.
Heterotrophic nanoflagellates accounted for 12%matind 13% at 7m, and ciliates, 4% at
1m. They concluded that in a newly flooded reseyvoetazoan zooplankton seemed to be
the main consumers of bacteria, and that predafitieterotrophic nanoflagellates and
ciliates by zooplankton Crustacea could accountifedow contribution of these organisms
to bacterial consumption.

Straskrabova and Simek (1993) considered the plbigsibat protozooplankton and
metazooplankton might compete with one anotheriasoinal grazers, and concluded that
the protozooplankton were more advantaged tham#tazooplankton as follows:

1 They are capable of faster growth and thus a fasteptation to changing food
resources. This favours protozooplankton aftengpsverturn until the slower
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growing cladoceran grazers increase and contrél ploytoplankton and
protozooplankton (Simek et al., 1990; Arndt andddirf, 1991; Simek and
Straskrabova, 1992). The capability for fastemglois also an advantage for
protozooplankton in areas of low and heterogenémag resources, for example
during winter in temperate lakes (Arndt and Nixdd®91). The low temperature
itself also seems to favour the occurrence of lapgetozoans (Sime-Ngando and
Hartmann, 1991).

2 They survive better under high planktivorous fisadation pressure.

3 In some adverse conditions, the abundance of megpéarakton decreases sharply
and then the pelagic assemblage consists entifehyooobes (e.g. in oligotrophic
mountain clear-water lakes with low alkalinity (R2knand Straskrabova, 1992)).
Similarly, in anoxic layers of eutrophic and dygtinic lakes, protozooplankton
usually prevails over metazooplankton (Simek amds&tabova, 1992; Sime-
Ngando and Hartmann, 1991).

2.6.7.3 Phytoplankton-zooplankton-fish interrelaionships

Zooplankton — representing an important trophielend a deciding factor for the flow of
matter and energy — can show a conspicuous seamwhalnnual variability of its biomass
caused by availability of food sources (Horn andria990; Urabe, 1990; Mason and
Abdul-Hussein, 1991; Matsumura-Tundisi et al., 20R@ue et al., 2002; Korponai et al.,
2003; Horn, 2003), predator structures (Urabe, 188son and Abdul-Hussein, 1991;
Ketelaars and van Breemen, 1993; Seda and Dung84; Gliwicz, 1994; Korponai et al.,
1997; Mehner et al., 1998a; Pichlova and Brand)32Wasek et al., 2003; Matveev, 2003;
Horn, 2003; Lazzaro et al., 2003; Hrbacek et &I0 Korponai et al., 2003; Tatrai et al.,
2003) and environmental conditions (Urabe, 1990r&n and Marzolf, 1993; Hulsmann
and Weiler, 2000; Benndorf et al., 2001; Horn, 2a8&rt, 2004). Its dynamic and long-term
changes are of particular interest in terms ofjiiesat importance in the issue of water
quality. This is the basis of biomanipulation @kés and reservoirs (Horn, 2003).
Biomanipulation as a management method will beusised in Section 3.1.2. However
reference will be made to it in this section wheslevant.

2.6.7.3.1 Herbivory

Numerous investigations on the interactions betwswsoplankton and zooplankton have
been undertaken. Mostly they have been based otitelim experiments in enclosures,
laboratory or in situ experiments. Long-term olkagons of these relationships are scarce
(Horn and Horn, 1990, 1995).

Different indices have been suggested for assegsaring effects at the level of whole
lakes (Matveev and Matveeva, 1997). Lampert (1888d total zooplankton biomass to
predict declines of phytoplankton in lakes duerazang. He suggested a threshold of 1.5g
m-2 of zooplankton biomass to be sufficient to eaaslear-water phase. Pace (1984) in
Matveev and Matveev (1997) suggested that zoopdantdmposition and mean body size
(not absolute biomass) influences the P-Chl aiogiahip in lakes. Zooplankton body length
was found to be a good predictor of the intensitgrazing and variance in phytoplankton
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biomass in 25 North American lakes as well as ioletlake experiments (Carpenter et al.,
1991, 1996). The ratios of biomass of zooplanktophytoplankton (McCauley and Kalff,
1981, Jeppesen et al., 1990; Boon et al., 199€)antocera to phytoplankton (Schriver et
al., 1995) have also been used as indices of graznoplankton community grazing rates
have also been estimated for different lakes (H&&6; Jarvis, 1986) and compared with
phytoplankton growth (Reynolds, 1984 and Stern@89] both in Matveev and Matveeva,
1997).

Phosphorus and chlorophyll a relationships have lbsed for the prediction of lake trophic
state and thus lake restoration measures. Howegeause of logarithmic scale and high
residual variance, this relationship predicts aisicant decline in algal abundance only
when P-reduction is strong. Clkan vary as much as two orders of magnitude tven
constant P-value for inter-lake comparisons (Mazem#994; Baigun and Marinone, 1995),
or one order of magnitude for intra-lake comparss(irerris and Tyler, 1985 in Matveev and
Matveeva, 1997). Zooplankton grazing may deterraigensiderable part of this residual
variance in Chh (Carpenter et al., 1995). Inter-lake comparisonsated that when grazers
are not under intensive fish pressure, &hicreases with total P at a much slower rate than
when they are (Hansson, 1992; Sarnelle, 1992; Mdeuni994).

Population dynamics of algae can be affected dyrelay grazing (or conversely by non-
grazing), or indirectly, for example, by eliminatiof competitors or changes in nutrient
conditions by the zooplankton (Horn and Horn, 1996blony forming green algae can take
advantage of the zooplankton suppression of oti@peting algae, and of nutrient uptake
via gut passage (Horn and Horn, 1990). Those vatatompous sheaths are protected from an
herbivore’s digestive enzymes and are thereforélydigestible, but they are permeable to
certain nutrient ions (Porter, 1976, in Horn andrjd 995). Cyanobacteria can also profit
from Crustacea that suppress their competitorsr{fdad Horn, 1995). Certain species may
inhibit zooplankton mechanically or by toxins (&ection 2.6.1) (Benndorf and Henning,
1989; de Bernardi and Giussani, 1990; Fulton amég01991; Nauwerck, 1991; Lathrop
and Carpenter, 1992). Filamentous cyanobacterizceethe growth rate @aphniaspecies,
but their effect is smaller on small species. Wtienfilament density reaches a critical
concentration, zooplankton is no longer able tar@it (Gliwicz, 1990a). Gliwicz (1990b)
showed that at high levels of abundarkghanizomenosp reduces the growth rate of large
DaphniaspeciesD. magnaandD. pulicaria), whereas small specid3.(cucullataand D.
hyaling) tend to grow faster.

Horn and Horn (1990, 1995) investigating the diatdsterionella formosan the
Saidenbach Reservoir in Germany, found that it wgssted byDaphnia galeataand the
dominant cyclopoid@yclops vicinus However, their analysis revealed that the dyinam
of this diatom was essentially influenced by otlaetors such as stratification conditions
(good mixing in the epilimnion) and sedimentatiokh further important fact for diatoms is
the elimination of nanoplankton competitorsbgphnia,thus improving the nutrient
conditions by removing P-competition. Becauseadiet are important for phosphorus
export to the sediment, and therefore for selffpation of the water column (Grim, 1967,
in Horn and Horn, 1995), this possible shift agsuit ofDaphniagrazing can serve a
desired effect (Horn and Horn, 1995).
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It is widely accepted that nanoplankton is a gowgestible food source and is therefore
intensively grazed upon by filter feeding crustaregarticularly cladocerans. On the other
hand copepods are not primarily ‘micro-filter feesi@nd are not able to graze on particles
as small as those filtered by cladocerans (Horntaord, 1990, 1995).

Studies of the role of zooplankton grazing in tio&itBern Hemisphere are less numerous
than the Northern hemisphere (Matveev and MatveE3@7). However, for 97 Argentinean
lakes and reservoirs, Quiros, (1990) found thatmmeplankton size was a significant
predictor of residual variance in the TP-@hklationship, suggesting that grazing was
important. In spite of this, various authors hakemed that neither TP-Chlmodels of the
Northern Hemisphere (Baigun and Marinone, 1995)}therconcept of biomanipulation/top-
down control (Boon et al., 1994) are likely todgplicable to regions in the Southern
hemisphere. Boon et al. (1994) maintained th&tustralian inland waters, grazing on
phytoplankton is unlikely to be enhanced by biorpatdtion because efficient Cladoceran
grazers are rare. They also speculated that cgaterim might have detrimental effects on
zooplankton, restraining grazers’ growth.

Testing the above contradictions, Matveev and Matag1997) studied grazer control and
nutrient limitation of phytoplankton biomass in tWaoistralian reservoirs, Lake Hume and
Lake Dartmouth. Their results showed that, in faogplankton grazing might be sufficient
to affect the residual variance in TP-Chl a regmessas described for other regions of the
world (Quiros, 1990; Sarnelle, 1992; Mazumder, 19drpenter et al., 1995). Their
findings also suggested that the observed graffagte were sufficient to make the
crustacean length model for biomanipulation po#tpplicable to the conditions of the two
reservoirs studied. Matveev and Matveev (1997 higothesized that Australian water
bodies containing large daphnids have a highempatdor biomanipulation than other
lakes in the world. They qualified this with theutian that the hypothesis may be limited to
the situations where total grazing impacts arecnafounded by ungrazability of
phytoplankton, or not overridden by positive foodbainteractions such as stimulation of
phytoplankton by fish (Matveev et al., 1994a), bydrtebrate predators (Matveeva and
Matveev, 1995) or by copepods (Cruz-Pizarro andi@arl991; Lyche et al., 1996).

There are studies showing that southern hemisgladocera (Matveev and Balseiro, 1990)
and Copepoda (Burns and Xu, 1990) can benefit femding on cyanobacteria at a
population level. However, as Australian zooplankdiffer taxonomically from other
continents, conclusions about grazer-cyanobadtgesactions based on northern
hemisphere studies should be transferred with dereble caution (Matveev and Matveeva,
1997).

2.6.7.3.2 Predation

The effects of predation on zooplankton

Predation is considered to be a major driving fancghaping zooplankton communities
(Gliwicz, 1994; Seda and Kubecka, 1997). Planktdw@rbivores are extremely vulnerable

to predation, particularly by visually oriented pkéivorous fish that are forced to feed in the
most illuminated strata of the waterbody where fsoghost abundant, but where fish can
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visually locate their prey at light intensitieslag as 10 lux (Gliwicz, 1994). Large-bodied
herbivores such d3aphniaare most conspicuous, resulting in their beindfitiséto be
decimated or even locally driven to extinction (Bicbk et al., 1961; Brooks and Dodson,
1965; Hall et al., 1976; Lazzaro, 1987, all in Gizy 1994).

Mortality is the most apparent direct top-down effef predation. However, there are other
top-down and bottom-up indirect effects of predatm prey density that are transmitted
through individual growth and reproduction (Gliwjd®94; Seda and Kubecka, 1997). The
effect of predation is always combined with foaditation, since each prey individual has
to compromise between the two conflicting demantts eat well in order to grow and
reproduce, and the imperative to survive long ehdogeproduce. Because of this trade-
off, it is often difficult to determine whether aatease observed in a prey population
exposed to strong predation is really a directetfferedator induced mortality) or an
indirect effect (a decline in the prey’s reprodantcaused by reduced foraging associated
with predator avoidance). When a visually oriemegldator selects for large prey body size
or body mass (optimal foraging), it also selectsofiner prey body characteristics that would
make prey more conspicuous and less evasive. i bisdent in increased clutch size in
cladocerans and copepods. Larger clutch size efsdts in larger body mass making a prey
individual even more desirable by an optimally tprey predator. When a predator selects
for an ovigerous female, it also causes a decieagproduction, thus the birth rate and
death rate in the prey population are simultangoai$écted (Gliwicz, 1994).

A sudden decline in the population density of aktanic herbivore (or even its local
extinction) should not be regarded automaticallg agrect effect of predation due to
increased mortality rate. It should rather be ader@d as a result of both effects working
simultaneously: a direct effect of predation thdougortality and an indirect effect of
predation that has resulted from a decrease intgrand reproduction (Gliwicz, 1994).

2.6.7.3.3 The effect of fish communities on freshwex ecosystems

The role of fish in regulating the structure anddtion of freshwater ecosystems (top-down
control) either directly or indirectly is now geadly accepted in limnological literature.
Nevertheless, several authors have cast some dowlte validity of top-down regulation
and its application for management of water qugbigmanipulation) (Evans, 1990;
McQueen, 1990; McQueen et al., 1992; De Melo etl8092; Seda and Kubecka, 1997;
Hart, submitted). Wetzel (2001) even cautionsreggdhe use of the terms bottom-up and
top-down, claiming that they are not only highlylaguous but that they promulgate
concepts that are not founded in thermodynamiciogiships of nutrient storage and
recycling and are used without recognition of thue ttomplexities of the regulation of food
web interactions.

It has been observed in many studies that withceedse in the biomass of planktivorous
fish, the biomass of zooplankton increases (Cagpeattal., 1987; Luecke et al., 1992, both
in Korponai et al., 1997; Riemann et al., 1990;i§tbffersen et al., 1993, Korponai et al.,
1997; Sarvala et al., 1998), resulting in a de@@aslgal biomass (Jeppesen et al., 1997,
Bergman et al., 1999; Drenner and Hambright, 1998ithin the zooplankton community,
the relative abundance of cladocerans, as well@average size of daphnids increases with
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decrease in predation pressure by fish (GiussahGatanti, 1992). With an increase in the
biomass of planktivorous fish, the biomass of tlagl@ceran plankton decreases (Jeppesen et
al., 1997; Matyas et al., 2003), and in turn, tifahe phytoplankton increases (Carpenter et
al., 1987, in Korponai et al., 1997; Riemann etE90; Vanni et al., 1990). At the same
time, the size of adult daphniid females gets snatl response to an increase in the
predation pressure by positively size selectivie fidachacek, 1991, 1993; Stibor, 1992;
Taylor and Gabriel, 1992; Tatrai et al., 2003; Kmrai et al., 2003), imposing the reduced
fecundity associated with the general direct reteghip of body size and brood size in
copepods and cladocerans. Small-bodied cladocBkaBosminaspp andChydorusspp

are generally more abundant than large-bodied ep&dien the predation by fish is intense
(Ramcharan et al., 1996; Vijverberg and Boersmay719Besides small cladocerans,
copepods dominate the zooplankton under such ¢onsli{Vijverberg et al., 1990).

Several enclosure and whole-lake experiments hawersthat the reduction in stocks of
planktivorous fish may cause decreases in botH bigmass and the proportion of
cyanobacteria (Reinertsen et al., 1990; Jeppesan é097; Bergman et al., 1999; Drenner
and Hambright, 1999; Tatrai et al., 2003). Redurcdf planktivorous fish biomass often
does produce clear water conditions initially, the probability of sustained effects depends
on nutrient loading and the development of staibijjZeedback mechanisms (Benndorf,
1990; Lammens, 1999). Field studies have also slibat fish community composition
could have profound effects on phytoplankton praigiitg by several indirect effects and
interactions that affect nutrient availability (Bgon et al., 1999). Many fish species use
resources from different habitats and trophic Ietkeat may either suppress or promote
phytoplankton productivity (Braband et al., 1996hfadler et al., 1993). If shallow lakes
are eutrophied, the fish community typically shffteam percids to cyprinids such as bream,
carp and roach, which are omnivorous under cediasnmstances (Simonian et al., 1995;
Tatrai et al., 1998). When feeding on bottom dinglbrganisms, these species potentially
translocate nutrients from the sediments to themailumn (Tatrai et al., 1990; Breukelaar
et al., 1994; Persson, 1997). Populations of tepseies are in turn dominated by small
young individuals many, of which are planktivoré&his results in high predation pressure
on zooplankton, and consequently a low predatiessure on phytoplankton.

The removal of about 50% of cyprinids and theidaepment by predatory fish, from a
shallow lake in the Kis-Balaton Reservoir Systerat(ai et al., 2003) had an impact on
almost all of the observed parameters. Summer mi@anophylla values decreased by
43%, the phytoplankton community changed from beiogpinated by filamentous bloom-
causing cyanobacteria to a much more diverse contynwith green algae, dinoflagellates
and cryptomonads in the year following fish remow&dwever, the zooplankton community
showed the composition typical of lakes with highdatory pressure of omnivorous
cyprinid fish leading to a decrease in mean bodytle and fecundity of daphnids. The
authors concluded that the reduction of biomasswiivorous fish cascaded down to
phytoplankton via changes in nutrient availabitéyher than grazing pressure from
crustaceans.

The critical fish biomass below which herbivoreddeeran species can dominate the
zooplankton differs depending on which species datei the fish community (Benndorf,
1995). Effects on the phytoplankton of differeshfcommunities were studied by Matyas
et al. (2003) in three shallow Hungarian reservoitasette, the outer reservoir of the Kis-
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Balaton Water Protection System, and the MarcasieReir. Possible interactions between
nutrient concentrations and phytoplankton biomadheése reservoirs were also examined.
Considerable differences in the phytoplankton pafah dynamics and the proportions of
different nutrient forms were observed betweertlinee sites, which could be explained by
the presence of different fish stocks in theserveses. The predominance of Prussian carp,
which can consume either planktonic or benthic wisgas (Korponai et al., 2003) controlled
the zooplankton in the outer Kis-Balaton reservioithe Casette, a massive fish kill
decimated most of the Prussian carp leaving rogidzérs of larger-bodied species)
(Paulovits et al., 1998) and young Prussian catpeasharacteristic fish species that were
not able to control the zooplankton biomass. &Ntarcali Reservoir, silver carp grazing
affected the quality rather than the quantity oftpplankton.

To ascertain whether an investigation of the smamosition of the cladoceran and copepod
fractions of the zooplankton could supply importerfibrmation on the impact of fish on
zooplankton, Hrbacek et al. (1986) introduced ar()imew parameter, namely the
percentage of biomass of large cladocerans inotlaé dladoceran biomass (%LCla). This
method was used by Hrbacek et al. (2003) to ingatgithe long-term changes in
zooplankton biomass in Slapy Reservoir in the CZepublic in relation to changes in the
composition of the fish stock. By monitoring chasge this parameter, information was
obtained on changes in the feeding activity ofvidiial groups within the fish stock, both in
the long-term and during the year.

2.6.7.3.4 Effects of fish on the longitudinal distribution of zooplankton in
reservoirs.

Among studies focusing on longitudinal biotic trend deep elongated reservoirs, a
relatively large number have dealt with causesatétogeneity in zooplankton abundance
and community structure (Hart, 1990; Betsill and dan Avyle, 1994; Thys et al., 1998;
Seda and Machacek, 1998; Seda and Devetter, 26lidyever, less attention has been paid
to the spatial distribution of fish (Fernando anmaldik, 1991; Kubecka and Wittengerova,
1998; Brosse et al., 1999), and very few studie® laadressed the longitudinal distribution
patterns of both groups simultaneously (Pont andakim1990; Urabe, 1990). Vasek et al.
(2003) maintained that until their study on RimoasRrvoir in the Czech Republic, no
apparent attention had been paid to spatial hetemty in fish diet in the open waters of an
elongated reservoir. The objectives of their stwaye (i) to assess the longitudinal
distributions of fish and zooplankton in the Rinfegservoir, (ii) to describe diet spectra and
diet overlap for the three most abundant fish sgseice. roachRutilus rutilug, bleak
(Alburnus alburnusand breamAbramis bramg and (iii) to evaluate size-selective
predation orDaphniaby these cyprinids at the scale of the entireitognal transect.

(i) Previous work carried out on the nutrient ahgtpplankton concentrations (Hejzlar and
Vyhnalek, 1998; Seda and Devetter, 2000) and zoé&fba (Seda and Machacek, 1998;
Seda and Devetter, 2000) had found that small-bazbeplankton were more dominant in
upstream than downstream sites. Vasek et al. JZ008d higher fish abundance in the
riverine zone which could have been related to sijpagvin May, and its suitability as a
nursery habitat in August (Vasek et al., 2002, as&k et al., 2003). Other authors have also
recorded higher fish abundance in the upper pastasfgated reservoirs during thermal
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stratification (Urabe, 1990; Pont and Amrani, 1988rnando and Holcik, 1991; Brosse et
al., 1999; Swierzovski et al., 2000). Thus theinés longitudinal gradient in fish
distribution seems to be common within elongategmeoirs having natural tributaries,
although further investigations of the importan€éhe tributary zone for reservoir fish
stocks are required (Vasek et al., 2003).

(i) The three fish species, roach, bream and bleedged almost exclusively on crustacean
zooplankton. This was apparently the result of@taof alternative food sources as the
fauna of the littoral zone is impoverished dueteep reservoir sides and water level
fluctuations (Duncan and Kubecka, 1995) forcingfible to forage offshore. In addition,
most of the reservoir bottom lies in the anoxicdiypnion during the warm months and is
thus unavailable for fish (Hejzlar and Vyhnalek9&Pmaking the epilimnion the only
available habitat for fish feeding. Such planktiwvo large roach and bream has been
observed elsewhere as a consequence of food aligilabd competition (Michelsen et al.,
1994; Garcia-Berthou, 1999; Persson and Hanss@&9)18lthough the diet of larger roach
and bream usually consists of benthic invertebyatetsitus, and in the case of roach, also
molluscs, filamentous algae and macrophytes. Ig,Mdaphnia galeatavas the highly
preferred prey item of all fish except the smakeggth class in the riverine zone that
consumed mainly bosminids. In August all bleak eoath and large bream preyed®»n
galeataandLeptodora kindtij with large bream also feeding significantly Biaphanosoma
brachyurum Higher proportions df. kindtii occurred in the transition and lacustrine sites.
All bream preyed on cyclopoid copepods in the m@zone, but this was insignificant in
bleak and roach. One reason for the observed éiféers in predation might be the fact that
roach and bleak forage by visual particulate fegdibammens and Hoogenboezem, 1991,
in Vasek et al., 2003) while bream use mainly ffifeeding (van den Berg et al., 1994b, in
Vasek et al., 2003).

(i) A decreasing mean size bl galeatawas observed from dam to river site in May and
August. This indicates stronger fish predatiothie upstream part of the reservoir. Lower
diet overlaps of the three fish species in therigesite compared to the transition and
lacustrine sites suggested intense competitiofofutt at the upstream station.

Since it is widely recognised that zooplankton cosifion and biomass can be strongly
influenced by planktivorous fish, there is a gneag¢d for more detailed information on
longitudinal variation of fish predation on zoopt#on to better understand the complex
ecology of reservoirs having persistent environralegrtadients (Vasek et al., 2003).

2.6.7.3.5 Non-predatory mortality of zooplankton

Non-predatory mortality (also sometimes designasedcological, realized or non-
consumptive mortality) includes natural death dusdnescence, disease, limiting physical
or chemical factors (Gladyshev et al., 2003). Eatioms of non-predatory mortality are
important for the study of detritus food webs altds of matter and energy in aquatic
ecosystems (Velimirov, 1991; Wetzel, 1995). Topvddiomanipulation theory is based on
increasing the abundance of large daphnids by dsiorg their predation (consumptive
mortality), by reducing the abundance of planktowe fish. If non-predatory mortality of
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daphnids predominates in a particular water boaymbnipulation will be ineffective
(Gladyshev et al., 2003; Dubovskaya et al., 2003).

A number of attempts to estimate non-predatory atitythave been made (Gladyshev and
Gubanov, 1996; Dubovskaya et al., 1999; both ird@&hev et al., 2003; Gries and Gude,
1999). Gladyshev et al. (2003) and Dubovskaya é2@03) evaluated non-predatory
mortality of Daphnia cucullata, D. longispinandCyclops vicinusn Bugach Pond, a
reservoir in Russia, finding it to be considerakbleg often the determinant component of the
zooplankton population dynamics. This is in agreetwith other authors who
demonstrated a low contribution of fish predatioaphniamortality (Boersma et al.,
1996; Mehner et al., 1998a; Hulsmann et al., 188%nare et al., 1999; Hulsmann and
Weiler, 2000). Comparatively high mortality at theginning of the growing season was
recorded in agreement with Boersma et al. (199@hmér et al. (1998a) and Hulsmann and
Weiler (2000). Sharp fluctuations of mortality it and between sampling seasons could
not be explained but may have been caused by @&espgmecific infection (Gries and Gude,
1999), poisoning by cyanobacterial toxins such esauoystin (Rohrlack et al., 1999) or low
food quality (Muller-Navarra, 1995; Gulati and Dett)d997; Elser et al., 2000). More
studies are necessary to understand non-predatmtglity fluctuations (Gladyshev et al.,
2003).

A midsummer decline of large-bodied cladocerarssagemmon phenomenon in temperate
and some sub-tropical lakes and reservoirs (Hulsmaad Weiler, 2000; Benndorf et al.,
2001; Hart, 2004). Many studies have analyBaghniapopulation dynamics during
midsummer declines but explanations for the obskemvertality patterns have remained
speculative and contradictory (Threlkeld 1979; Das® et al., 1995; Wu and Culver, 1994;
Boersma et al., 1996; Werner et al., 1996; Hansah,e1993; Whiteside and Hatch, 1997,
Cerny and Bytel, 1991; Hulsmann and Mehner, 199d)smann and Weiler (2000)
analysed the dynamics and structure Dlaphnia galeatgopulation in Bautzen Reservoir
in Germany, prior to, and during a midsummer decbhthis species. They concluded the
following progression of events:

1 A quick increase ilbaphniaabundance leads to the formation of a strong ‘peak
cohort’ of about the same age.

2 During the clear-water phase, food conditions detate, fecundity declines and
hence recruitment is low; juvenile mortality is It present.

3 Adult mortality increases when the ‘peak cohortigkes its mean life span
which is reduced due to interactions between ageisp and starvation-induced
mortality.

4 At this point,Daphniapopulation dynamics can no longer be explainedauth

the onset of size-selective predation.

Hence the timing between enhanced mortality diset@scence on the one hand and
predation on the other hand, may be decisive. Tgroirboth sources of mortality and hence
the onset of a midsummer decline is thus contrdilethe water temperature in the
preceding winter and early spring (Hulsmann andl&/e2000; Benndorf et al., 2001).
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2.6.7.3.6 Predatory invertebrates and their effeadn the food web

Vertebrate and invertebrate predators have a wigelygnized impact on zooplankton
through size selective predation (Caramujo etl@97). The selective removal of large prey
individuals by vertebrate predators is counterabtethe selective removal of smaller
individuals by invertebrate predators. Gliwicz drainpert (1993) found a total depletion of
small cladoceran prey species in the presencetofalalensities of the predatory copepod
Acanthocyclops robustul the same enclosure experiment they found thttedarge

bodied prey species, old individuals were domiraantt neonates nearly absent. The feeding
rate ofAcanthocyclops robustumas been shown to decrease with increasing prey $ind
(Gliwicz and Umana, 1994).

The predatory cladocerabeptodora kindtiis reported as being able to influence the
zooplankton community significantly (Herzig and Au&990; Lunte and Luecke, 1990;
Branstrator et al., 1991; Arndt et al., 1993; Hgr4i994). It consumes a great variety of
mainly cladoceran species and also feeds on ret#ied nauplii (Herzig and Auer, 1990;
Lunte and Luecke, 1990; Branstrator et al., 199tlis size selective in its prey choice,
feeding on smaller species or smaller individudllgiger species. The limiting factor for
the capture of prey is the size of the ‘feedingkbtisa structure formed by five pairs of
thoracic appendages (Herzig and Auer, 1990; Bratwstri998). Pichlova and Brandl
(2003) studied the predatory impact.ofkindtii on the zooplankton community of Slapy
Reservoir (Czech Rep) and concluded that it ddéseince the zooplankton in this reservoir,
but only in limited periods during the summer, wiitie most pronounced impact in August.

Other morphological and behavioural features utedlto body size may also be of extreme
importance in regulating invertebrate predationghd Li, 1979). In the presence of
waterborne cues produced Ghaoboruscladocerans produce progeny with neckteeth or
enlarged crests (helmets) (Havel, 1985; Havel andisbn, 1984). Another common
response is the presence of elongated tail spineseniles (Luning, 1992) and the
production of larger newborns (Luning, 1995). @ydid copepods also have the ability to
induce tail spine elongation in daphnids (Caranatjal. 1997).

As a result of enclosure experiments in Maranhaagsotrophic reservoir in Portugal,
Caramujo et al. (1997) concluded that the only irtgod predation impact controlling the
Daphniapopulation seemed to have originated from vertelppeedators. Elongation of the
tail spines of juvenile daphnids seemed to havbledahem to coexist with the invertebrate
predator, Acanthocyclop®bustus. These authors emphasize that further evidence is
needed, as is information on the role of fish kaooes on tail spine induction Baphnia.
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3. FACTORS AFFECTING WATER QUALITY OF
RESERVOIRS, THEIR CONSEQUENCES AND THEIR
MANAGEMENT

3.1 Pollution (Externally derived)

3.1.1 Suspended Sediments

3111 Introduction

Although not a typical pollutant, sediment accurtiolain reservoirs is conveniently treated
in this context i.e. as a substance occurring oullating in unnatural or excessive
guantities.

3.1.1.2 The need for sediment management in regeirs

Most natural river reaches are approximately badmith respect to sediment inflow and
outflow. Dam construction alters this balanceatirgy an impounded river reach
characterized by low flow velocities and efficiesgidiment trapping. The impounded reach
will accumulate sediment and lose storage capaaity a balance is again achieved which
would, if left unmanaged, occur after the impoundtrteas “filled up” with sediment

(Morris and Fan, 1998; US Army Corps of Engine&gs7; Salas and Shin, 1999).

As reservoirs age and sediments continue to acaieyidediment-related problems will
increase in severity and more sites will be affectAt any dam or reservoir where
sustainable long-term use is to be achieved, Itheilnecessary to manage sediments as well
as water (Morris and Fan, 1998; De Cesare et@0D]1R

3.1.1.3 Factors affecting sedimentation of reserus

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

* Quantity of streamflow

* Quantity of sediment inflow into a reservoir
* Sediment particle size

* Reservoir operation
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e Quantity of streamflow

In general, the stream order is higher and thendgg basin bigger for reservoirs
than for lakes (Thornton et al. 1981, in Thorntbale1990). The larger drainage
basins associated with reservoirs may result iatgreannual flows entering
reservoirs than lakes. These factors indicate tivenpial for greater sediment loads
to reservoirs. However, there is a finite amourdreergy in rainfall that determines
the rate of erosion and transport of particulatét@ndrom the watershed to the
stream (Thornton et al., 1990).

Sediment (as well as particulate organic matteraatsrbed constituents) is
transported primarily during storm events and gleddows (Bilby and Likens,

1979; Johnson et al., 1976; Kennedy et al., 198ar@ey and Seyers, 1979; Verhoff
and Melfi, 1978, all in Thornton et al., 1990). iRiall frequency, intensity and
duration as well as the amount of rain determimergite of erosion and transport of
sediment (Straskraba and Tundisi, 1999). Lohmah 1988, in An and Jones,
2000, reported that the volume in Nepalese lakedeaeplaced fifteen times by
monsoon runoff. River flow in South Africa tendslde in the form of seasonal high-
flood peaks of short duration (Allanson, 1995).

* Quantity of sediment inflow into a reservoir

Sediment export from a catchment is the resulhefibteraction between the
weathering process acting on the parent matendlttae hydraulic properties of
flowing water which detach sediment particles, tdieam into suspension, and
transport them to a point further downstream (Adlam 1995).

Sediment yield to water is determined by a varadtinteractions namely rainfall
erosivity, soil erodibility, slope steepness, sltgrggth and vegetation cover
(Allanson 1995; Pacini et al., 1993; StrasSkraba Emadisi, 1999). Areas of
intermediate precipitation appear to be the mosteotible to sediment production
for in very arid areas, runoff is insufficient tcorre large amounts of sediment while
in wet, humid areas, good vegetation cover staslsoil loss (Allanson, 1995).
Erosion is generally higher in semi-arid and aedions (StrasSkraba and Tundisi,
1999). Chanson (1998) found that reservoir sediatiem has been a serious
problem in Australia, several reservoirs havingdmee fully silted due to the
designers not taking the sediment transport presas$o account, and thus not
introducing appropriate soil conservation practices

Agriculture is a major source of increased erosiast agricultural soil remaining
fallow and often barren or with insufficiently déeped vegetation for long periods
of time. Other sources of erosion include roadstmction, and any other building
activities, that leave the soil barren for prolotigeriods (Straskraba and Tundisi,
1999). The Masinga dam in Kenya, the top reseiuarcascade of five, is
described as a sediment-dominated impoundmentr(iR&cl., 1993). The upper
catchment is among the most fertile and productgsons in the country. Intensive
agricultural practices with loss of soil cover, ®om by cultivation of steep slopes
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and fertilizer application dominate the physiognaphthe catchment, increasing
erosion and leaching processes.

* Sediment particle size

The finite energy of rainfall is reflected in diféntial transport of particulate matter
(Thornton, 1990). Fluvial sediments generally eamfiner clay and silt particles
relative to the contributing watershed soils siless energy is required to transport
the finer particles (Dendy, 1981; Duffy et al., 89Rhoten et al., 1979, all in
Thornton, 1990). This fine material is then readiinsported downstream to the
reservoir, particularly during storm events or eked flows.

Fine material such as the colloidal and silt fraesi tend to move through the system
in a single flood event, whereas coarser parti@tenot taken into suspension but
“leapfrog” from point to point down the river bedlfanson, 1995). These coarser
fractions constitute the bed material after thespge of the flood event.

Sediment particle size has an important impacherpatterns of sedimentation
within a reservoir, as discussed below.

* Reservoir operation

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

3.1.14 Distribution of sediments in reservoirs

The spatial distribution of sediment loading diféundamentally in lakes and reservoirs. In
lakes there is generally an equitable distribubbmflow around the periphery of the
system. Reservoirs on the other hand, generaibive the majority of their inflow from

one or two major tributaries located a considerdidgance from the outflow. This
promotes the development of pronounced physicakaedical gradients within the
reservoirs that have important consequences féodiaal productivity and water quality
(Morris and Fan, 1998).

Sediment deposition is the main problem affecthrgyuseful life of reservoirs. Knowledge
of both the rate and pattern of sediment depositianreservoir is accordingly required to
predict the types of service impairments that adtur, the time frame in which they will
develop, and the types of remedial strategiesmniagtbe practicable (Morris and Fan, 1998).

3.1.141 Longitudinal deposition zones

A reservoir changes the hydraulics of flow by fagcthe energy gradient to approach zero.
This results in a loss of transport capacity webulting deposition of suspended sediment
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(Thornton, 1990; US Army Corps of Engineers, 199@rris and Fan, 1998; Tarela and
Menendez, 1999; Yu et al., 2000; Morgui et al.,3)99

Longitudinal deposition in reservoirs may be diddeto three main zones (Morris and Fan,
1998). (See Figure 18)

1 Topset beds correspond to delta deposits of rapetlying sediment. The
downstream limit corresponds to the downstreamt lahbed material transport
in a reservoir.

2 Foreset deposits represent the face of the deltanathg into the reservoir and
are differentiated from the topset beds by an emean slope and decrease in
grain size.

3 Bottomset beds consist of fine sediments that eap@sited beyond the delta by
turbidity currents or nonstratified flow.

Foreset bed
L Topset bed l Bottomset bed
Max. pool el.
Pivot Point ~ Normal pool el.

Delta Deposits 4

Figure 18. Generalized depositional zones irsark®ir (from Morris and Fan, 1998).

Where rivers enter the broad, open expanses é&kaolaan estuary, the flow velocity,
sediment load and particle size, vary both latgmatid longitudinally, generally resulting in
a fan-shaped delta (Sundborg 1967 in Thornton, 19%8e longitudinal dimension is the
more important factor in reservoir delta formatidhe river is generally confined to the old
channel in the reservoir headwater so that thedbtitmension remains constant while the

velocity, sediment load and particle size vary laindjnally (Thornton, 1990; Morris and
Fan, 1998).
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The longitudinal dimension is also important inisaeht distributions within the reservoir.
River inflow and its constituent sediment load getig follow the thalweg (river channel);
therefore sediment deposition is initially greateghe old channel (Thornton, 1990; Morris
and Fan, 1998).

Longitudinal gradients in sediment deposition akftect the occurrence of longitudinal size
sorting of particulate matter (McHenry et al., 1982ness and Rausch, 1977; Pharo and
Carmack, 1979, all in Thornton 1990). The largeaher sands and coarse silts settle in the
delta areas, and then as flow velocities and terimd continue to diminish, additional
particle size-sorting occurs along the longitudirek of the reservoir. The silts and coarse
clays are the next particle size class to settlk thie fine clays and colloidal material

settling very slowly (Morris and Fan, 1998; Tarated Menendez, 1999; US Army Corps of
Engineers, 1997). In South Africa, the inorganispgensoids are primarily fine clay

particles (Allanson, 1995), explaining why so mamyts reservoirs have high turbidity.

Stratified flow occurs frequently in reservoirs base of density differences caused by
differences in temperature, dissolved solids, tlithior combinations thereof. Because of
the high densities imparted by high turbidity leyeglrbidity currents may plunge and flow
along the bottom of a reservoir, regardless oteéngperature regime (Morris and Fan, 1998;
De Cesare et al., 2001). Turbidity currents aterothe governing process in reservoir
sedimentation by transporting fine materials owegldistances through the impoundment to
the vicinity of the dam (De Cesare et al., 2001;eYal., 2000).

The zone where the inflowing turbid water ente@ngservoir plunges beneath the clear
water is called the plunge point or plunge line.alnarrow reservoir the plunging flow will
form a line across the width of the reservoir, wiitbid surface water upstream of the line
and clear water downstream. As the turbidity aurteavels downstream, it will deposit the
coarser part of its sediment along the bottomnglthe thalweg first and eventually
producing a relatively flat layer of deposits.etfough sediment is deposited, the current will
dissipate (Morris and Fan, 1998; Yu et al., 2000).

If the current reaches the dam, it will accumutatéorm a submerged muddy lake. This
occurs when the forward velocity of the currentsealit to rise up against the face of the
barrier and subsequently fall back to initiate fation of a muddy lake with a nearly
horizontal profile upstream from the dam (Morrigldran, 1998; Yu et al., 2000) (Figure
19).

Yu et al. (2000) drew attention to deposition bebavin the quasi-homogenous flow region
which they maintain is not usually mentioned in literature, and without which the
description of the deposition system is not congplefthis is the non-stratified area, which
occurs between the downstream end of the deposiétta and the plunge section. Itis
shorter in cases of smaller discharge and/or highéiment concentration and longer in
cases of larger discharge and/or lower sedimertgasaration (Figure 20). Hydraulic sorting
of particles exists in this region, becoming lagsiéicant with distance downstream.
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Figure 19. Schematic diagram of the passage wriédity current through a reservoir and being
vented through a low-level outlet (after Morris dfah, 1998).

RIVER PLUNGE
INFLOW LIP SECTION
|

DAM

ORIGINAL =g =
RIVERBED

Figure 20. Schematic diagram of flow of sedimeteln water in a reservoir showing the position of
the region of quasi-homogenous flow (after Yu gt2000).

3.1.1.4.2 Lateral deposition patterns

Sediment deposition is initially focused in theltteg or deepest part of each cross section,
creating deposits with a near horizontal surfagamess of the original channel cross
section. Variations from this pattern can usub#yexplained by phenomena such as local
sediment inflow from a tributary, scour at bendsloannel erosion during drawdown and
flushing (Morris and Fan, 1998).
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3.1.14.3 Reservoir operation

Water control represents a major difference betwalezs and reservoirs. It not only affects
the zone and depth of withdrawal, but also sedirdesttibutions within reservoir (Thornton,
1990; Morris and Fan, 1998).

Reservoirs used for flood control, hydroelectrieveo generation, irrigation and municipal
and industrial water supply commonly exhibit sigraht fluctuations in water level. Lake
Red Rock in the USA can increase from 10 to 25khemgth, 10 to 22m in depth and 1.2 to
9.6 x 16m? in volume during flood control operatiorBluctuations such as these can
influence sedimentation patterns by altering resiemorphometry (length, depth or
volume), mixing regime, water exchange between savel the main pool, or water
residence time.

Periods of elevated flow may result in delta forimatnd sedimentation upstream. Then, as
the pool returns to normal seasonal levels, sediohgposited, sorted and processed
upstream may be resuspended and transported deamsinto the pool. Similar particle
resuspension and transport may occur during witharérhornton, 1990). The rapid
advancement of the delta deposits towards Tarbafa ID Pakistan is caused by seasonal
drawdown — one of the management strategies caesi@de that site is to limit drawdown to
focus delta deposition further upstream, therebsyileg adverse impacts on the low-level
intakes at the dam (Morris and Fan 1998).

3.1.1.5 Consequences of sedimentation in reservoirs

3.1.151 Storage loss:

The most direct consequence of siltation in resesus the corresponding decrease in
reservoir capacity (Straskraba and Tundisi, 19%9el& and Menendez, 1999; Morris and
Fan, 1998). Sediment deposition in the reservail peduces and eventually eliminates
usable storage capacity, making the reservoir sséte either water supply or flood control
(Morris and Fan, 1998; Yang et al., 2003).

There are nearly 45 000 large dams (over 15mvali)dwide, the majority of which were
constructed after 1950 (ICOLD 1988; Schnitter, 1984almieri et al., 2001), for a variety
of purposes. Until now the common engineering firadias been to design and operate
reservoirs to fill with sediment slowly. The cogsences of sedimentation and project
abandonment have been left to be taken care afthyef generations. For many dams “this
future has arrived, and in some cases earlierdh#inipated.” (Palmieri et al., 2001).

The majority of dams in the world are designed aperated to trap sediment continuously,
without provisions for sustained long-term use.itiNe current nor projected levels of
population and economic activity can be sustaifstbrage reservoirs are lost to
sedimentation. Demands on the services providedhbys are increasing, with reservoir-
dependent societies ranging from technically adednoban and agricultural systems in the
western United States to village irrigators in indi

Project K8/612 FINAL REPORT Page 89



Sudden loss of the world’s reservoir capacity wdwgca catastrophe of unprecedented
magnitude, yet their gradual loss due to sedimemiaeceives little attention or corrective
action (Morris and Fan, 1998).

The average rate of sediment accumulation in regsrean be expressed in volumetric
units, but for comparing reservoirs of differerstes, it is convenient to express the rate of
sedimentation as the percent of the original serajume lost per year. Sedimentation rate
can also be expressed in terms of the reservdtifeat the time required to infill half the
original capacity. Because the efficiency of seghitrtrapping declines as reservoir capacity
is reduced, the half-life does not represent lnaftime required to lose all storage capacity
(Lajczak, 1995). The ability of a storage resertoifulfil its design function will already be
severely compromised by the time half the storagecity has been lost (Dendy et al.,
1973; Murthy, 1977). Thus the concept of half-l§e& much more realistic indicator of the
“life” of a conventional storage reservoir than timee required for complete sedimentation
(Morris and Fan, 1998).

Crowder (1987) estimated the rate of storage lo$isa United States as 0.22% per year. In
other areas of the world, however sedimentatiogsrate often significantly higher. Van
Den Wall Bake (1986) suggested that about halféservoirs in Zimbabwe are losing
capacity at the rate of more than 0.5% per yeataBxamined from 16 reservoirs in Turkey
(Gogus and Yalcinkaya, 1992) indicated that theuahrate of storage loss ranged from
0.20% to 2.40%, with a mean of 1.2%. Annual stolags rates of 0.7% in Morocco and
2.3% in Tunisia are recorded by Abdelhadi (1995forage loss in China’s 82000 reservoirs
Is reported at an average annual rate of 2.3%higteest rate of loss of any country in the
world (Zhou, 1993; Morris and Fan, 1998), whilesammual sedimentation rate of 0.5% has
been recorded in India by Varma et al., 1992 {AMorris and Fan, 1998).

Loss of reservoir capacity can be extreme and reayease the life span of reservoirs to just
a few decades (StraSkraba and Tundisi, 1999). Malnil987) summarized the situation

of worldwide reservoir sedimentation as follows: the average age of man-made storage
reservoirs in the world is estimated to be aroudgears. The loss of capacity due to
siltation is already being felt at a number of stiwes. It is entirely possible that, unless
ingenious solutions are developed, we will losedineggle to enhance the available water
resources.” (Palmieri et al., 2001).

China has 82 000 reservoirs which are losing seocagacity at an average annual rate of
2.3%, the highest rate of loss of any country enworld (Zhou, 1993; Morris and Fan,
1998).

3.1.1.5.2 Delta deposition:

The coarser portion of the inflowing sediment Ii@deposited where rivers enter reservoirs,
forming delta deposits which not only deplete resirstorage, but can also cause channel
aggradations extending many kilometres upstream fite reservoir pool (Morris and Fan,
1998).
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Channel aggradation can:
increase flooding of infrastructure, communities an agricultural lands on
floodplains.
increase groundwater levels, create waterlogging drsoil salinization.
reduce navigational clearance beneath bridges andismerge upstream intakes.
further enhance sediment entrapment promoting furtfer aggradation in cases
where delta areas become vegetated.
significantly increase water losses from the reseoir by evapotranspiration
from large areas of phreatophytic vegetation in dé& areas, especially in arid
zones.

In Lake Nassar located on the Nile River, a majobfem is the continuous deposition of
sediments, resulting in a bed-level increase, sedse in lake capacity and the creation of a
delta at the lake entrance that might eventualigéi navigation. Although the expansion
of the delta is multidirectional, its advance todsthe High Aswan Dam is driven by the
frequent occurrence of high floods following exteddirought periods (EI-Manadely et al.,
2002).

3.1.15.3 Mechanical Abrasion

In hydropower facilities, sediment coarser thamtivigreatly accelerates the erosive
abrasion of turbine runners and Pelton wheel nezZldis reduces power generation
efficiency and requires removal of generating ufotgepair. Sediment sizes up to boulders
can often pass through bottom outlets. Abrasiondzanage gate seals, outlet works, aprons
and spillways (Morris and Fan, 1998).

3.1.1.5.4 Intakes and outlets

Sediments can block or clog intakes and low-lewtlets at dams, and clog or otherwise
damage gates not designed for sediment passageg$aee et al., 2001; Boillat and De
Cesare, 1994; Schleiss et al., 1996 in De Cesale @001). During extreme floods,
deposition of many meters of material can occw few hours e.g. sediment and debris 17m
deep were deposited in front of Valdesia Dam inRbeninican Republic during the passage
of Hurricane David in 1979, clogging the power k&a for 6 months (Morris and Fan,

1998).

3.1.1.5.5 Ecology

Consideration of the physical accumulation of setitrin reservoirs alone would indicate
its potential importance in ecosystem structure famdtion (Thornton, 1990). In addition,
changes in sediment loading and sediment accuronlatithin the pool can dramatically
alter reservoir ecology, affecting species compmsiand both recreational and subsistence
fishing. (Thornton, 1990; Morris and Fan, 1998).

Sediment is not only the major water pollutant bgight and volume; it is also a major
carrier and catalyst for pesticides, organic ressglunutrients and pathogenic organisms
(Bachmann, 1980; Ogg et al., 1980; Sharpley etl8B0, in Thornton, 1990). Fine silt and
clay particles, in particular, have a high sorptbepacity for phosphorus, dissolved organic
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acids and other nutrients and contaminants. Congteud sediments which have
accumulated on the floor of the reservoir can beotalized by sediment resuspension or
removal (Morris and Fan, 1998).

In areas where sedimentation continues unabatexh) wfter habitat will be transformed
into wetland and eventually into dry land becauseomtinued sediment deposition (Morris
and Fan, 1998).

3.1.1.5.6 Energy loss:

Loss of storage eliminates the potential to captoigh flows for subsequent energy
generation (Morris and Fan, 1998).

3.1.1.5.7 Navigation:

Both commercial and recreational navigation can dewerely impaired by sediment
accumulation, especially in delta areas and invtbimity of locks. Recreational access can
be impaired as sediment accumulates at marinab@atdamps (Morris and Fan, 1998).

3.1.1.58 Landslides and debris flows:

These can partially or completely fill reservoirg.dandslides totalling 177 Mhollapsed
into Sanmenxia Reservoir in China during the filstmonths of impoundment (Qian, 1982
in Morris and Fan, 1998). These events can alssecaatastrophic daybreak-type floods.
The 265m Vaiont thin arch dam in ltaly was filleg B 240 Mni rock slide in 1963,
displacing water in the reservoir which overtoppieel wall to a depth of 100m and created a
flood which killed 2600 people downstream (Janse®3] in Morris and Fan, 1998).

3.1.1.5.9 Earthquake hazard:

Sediment deposits have a greater mass than watgrs@me research indicates that the
presence of sediment against the dam wall can feignily increase the force of an

earthquake shaking against the structure (CherHamd), 1993). Sediments accumulating
near the dam may be liquified by earthquake shakmghat they flow towards, and bury

bottom outlets, entering and clogging any condihiét are open. At the Tarbela dam on the
Indus River in Pakistan, it was estimated that duld take 6 to 12 months to restore
irrigation and hydropower service after an eventlo$ nature (Lowe and Fox, 1995, in

Morris and Fan, 1998).

3.1.1.5.9 Air pollution:

In seasonally empty irrigation reservoirs, desiedaleposits of fine sediment can be eroded
and transported by wind, creating a nuisance araltthdazard to nearby communities
(Danielevsky, 1993; Tolouie, 1993, in Morris andnFd998), especially where toxic
pollutants such as heavy metals are sediment bound.
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3.1.1.6 Management of sedimentation in reservoirs

Conversion of sedimenting reservoirs into sustdamegsources, which generate long-term
benefits, requires fundamental changes to the hey are designed and operated. It
requires that the prevailing concept of a resef@ilimited by sedimentation be replaced
by a concept of managing both water and sedimesudtain reservoir function (Morris and
Fan, 1998).

The cost and applicability of each managementegyyaivill vary from one site to another
and also as a function of sediment accumulatioawéver, even the largest reservoirs will
eventually be reduced to small reservoirs by sediat®n and sooner or later will require
sediment management (Morris and Fan, 1998).

The actual choice of the most convenient strategydomplex process involving hydrology,
hydrogeology, morphology and dam engineering. fEselts will always be site specific
and no standardization is possible apart from #sedyprinciples on which the solution is
based (Palmieri et al., 2001).

3.1.16.1 Reduction of sediment inflow

Sediment delivery to a reservoir can be reducektiyniques such as soil conservation
measures (erosion control, reforestation or re\adiget), and upstream sediment trapping
(Morris and Fan, 1998; Palmieri et al., 2001).

3.1.1.6.2 Routing of sediments

Some or all of the inflowing sediment may be hydically routed beyond the storage pool
by various techniques (Morris and Fan, 1998; Paireieal., 2001). The sediment may be
passed through or around storage or intake arege muimimizing objectionable deposition
(Morris and Fan, 1998). Generally, routing is @onmentally the most benign sediment
management strategy, while flushing is potentitiilyy most damaging. This is because
sediment routing partially preserves the naturdirsent transport characteristics of the
river, whereas flushing usually changes them draalft. Unlike sediment routing which
attempts to prevent deposition during flood evefhishing uses drawdown and emptying to
scour and release sediment after it has been degosi

Seasonal drawdown

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

This is an operational technique aimed at reducinghe trap efficiency of the
reservoir by releasing most of the sediment load wi the flow through the dam
before the sediment particles settle. This is usliyaaccomplished by operating
the reservoir at a lower level during the flood seson in order to maintain
sufficient sediment transport capacity through thereservoir. After the flood
season the pool level is raised to store relativetyear water. A disadvantage is
that storage capacity is limited to a fraction of he annual runoff and reservoir
operation is limited to part of the year (Palmieriet al., 2001), clearly not an
optimal option in arid or semi-arid areas...

Sediment bypass

When topographic conditions are favourable, a largeapacity channel or tunnel
can be constructed to bypass sediment-laden flow@und an instream storage
reservoir. Nagle Dam in South Africa uses this mabd (Annandale, 1987, in
Morris and Fan, 1998) (See Figure 21).

Flood Weir Storage Area

Mgeni River

Figure 21. Sediment bypass configuration at NaglReservoir in South Africa
(after Annandale, 1987).

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

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

Sadiment Bypass Off-Stream Reservoir Sediment Pass-Through

I b S

Figure 22. Methods of sediment routing, generallthe most environmentally
benign management strategy (after Morris and Fan, 998).

Venting of turbid density currents:

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

3.1.1.6.3 Removal of sediments

Deposited sediments may be removed periodicallyrfidland Fan, 1998; Palmieri et al.,
2001) by various means:

Hydraulic flushing

Flow velocities in a reservoir are increased tthsan extent that deposited sediments
are remobilized and transported through bottometsi{lShen, 1999, a review). Unlike
sediment routing which attempts to prevent depmsitiuring flood events, flushing uses
drawdown and emptying to scour and release sediaftartit has been deposited.
However, many reservoirs cannot be removed fromieefor flushing and in many
cases flushing cannot restore or maintain the maigeservoir volume. Flushing also
releases large amounts of sediment downstreanirgygaitentially serious problems
including interference with water intakes, increhsediment loading on downstream
reservoirs and adverse impacts on fisheries, thigamment and recreational uses. The
Cachi Hydropower Reservoir in Costa Rica, buill66 has been emptied for flushing
14 times. lItis considered to demonstrate thecgffeness of regular flushing for
sediment removal (Morris and Fan, 1998). (Fig28g
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Normal Pool Lesye! 1436.5m

Deposits to be evacuated

3. Flushing Complete

Figure 23. Pressure flushing sequence in resemaimagement (after Ullmann, 1970).

Hydraulic dredging and dry excavation

To retain capacity, dredging must continue for asdng as the reservoir is to
remain in service, creating recurrent costs and log-term disposal problems.
For example, if Lake Powell on the Colorado River ere fully sedimented, it
would cost $83 billion at current rates to fully restore its original capacity,
assuming that a suitable disposal site could be fod 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 removingedosited or incoming
sediments from reservoirs using the energy represeésd by the difference
between water levels upstream and downstream fronhé dam (Hotchkiss and
Huang, 1995). There are two types of hydrosuctioregiment removal, (i)
hydrosuction dredging in which deposited sedimentsidredged and transported
to either a downstream receiving stream or to a hding treatment basin
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(Figure 24a), and (ii) hydrosuction bypassing in Wich incoming sediment is
transported without deposition, past the dam to thelownstream receiving
stream (Figure 24D).

Conventional methods of hydraulic dredging use aharical pump to supply the
energy to remove deposited sediment. Hydrosuchiedging uses the hydraulic
head represented by the different levels. No agtexnergy is required to transport
the sediment through pipelines from the intake ptmrihe point of discharge. Two
variations of the method have been used: bott@chdrge when the pipeline passes
through the low level outlets, and siphon dredgutngn the discharge pipeline is
passed over the top of the wall. Both methods mayle@y a floating barge which
moves the pipeline inlet around the reservoir tweas a larger area.

@) Dredge Pipeline

To Discharge Facility

—r"""f’ﬂ;———

(b)

Sediment
Disc] ; . Diversion

Figure 24. Hydrosuction sediment removal systdd&RS). (a) Hydrosuction dredging; (b)
Hydrosuction bypassing (after Eftekharzadeh, 189Hotchkiss and Huang, 1995).

Hydrosuction bypassing would employ the same ppiedbut would feature a permanent
inlet station upstream from the reservoir depositione to collect the sediment into a
pipeline. Presently, this is a theoretical cons#pte no such system is known to have been
constructed yet.
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3.1.164 Provision of large storage volume

Reservoirs may be considered sustainable if thagtovolume provided exceeds the
volume of the sediment supply in the watershede fEguired sediment storage may be
included within the reservoir pool or in one or maoipstream impoundments (Morris and
Fan, 1998). But this option too appears theorketataer than practical.

3.1.1.6.5 Sediment placement

Sediment deposition may be focused in areas wkeselbsequent removal is facilitated or
where it minimizes interference with reservoir gagm. Intakes and other facilities should
be configured to minimize interference from tram$go or deposited sediments.

3.1.1.6.6 Sediment Management Tools
Modelling approaches

Many modelling studies have been carried out, artbus computer models are
available to assist in the prediction of sedimeaotain reservoirs, its measurement,
its management and its economics (Tarela and M&zed®99; Goodwill et al.,

1995; Chang et al., 1996; Nicklow and Mays, 2008;@®sare et al., 2001; Salas and
Shin, 1999; Ziegler and Nisbet, 1995; Nicklow andyd, 2001; Palmieri et al.,

2001).

Empirical remote sensing

The conventional technique of reservoir sedimepbd#ion quantification using
hydrographic surveys and the inflow-outflow methadsumbersome, costly and
time-consuming. With the availability of high-réstion satellite data, capacity
surveys of reservoirs by remote sensing are gam@oggnition and acceptance. In
conjunction with GIS, the temporal change in waiegad area can be analysed to
evaluate the sediment deposition pattern in avesgiGoel et al., 2002; Jain and
Singh, 2002). There are limitations to this metHoalvever. For example, remote
sensing techniques provide information on resemapacities only within the zone
of water level fluctuation.

3.1.1.7 Turbidity of reservoirs

The most obvious effect of suspensoids in wat&y increase turbidity (Allanson, 1995).
Waters in areas with fine silt and clay tend toénpersistent turbidity that lasts long after
the eroding waters have reached their destinat8edimentation rates are low and ordinary
turbulence in the water is enough to keep thesedarticles suspended for months
(Straskraba and Tundisi, 1999). In South Africabid waters occur naturally. It is when
the suspensoid load increases beyond the natomakhiat significant impairment of the
aguatic ecosystem occurs (Allanson, 1995).
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Suspended clay, an attribute of reservoirs situistegrtain geographic regions has
numerous physical, chemical and biological impactshe limnological processes of these
ecosystems (Lind and Davalos-Lind, 1999). The robstous effect of suspended clay in
reservoirs is reduction of phytoplankton photosgsth due to competition for light. This
may be desirable in reservoirs with high nutrieatding, where eutrophication is a potential
problem.

This suspended material is a significant compooéatjuatic ecosystems as most
interactions between solutes and suspensoids attie surface of the particles. Their
surface areas, which relate to particle size,us tf particular importance (Figure 25).
Organic and inorganic compounds adsorbed ontoutiace of the particles include plant
nutrients, pesticides, heavy metals and organieowi¢s, all of which are of concern to the
water manager. Adsorbed nitrate and ammonium aekhy bonded and are readily
available for algal growth. Phosphate complexes fphosphate pools of varying
availability to phytoplankton (Allanson, 1995).

Size spectrum of particles
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Figure 25. Size spectrum of particles dissolveduspended in natural waters expressed as patrticle
diameter in metrés(after Allanson, 1995, from Bruton, 1984).

Marzolf (1984) in Lind and Davalos-Lind, 1999, dretention to the adsorptive properties
of clays as competitor with phytoplankton for netris and with bacterioplankton for
organic substrate. One of the best-studied adsergssociations with clay is that of
phosphorus because of its importance as a growtiiatng nutrient. Clays can deprive
algae of phosphorus by competing in the water coluend ultimately by carrying it out of
the photic zone in sedimentation. Temperature, iphic strength of the solution and the
presence of adsorbed organics on the clay surtmugh affect the phosphorus adsorption
kinetics. Nevertheless, clays can also provideaetessible reservoir of phosphorus to
phytoplankton.

Suspended clay can adsorb large quantities of l[dess@rganic materials and concentrate
them on the clay surface.
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Based on studies of turbid sub-tropical reserv@lited and Davalos, 1990), it was found
that clays often bind with dissolved organic carbofiorm large amorphous aggregates (up
to 65um). The formation of such aggregates vanieatly and what causes the differences in
unknown. In Waco Reservoir, Texas, clays rematependent, while in nearby Lake
Brazos (a reservoir), aggregates that are colorbydzhcteria are formed.

Bacterioplankton are possibly the most intimatalated to suspended clays of any of the
limnetic communities (Lind and Davalos-Lind, 1999)This is in part because much

dissolved organic matter (DOM), which provides baoplankton nutrition is adsorbed to

the clay. Lind and Davalos (1990) proposed that dhganic component of interest to

microbial ecologists in clay turbid waters shoulkel the particulate and not the dissolved
fraction. This is not to suggest that phytoplankighotosynthesis is not important to

bacterioplankton. These authors found that thedsghates of bacterioplankton production
in Waco Reservoir (Texas) occurred at the transigone of the reservoir where turbidity

was intermediate and algal biomass was greatest.

Clay adsorbed organic matter is an important foodree for microcrustaceans and
copepods (Arruda and Foulk, 1983; Gliwicz, 1986thbio Lind and Davalos-Lind, 1999).

This use of ingested clay-organic matter is seencaspensatory for the loss of
phytoplankton due to light limitation. Althoughetilguantity and quality of organic matter
available by this means varies greatly, dependm@path clay and environmental factors, it
appears that for many reservoirs the ambient alayidity is sufficient to provide food at

least in excess of the starvation level.

As a consequence of the clay facilitation of baatgroduction, Lind et al., 1997, proposed
that greater microheterotrophy can replace patheflost food web base caused by light
limitation of photosynthesis (Figure 26). This fosgb incorporates the role of suspended
clay with the shift from photosynthetic autotroptoy microheterotrophy. Features of this
model include the concentration of DOM on the cldth the formation of COBA (clay-
organic-bacteria-aggregates) that increases balctese efficiency and the use of the COBA
by macrozooplankton thus by-passing the microzadéan link of nanoflagellates and
ciliates. It also suggests the possibility of diresh consumption of the COBA with even
greater trophic level efficiency. Lind et al., 899 Lind and Davalos-Lind, 1999, used this
model to explain the relatively large fishery orkkaChapala (Mexico), which was in excess
of that predicted by any of the usual photosynthesialgal biomass based fishery models.
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Figure 26. A portrayal of some clay—mediated preessin lakes and reservoirs with particular
reference to production and trophic relations. t€ALind and Davalos-Lind, 1999). Heterotrophic
nanoflagellates are designated as HNAN.

3.1.1.8 Sustainable use of reservoirs with respeict sediments

Concepts of long-term sustainability and sedimeahagement have rarely been
incorporated into reservoir projects. The desigategy for China’s Three Gorges Project
represents a significant departure in this resp8atstained use was established as an
engineering criterion, and the project incorpordtedstructural and operational features
required to achieve a long-term sediment balante na loss in project benefits from the
early planning stage. (Alternatively it could batet that project benefits were limited to
those that could be sustained, as opposed to fagosi high initial benefits alone). A
balance between sediment inflow and outflow is etgubto be achieved after about 100
years of operation (Morris and Fan, 1998; Palnegesl., 2001).

The sustainability criteria suggested for new nesies is to design for a minimum of 1000
years of operation. This may be accomplished bgnigang sediment inflow and outflow,
by providing 1000 years of sediment storage capagitsome combination thereof.

Many benefits from existing reservoirs may not bstainable as sedimentation progresses.
For existing reservoirs, sustainable sediment mamagt should seek to balance sediment
inflow and outflow across the impounded reach whikximizing long-term benefits.
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This may involve strategies to minimize sedimefibim, enhance sediment release, or a
combination of both.

However, sustainable sediment management encongp@iesentire fluvial sediment system.
It is not achieved without cost. At a minimumrntolves better information and improved
management. It may also involve large operatiandl capital costs for watershed
management, construction, and temporary removileoflam from service or the release of
increased volumes of water downstream. Neverthelassnued operation with reduced net
benefits is preferred to project abandonment (Mand Fan, 1998).

3.1.2 Nutrient Pollution - Eutrophication

3.1.2.1 Introduction

Eutrophication - the enrichment of water bodiewpitant nutrients, typically nitrogen and
phosphorus, and the subsequent effects on wattycqarad biological structure and

function — is a process rather than a state (RekTaornton, 1996). It represents the ageing
process of lakes whereby external sources of migrignd organic matter of terrestrial origin
accumulate in a lake basin, gradually decreasiaeglépth and ultimately filling it

completely. Under natural conditions (without hummaterference) this process takes place
over geological time. However, “cultural eutropdtion” can accelerate the enrichment
process to a few decades, especially in the cassefvoirs, which usually have
disproportionally large catchment areas.

Plant nutrients which enter the water body as sslot bound to organic and inorganic
particles result in enhanced growth and increabeddance of aquatic plants, both algae
and macrophytes, often resulting in reduction ofewguality (UNEP, 1999; Baker et al.,
2001).

Eutrophication of inland waters ranks as one ofntlest widespread environmental
problems and has many significant and negativeogaml, health and economic problems.

In both developed and developing countries everyavhrethe world, with a few local
exceptions, it is recognized to be an acute prolfleNEP, 1999).

3.1.2.2 Factors that contribute to eutrophication

3.1.221 The reservoir ecosystem

Many different limnological aspects are importamtite understanding of eutrophication and
thus its management. These were discussed in ore&action 2 and will therefore be only
briefly revisited in this section.

Physical factors

Solar radiation and its dissipation as heat afermdamental importance in the
reservoir ecosystem and have a great influencbeddvelopment of eutrophication
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if other conditions are favourable. Light is ess@rior photosynthesis, while
temperature differences drive the vertical stredtiion process.

In reservoirs, transport processes, either rekatéedat and momentum exchanges at
the water surface, or to flow, play a significamlerin eutrophication. Nutrient
transport, distribution and circulation are infleed by water movements, while
hydraulic residence time influences the time awégdor plant growth.

Chemical factors

Chemical conditions in reservoirs are influencedlmgeochemical and hydrological
processes in the watershed, as well as by ecolajdachemical processes within
the water and sediments of the waterbody. Eutr@pioic, by definition is the result
of the increase in the amount of available phosphand nitrogen and other
nutrients in the water, but dissolved oxygen, organd inorganic carbon are also
essential elements in the many and complex inferactvhich occur. The role of
sediments in the chemistry of reservoirs is vitatportant and the exchange of
nutrients between the sediments and the water coplays a very significant part in
the eutrophication process.

Biotic factors

Biotic communities in reservoirs can be dividedittiose in the pelagic zone, those
in the profundal zone and those in the littoraleo&ontributions to, and the effects
of eutrophication vary from zone to zone, and andiffgrent biota. Pelagic
organisms include fish, zooplankton, phytoplank&od free-living and attached
bacteria. Organisms in the profundal zone includede variety of invertebrates
and microbes, the abundance and species compositwinich is strongly

influenced by the presence or absence of dissalxgden. Emergent, floating and
submerged macrophytes occur in the littoral zonesérvoirs when conditions are
favourable. They provide a habitat for attachegealand bacteria (periphyton) and
for free swimming fish and invertebrates.

Food webs
Interactions among trophic levels can modulatesffects of eutrophication. Factors

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

3.1.2.2.2 External loading

The role of thevatershedin the eutrophication of reservoirs is the subg@anuch research,
and is of great significance with respect to itsyagement and control. However, in spite of
its considerable importance, it is not within tisege of this report.
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3.1.2.2.3 Internal loading

Internal recycling of nitrogen and phosphorus freediments of reservoirs can sustain
eutrophic conditions for long periods after extétoading is reduced (Horn, 2003).

Ammonium is produced by the decomposition of organatter in reservoir sediments. A
portion of the ammonium may be nitrified to nitratéhich may be partially nitrified to
nitrous oxide and gaseous nitrogen depending onxluation-reduction status of the
sediments. High concentrations of dissolved oigaitrogen in the surface sediments
typically diffuse into the overlying water.

3.1.2.2.4 Limiting factors

Light and nutrients, respectively functioning aterand yield-limiting factors, determine
the growth of algae and aquatic macrophytes inrvegs. These resources are therefore
considered to be limiting factors when they arésimort supply.” Although one factor
seldom consistently limits plant growth under tlagying and interactive conditions of the
aguatic ecosystem, dominant control at a partidutee and in a particular place can often
be attributed to a single factor (UNEP, 1999; Slarmet al., 1998; Hernandez-Aviles et al.,
2001).

Light availability plays a key role in the growthsubmerged macrophytes which are
usually rooted and can therefore access the setSrf@mutrients. Turbidity caused by
suspended sediments or algal blooms, or shadiffigétyng plants would thus be
instrumental in limiting light. Floating plantsnahe other hand, are easily able to receive
light, but depend on nutrients in the water.

Phytoplankton abundance and species compositiamgelsawith different ratios of nutrients
in the water and underwater light conditions. Sayenobacteria can regulate their
buoyancy and often become dominant under turbidlitions. Different ratios of, for
example, nitrogen to phosphorus (Ahn et al., 2@d2)hosphorus 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 res@wis increased algal growth. Some
species of green algae (Chlorophyta), cyanobac@dadinoflagellates can cause off-
flavours and odours in water (Baker et al., 200&n@/et al., 2002; van Ginkel et al., 2001;
Izaguirre et al., 1999; Yamada et al., 1998; Fulatjal., 1998) and fish, and/or clog filters
in water treatment and industrial facilities (UNBR99; van Ginkel et al., 2001). Some
diatom species e.@sterionella formosare known to interfere with the treatment of
drinking water supplies (Bertrand et al., 2003).

Cyanobacteria are an especially problematic graupey can form unsightly surface scums
due to the fact that the buoyant cells of someispdipat to the surface (UNEP, 1999;
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Olsen et al., 2000; Wang et al., 2002), generétuygerscums” in hypertrophic reservoirs
such as Hartbeespoort (Robarts and Zohary, 198#rgand Robarts, 1989). This
buoyancy also causes water quality problems adsdordth the local accumulation of algae
downwind (Piyasiri, 2001), causing attenuationigiit and oxygen depletion (Olsen et al.,
2000). Fish mortalities may occur on die-off of sbapecies of cyanobacteria. (UNEP,
1999).

Dinoflagellates often form blooms (van Ginkel et @001) and develop red tides that can
include toxic strains (Yamada et al., 1998; Fuletjal., 1998).

A by-product of dense algal blooms is high conagins of dissolved organic carbon.
When water with high DOC is chlorinated, potentiaarcinogenic and mutagenic
trihalomethanes are formed.

3.1.2.3.2 Algal toxins

Freshwater toxins are produced almost exclusivglgyanobacteria (UNEP, 1999). The
most common genera of potentially toxic cyanobaaterwater storage reservoirs are
Microcystis, AnabaenandCylindrospermopsi¢Vieira et al., 2003). Toxic cyanobacterial
blooms in reservoirs pose a potential health wskumans, livestock and other biota
(Chellappa and Costa, 2003; Caleffi et al., 19@4ether the water is used for irrigation,
recreation or potable purposes (Wang et al., 2002)988, 88 deaths in 42 days in Brazil
were attributed to cyanobacterial toxins in thexking water from the Itaparica Dam, while,
in China, high incidence of primary liver cancersnatributed to cyanobacterial toxin
contaminated drinking water (Wang et al., 2002).

Various genera and species produce different tmxiepounds generally classified as
neurotoxins, hepatotoxins, cytotoxins and endo®mxiNeurotoxins are highly toxic but their
degradation in the water is rapid. Hepatotoxinoeah from reservoirs containing toxic
cyanobacteria is difficult because some forms takle and resistant to chemical hydrolysis
or oxidation and can easily pass through traditiorser treatment processes (Wang et al.,
2002). They may persist for months or even yeard,remain potent even after boiling
(McGregor and Fabbro, 2000).

The majority of the approximately 50 known micratys have been isolated from species
and strains oMicrocystis. They are extremely toxic and can cause deatibioratory mice

in 1-3 hours. Microcystins are hepatotoxins tteat accumulate in vertebrates and
invertebrates, including fish, mussels and zoogltamk Because of their potential for
bioaccumulation and their slow rate of degradatiityocystins have considerable potential
for toxicity in aquatic food chains.

The alkaloid cylindrospermopsin is considered ®agin because it attacks cells
throughout the body. Gastroenteritis, renal maifiom and hepatitis have been observed in
animals and humans poisoned by water containingdrgspermopsin producing
cyanobacteria (McGregor and Fabbro, 2000).

Several environmental factors i.e. light, tempegtautrient concentration or pH can
influence the degree of toxin production but theege structure of the bloom seems to be
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the major factor determining its toxicity. Typilsaabout half all blooms tested are toxic and
the occurrence of toxic blooms is becoming morguesnt. (Hummert et al. (200B)eiloch
Reservoir, GermanyQudra et al. (2002).alla Takerkoust Reservoir, Morocc¥/ieira et

al. (2003)Utinga Reservoir, Brazilwhere microcystins were recorded fr&adiocystis
fernandoifor the first time; Blaha and Marsakek (20@3)ech Republiozan Ginkel et al.
(2000)South AfricaMcGregor and Fabbro (2000): Baker et al., (200d3tralia Pizzolon

et al. (1999)Argentina;Wang et al. (2002Bang Phra Reservoir, Thailan®anosso et al.
(2003)Funil Reservoir, Braz)l

Toxin content is highest within actively growingaryobacterial cells and release to the water
appears to occur during cell senescence. Sine¢s®dgms commonly accumulate against
dam walls in proximity to water off-take sites,ghgroblem assumes especially great
significance in reservoirs.

3.1.2.3.3 Growth of macrophytes

Dense mats of floating aquatic plants &€ghhornia crassipegMagadza, 2003, Lake
Chivero, Zimbabwe; Fernandes and Crisman, 1994e Ratanoa, Brazilalvinia molesta
(Moreau, 1997; Mhlanga, 2001, Lake Kariba) andi®&tatiotes(Sommaruga et al., 1993,
Cisne Reservoir, Uruguay) develop and often comeyd areas, especially in wind sheltered
areas within reservoirs. These mats prevent figim reaching submerged macrophytes and
phytoplankton.

They produce large quantities of organic detritust ttan lead to anoxia and emission of
gases such as methane and hydrogen sulphide. dteziah derived from these plants is
usually of low nutritional value and not usually anportant component of the diet of
zooplankton or fish.

Accumulations of aquatic macrophytes may restrocteas for fishing or recreational areas
and can block irrigation or navigation channelsvali as hydroelectric power plant intakes.

3.1.2.3.4 Anoxia

A by-product of increase in abundance of algae acrophytes is generation of more
organic matter. As this decomposes in the watkemao or in the sediments, the
concentration of dissolved oxygen decreases dbadterial activity. This can lead to
deoxygenation of the sediments and deeper wakeestening the survival of fish and
invertebrates, especially benthic organisms.

Under anoxic conditions, ammonia, iron, manganesehgdrogen sulphide concentrations
can rise to levels deleterious to the biota anuyttroelectric power facilities. Phosphate
and ammonium are released into the water from argediments, further enriching the
reservoir.
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3.1.2.3.5 Species changes

Shifts in the abundance and species compositiagadtic organisms are frequently a
consequence of eutrophication. Algal blooms aatfttg macrophytes reduce light
penetration, reducing or eliminating submerged wttytes. Changes in food quality
associated with shifts in algal or macrophyte cositjpmn, and decreases in oxygen
concentration often alter the species compositidisb.

3.1.2.3.5 Hypereutrophy

Hypereutrophic lakes and reservoirs representitireate stage of the eutrophication
process. Unlike other eutrophic systems whereatazhs in nutrient loading may reverse
the process, these measures are seldom feasiypeneutrophic conditions. They usually
have uncontrollable nutrient inputs, from diffuselanon-point sources.

3.1.2.3.6 Enhanced internal recycling of nutriets

Internal recycling of nutrients into a reservowrfr the sediments can be significant and can
exceed external loading. Once a system has reacbettophic or hypereutrophic state its
dependence on external sources of nutrients imdshred.

3.1.2.3.7 Elevated nitrate concentrations

High concentrations of nitrate resulting from nigraich runoff or nitrification of ammonium
within the waterbody can cause public health pnoisle Methylhaemoglobinaemia in infants
results from nitrate levels above 10mg/l in drirkimater. By interfering with the oxygen
carrying capacity of the blood, high nitrate leveds lead to life-threatening oxygen
deficiency.

3.1.2.3.8 Increased fish yields

Yields of fish tend to increase as primary produstiincreases - up to a cut-off level, when
oxygen depletion or elevated pH and ammonia lewgb®se limits to, or even decrease fish
yields. Assuming that the fish whose yields arprowed are edible and marketable, the
increase in primary productivity associated witlrignt enrichment can have a positive
result. Partly as a consequence of this respalist@)ct cultural differences may be evoked
by eutrophication. Developing nations show grettkarance to the consequences of
eutrophication than industrialized societies. Heeveit is relevant to stress that the human
health impacts of eutrophication are commonly gnettr developing than developed
societies, for a variety of reasons.

3.1.2.4 Assessment of Eutrophication
3.1.2.4.1 Limiting nutrients

The following factors determine the relative rofgophosphorus or nitrogen in limiting the
productivity of phytoplankton in reservoirs.
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the ratio of nitrogen to phosphorus in hydrologic @d meteorologic inputs, and
in the vertical fluxes of dissolved nutrients withn the reservoir.

« preferential losses from the euphotic zone by meee such as denitrification,
sorption of phosphorus to particles and differdra@ttling of particles with different
nitrogen to phosphorus ratios.

» the relative magnitude of the external supply ternmal recycling and redistribution.

» the contribution from nitrogen fixation.

Unfortunately, coordinated measurements of thesegsses have been undertaken in very
few lakes and reservoirs. Instead, inferences Beweral indicators of nutrient limitation
must be made.

3.1.2.4.2 Evaluatory modelling approaches

Many empirical models have been developed to prélakcconcentration of total
phosphorus in lakes and reservoirs as a functi@mob@ial phosphorus loading. Extensions
of such models offer predictions of chlorophyll centrations in phytoplankton, of Secchi
disc visibility or of dissolved oxygen levels. Hewer, these models often have very high
uncertainty levels and usually require modificationdifferent regions.

Dynamic simulation models incorporate mathematieaicriptions of physical, chemical and
biological processes in lakes and reservoirs (Oésext., 2000Eglwys Reservoir, Walgs
Easthope and Howard, 1999, Howard and Easthop@, E&@moor Reservoir, UKBonnet
and Poulin, 2002, 2004 ake Villerest, France, Burrinjuck Reservoir, Awadia; Lavrik et

al., 2002 Dnieper Reservoirs, Russi#/u et al., 2004Shihmen Reservoir, TaiwaB8oyupak
et al., 1997Keban Dam, Turkey)If properly designed and calibrated these mocihs

assist with management decisions that requiredhsideration of alternative scenarios.
They often offer sufficient spatial and temporaaieition to model algal blooms and other
responses to eutrophication. However, the datainegents and process-level
understanding demanded by dynamic models can bedable.

3.1.2.5 Management of Eutrophication

The primary step in the reduction of eutrophicationeservoirs is to limit, divert or treat
inputs of nutrients and associated particles revgntative intervention. In many north
temperate lakes and reservoirs, such control @reat phosphorus supplies has improved
water quality. However, in other regions, nitrogehich is much more difficult to control,
Is sometimes the primary nutrient.

Because reservoirs can trap and recycle nutrieret®eganic matter, reduction in loading
from the watershed may not rapidly reverse the otgpaf eutrophication. Hence, it may be
necessary to modify internal physical, chemicdbiotogical processes, as described below
under ‘in-lake-management’.

* Management and Restoration
Theoretically, a reservoir will respond to “managati in accordance with the
impact of the forcing functions or external varedl Management therefore has no
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meaning unless the forcing functions are chang&tER) 1999). From a
management point of view, however, it may take mchlong before the response
of the reservoir can be observed after forcing fioms are changed, especially if
there is a long retention time In such situatisastoration methods may
significantly speed up the response to the chafedhg functions.

In-lake (ecotechnological) management

Many techniques are available for the improvemémtaier quality within the body of a
reservoir. Information in this section is takennfr&traskraba and Tundisi (1999) unless
otherwise indicated.

3.1.25.1 Mixing and oxygenation

The aim of artificial mixing is oxidation of eitherdeoxygenated hypolimnion or the entire
waterbody and/or inhibition of phytoplankton growthigure 27 shows the basic types of
mixing.
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Figure 27. Four basic types of mixing (after Skraba and Tundisi, 1999).

+ Destratification — artificial circulation

Destratification is accomplished by injection ohgaressed air from a diffuser into
the water at the reservoir bottom. (See Figure 28)

The aims of such atrtificial circulation are firstly reduce algal biomass by means of
light limitation of cells, which is achieved duetteeir spending less time in the
illuminated zone and, secondly, to maintain oxyged&onditions at the sediment-
water interface in order to prevent internal logdafi nutrients from the sediment.
Thirdly, shifts from nuisance cyanobacteria to dapans of green algae or diatoms
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may be achieved through increased,Cénd thus lowered pH, loss of effectiveness
of buoyancy controlling mechanisms, particularlythe case of subsurface
populations such &scillatoria, and reduced sinking of heavier species such as
diatoms (Barbiero et al., 1996Db).
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Figure 28. Destratification with a compressor diffliser (after StrasSkraba and Tundisi, 1999).

This method is not inevitable successful howevssufficient mixing can have extremely
negative effects and water quality may become diegraather then improved (Schladow,
1993). Compressed air caused supersaturatiorssdlgded nitrogen, causing downstream
fish kills (Fast and Hulquist, 1982, both in Stnadla and Tundisi (1999).

Case studies

1

From results obtained in East Sidney Lake, alsmu@lophic reservoir in
USA, Barbiero et al. (1996a) concluded that, in ahthemselves, changes in
the physical structure of the water column showldle expected to alter
phytoplankton community makeup unless they effeanges in the
underlying physical or chemical factors that deiessuccessional
sequences. Of the factors examined in this stihége included TN: TP,
temperature and flushing rate, none of which waficgently altered by
artificial circulation to affect phytoplankton conumity size or structure.

The effects of artificial circulation in a smaibpical reservoir, Solomon
Dam, on Palm Island, off the coast of Queenslandtralia, were reported
by Hawkins and Griffiths (1993). In this study, theneral tendency was for
total chlorophyll to be higher during periods diiferial stratification than
during unmanaged periods. This was probably reéltextensive drawdown
during the latter part of the destratification périvhich reduced the ratig,Z
Zeyfrom 2.0 to 1.2. The method was nevertheless &2 changing the
structure of the phytoplankton community, switchdgmninance from bloom-
forming cyanobacteria to diatoms.

A long term data set from North Pine Dam in Baisb, Australia (Antenucci
et al., 2005), proved invaluable in assessing bwtHong-term impact of
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destratification on water quality, and the factaffecting the dominant
cyanobacterial specieSylindrospermopsis raciborskifAlthough
destratification was successful in reducing chlbsdipa in some areas of the
reservoir, the method was not successful in avgithie dominance by
CylindrospermopsisThis indicates that the adaptive features of
phytoplankton must be considered when implemeragmglioration strategies
in reservoirs, and that attempts to reduce intdoaling should also be
matched with concurrent efforts to reduce extenudtient loading.

4 The use of an intermittent destratification giggt(Simmons, 1998) was used
to prevent stratification from becoming establisiretlanningfield Reservoir
(UK). It was anticipated that the constant deselaadf any one type of
environment would promote competition among thaaldeading to lower
overall biomass. The results showed a 66% reduationean annual
phytoplankton biomass after three years, but noghan type or succession
of phytoplankton. However, the author cautions gwen though the results
are encouraging, the observed outcomes cannotimdusovely attributed to
the intervention used.

5 Problems of manganese release from the bottormeats in Teddington
Weir, (Queensland, Australia) prompted the installaof an automatic
stratification device, controlled by temperaturass®s (Burns, 1998). By
controlling mixing automatically, to take place pmhen stratified
conditions are detected, stratification can be kepgler control at minimum
cost, and the resulting intermittent mixing hasrbfeind to have advantages
over continuous mixing for algal control (Steinbargd Gruhl, 1991; Burns,
1994, both in Burns, 1998).

Burns’ design of air-diffusion mixing is based ¢ tassumption that
localized mixing creates the unstable conditiohafing a column of
uniform density water surrounded by non-uniformewvaitratified into
various densities. By providing sufficient enetgymaintain the uniform
density column of water, convection eddies are ggad which destratify the
whole water body. (Figure 29). The successful apfibn of these design
methods on many projects (Burns, 1996 in Burns81B@ldorph, 1998) and
the speed at which destratification happens eveeriiylarge water bodies
with no visible disturbance other than at the aer@@urns, 1995a in Burns,
1998) gives support to the theory (Burns, 1998).
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'DESTRATIFIED RESERVOIA

Figure 29. Thermal stratification and its con{jafter Burns 1998).

Some of the complex consequences of destratificaio shown in Figure 30. This
complexity is the reason that knowledge of limnatagjprocesses is necessary, although it
may appear to be a mechanically simple method.

The cost of the procedure is relatively low, bdingted to the price of the compressor and
corresponding energy demands, and the installabsts. In an isolated area in Australia,
solar panels were used to drive the compressaadsif disturbing the environment by the
construction of a power line. Paradoxically, tidyaattempt at artificial mixing known for a
South African reservoir (Inanda Dam) was appargptilysically unsuccessful.
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Figure 30. Consequences of circulation for watelity according to Pastorok et al. (1981) in
StraSkraba and Tundisi (1999).

Hypolimnetic aeration

Several types of commercial aerators are availfaliecan aerate the hypolimnion
without destroying the thermocline. (Figure 31hisTis appropriate as a corrective
technique in cases of hypolimnetic oxygen defiditg, is not applicable for shallow
lakes or narrow, near-bottom anoxic layers.

Theoretically, the advantages of this method aae (ihaeration is accomplished
without transferring elements (e.g. nutrients) friti@ hypolimnion to the epilimnion,
and thus algal growth is not enhanced, (ii) watelity is improved by the decrease
of iron, manganese and taste and odour problemisnking water supplies, (iii)
improved oxygen conditions in the hypolimnion pedrmiltivation of sensitive fish,
and (iv) damage by corrosion to turbines and osh@ictures is reduced thus
improving downstream water quality and the cosepiir (Straskraba and Tundisi,
1999).
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Figure 31. Schematic representation of a hypoltrorzerator (after Burris and Little, 1998).

The investment cost is higher than destratificabienause of specialized equipment
requirements. The operating costs depend on #as af the hypolimnion, rate of
oxygen consumption of the reservoir and the degfélgermal stratification. These
costs can be estimated by a method devised by Geiake(1993).

A hypolimnetic aerator operation was tested in LBkace, a water supply reservoir
in Norfolk, USA by Burris and Little (1998). Imprewments in hypolimnetic water
guality had been recorded since the installatiothefaerator, including lowered
concentrations of iron, manganese, sulphide andgitwus. However, steady
oxygen loss from the hypolimnion, found duringaded periods, lead to increased
releases of iron and manganese from lake sediméti€orresponding deterioration
in water quality. A model that had been develofmec Speece Cone (McGinnis and
Little, 1998) was modified to conform to the comaliis of the hypolimnetic aerator.
By varying a single parameter (the initial bublilee}the model was able to show
that a doubling in oxygen transfer could be achde¥aitial bubble size was
reduced from 5mm to 2.5mm.

* Epilimnetic mixing

This method is recommended because, as opposdaetonoixing methods that
consist of corrective actions, epilimnetic mixireeks to prevent or reduce the
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formation of phytoplankton biomass. Surface wateesmixed to an optimum depth
ZmixOpt (the depth corresponding tQ)z In shallower impoundments (where the
depth corresponds tg,zopt) the formation of a hypolimnion with resulting
deoxygenation is prevented.

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

* Layer aeration

This approach is based on detailed knowledge oétitagification conditions of a
given reservoir and the consequences of thesenrstef water quality. Heat and
oxygen in a stratified reservoir are redistributed discrete layers. Manipulation of
the thermal structure can create desirable phyaidichemical (in particular
oxygen) conditions.

Detailed limnological knowledge is required for sessful implementation of this
method.

e Speece cone

The Speece Cone (Speece et al., 1982; Speece,i$3Highly technical device
designed to oxygenate water with little mixing. eTdhevice works by releasing water
supersaturated with oxygen into the hypolimniomisans of diffusers (Figure 32).

Gas Vent
Submersible
b T\ Oxygen In
Water In
‘ Diffuser
3 7

o
S T T A S A S

Figure 32. Diagram of a Speece Cone (after McGiand Little, 1998)

A model that predicts bubble dynamics and oxygandier within a Speece Cone
has been developed by McGinnis and Little (1998gnnedy et al. (1995) report that
the investment costs for a large reservoir areaprately 5 million $US.
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* Propeller mixing and oxygenation

This method differs from all those already discdsseterms of how the mixing is
achieved. The previously described methods aredb@senixing by raising air
bubbles from below. This method involves mixingnr above by the use of a
propeller that is attached to the bottom of a pontand can be used in many
different applications (Figure 33).

>
[
),
+—>
5

Figure 33. Schematic diagram of one type of serfaixer (after Lewis et al., 2003).

A laboratory study by Stephens and Imberger (1883mined the efficiency of
energy conversion from mechanical energy to buoffaxtas a function of impeller
diameter, the speed of rotation and the degreeygadof stratification. The authors
concluded that it remains to be seen whether mécdianixers are a viable
alternative stratification technique to the abowthmds. Baines and Leitch (1992)
examined experimentally, the mechanics of liquach&port by bubbles in a stratified
environment. A stream of bubbles carries witmitugward liquid flow. In an
unstratified environment, the liquid rises in apaxding turbulent jet until it is
expelled at the surface. However, when the enment is stratified, both the
upflow in the liquid plume and the return motiom affected by buoyancy. All the
fluid in the liquid plume has been entrained frawér in the stratification, so will
always be denser than its surroundings. Any affibid that is detrained will flow
downward to the elevation of static equilibriumlth®ugh this experiment was
performed in a small tank, these results can bé tesevaluate the use of a bubble
plume to mix a stratified reservoir.
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3.1.25.2 Sediment removal

* Dredging the sediments

This method involves removing the phosphorus-rigpar layers of the sediment
using various types of dredging equipment (See3Bjg

The main advantage of this method is that the t®sué long-lasting, as long as the
external loading of nutrients from the watershechinimized (UNEP, 1999).

A disadvantage is that extensive areas are needsdre dredged slurry while it is
drying and before it can be used as a fertilizaty(avhen it has a low heavy metal
content) or otherwise disposed of (UNEP, 1999m&ny countries the management
of dredged material is an issue of growing cond@&tause the volumes are so large
and the contamination may be very high. Ecologicil or hazard assessment
approaches are frequently used as decision sujgudst(Babut et al., 2003).

Figure 34. Schematic representation of sedimenoval. 1- The bottom mud suction dredger, 2-
Settling pond for sediment drying, 3-Runoff watthe aluminium sulphate automatic dosing
instrument 4a and its aeration basin 4b. The pweylwater is returned from the sedimentation basin
4c to the lake through tube 5, while the driedtedaediment is used as fertilizer in agriculture 6
(Redrawn from Eiseltova (1994) in 818).

3.1.25.3 Sediment aeration and oxidation - sedimeimjection
The goal of this method is to decrease phosphetaase from the sediments. This

may be achieved by the application of ferric clderto sediments that are low in iron
to decrease phosphorus release. Lime may be addeeate a pH level that is
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optimal for denitrification, or calcium nitrate iigjected into the top 30cm of
sediments to oxidize and break down organic madted,denitrify the elements.

This procedure must be specifically adapted fohegplication in accordance with
existing chemical conditions in the sediments. Ewav, this method requires special
equipment that can be used on flat and shallovobtttonly.

3.1.254 Sediment capping - covering sediments wiihert matter

An alternative to sediment aeration or oxidatiosimply to cap the sediments with
foil, raw ash, crushed bricks, sand, clay or othert material. This method is
relatively inexpensive and effective.

3.1.255 Phosphorus inactivation

Alum precipitation

Spreading alum (AlSg)over the lake surface is a procedure used to ptatep
phosphorus from the lake and seal the bottom aigaimsphorus release. Alum
forms gelatinous flocs that sorb dissolved phosphand accumulate on the bottom
where they sorb phosphorus that leaches out afatienents.

The hypolimnion, only, of Eau Galle Reservoir, Wissin, USA (James et al., 1991)
was treated with alum as it was assumed that ardyia sediments contributed to
the internal loading of phosphorus. Theoreticadhyg dose applied was sufficient to
control sediment phosphorus release for 5 yeamveier, the effectiveness of the
treatment was greatly diminished afterl year. Sdymrssible factors may have
contributed to this, including burial and inactieat of alum by sedimentation,
phosphorus release from the untreated littoral zané phosphorus inputs from
ungauged hydraulic sources (groundwater inputs).

Advantages of this method are that no special egen is needed and the effect is
long lasting (up to 14 years). Negative environtakimpacts can occur in
connection with toxicity of aluminium at pH lesath6. However, Al
concentrations below 50 ugre not considered harmful to organisms. In aoidjti
this method is not feasible in waterbodies overgrawith macrophytes or where
there is intensive resuspension, a serious constramany reservoirs where marked
drawdown occurs.

Phosphate can also be precipitated by the adfiéerric sulphate, ferric chloride
or calcium hydroxide. These chemicals are addiereio the pumped input, the
water column or the sediment (Perkins and Underw20d2).
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3.1.2.5.6 Biomanipulation

The principle of biomanipulation as a means of@phircation management is the
manipulation of the food chain. Control is thematy achieved by maintaining low
feeding pressure on zooplankton by fish, so thgelapecies of zooplankton predominate
that are capable of keeping phytoplankton biomasieiucontrol (Moss, 1998; StraSkraba
and Tundisi, 1999). (Figure 35)
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Figure 35. A schematic representation of biomdatmn. The left panel shows the consequence of
low predatory fish biomass on the composition afft@ankton and phytoplankton, and consequently
low transparency, high pH and low hypolimnetic caiggoncentration. The right panel shows the
consequences of increasing the predator biomassit#ureasing the biomass of zooplanktivores and
allowing an increase in zooplankton which decre#isephytoplankton biomass resulting in high
transparency, lower pH and sufficient oxygen intiipolimnion (from Benndorf et al., 1984, in
StraSkraba and Tundisi, 1999).
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3.1.256.1 Manipulation of fish populations

Development of fish populations to maintain a desg zooplankton/phytoplankton ratio
can be achieved in various ways (Straskraba andigiyui999).

. The eradication of overcrowded, stunted fish papara, which due to their
high numbers and greater food requirements grow slewly, can be managed
by means of Rotenone poisoning followed by predstimecking.

. The continuous introduction of predatory fish amd Imarvesting of non-
predatory fish has been utilized in many casesq@ad Kubecka, 1997).
Collaboration with local sport fishery organizatsoeind commercial fisheries is
useful, if not necessary.

. Reservoir drawdown during reproductive periodsradesirable fish species, by
exposing the eggs on shore vegetation or grawlagher method of
controlling populations (Seda and Kubecka, 1997).

Recent reviews of biomanipulation (Straskraba amadisi, 1999; Gulati et al., 1990;
DeBernardi and Giussani (Eds), 1995; Shapiro, 1B@Helo et al., 1992) have shown that
this method is only partially successful and ontger certain conditions. A thorough
evaluation of biomanipulation experiments publispedr to 1992 (22 whole lake
experiments and 10 enclosure experiments) is suin@dbin the box below (after Straskraba
and Tundisi, 1999). With one exception, these vadirperformed 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 eutrophic 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 control of fish populations is easier under 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 strong population of piscivorous, predatory fish population
is difficult and time consuming, unless achieved by commercial net fisheries. The use of rotenone
poisoning is often required to start the conversion.

6) The extent of planktivorous fish that must be removed depends cons1derab1y upon the
species 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 Kubecka997; Komarkova
et al., 1995)

Biomanipulative management of planktivorous fistaived 3 strategies, (i)
control of spawning success of cyprinids by wageel manipulation, (ii) capture
and removal of undesirable fish, and (iii) enhaneetof predatory fish
populations.

The only parameter influenced by the changes indisck was the zooplankton
body size structure. The biomass and densityrgékaodiedDaphniawere
negligible during periods of high fish stock andreased up to 10% of total
zooplankton when fish stocks were reduced. Noifsegmt differences in total
phytoplankton biomass were found. These authomstena that the assumption
of managed control of fish stock in lakes and nesies becomes more and more
fragile with the increase in size of the water ho®@®anktivorous fish cannot
practically be removed by poisoning or by drainiagy substantial lowering of
the impact of planktivory requiring a massive siagkprogramme of adult fish
predators. The cost-effectiveness of such stodkidten questionable,
especially because of the uncertainty of its stgbil

The authors posed the question whether a thresébwdtiof fish predation or
zooplankton status exists above which the top-deffects on the lowering of
phytoplankton biomass become evident. Based arsthdy, the
biomanipulation experiment on Hubenov ReservothamCzech Republic
(Hrbacek et al., 1978; 1986, in Seda and Kubec&@7)l, and the work of Seda
and Duncan (1994) in the London reservoirs, thexckualed that this critical
limit relies on a total zooplankton community bisaaomprising between 20
and 30% of large daphnids in total biomass.

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

This reservoir was emptied in September, 1992 adirftsh were harvested.

After refilling the following year, it was stockedth fry of eel, pike and wels,
and a year later with adult pike in spring, pikgifr summer and pike and perch-
pike fry in autumn. However, high water transpasewas only retained in the
first year when large-bodiddaphniawere present. A changed composition of
cladocerans then resulted in uncontrolled growtthefcolonial cyanobacterium
Aphanizomenon flos-aqua&imilar situations were reported by Benndorf
(1990), Gliwicz (1990), Sondergaard et al. (1999 7) and Kasprzak et al.
(1993). It was concluded that insufficient predgtiish had been introduced in
this experiment, with a resultant inadequate cowtrplanktivorous fry and
cascading effects. According to Sondergaard €1887) and Prejs et al. (1994)
stocking of 1000 piscivorous fry Hiés needed to achieve a strong effect on lower
trophic levels, while introduction in the Maltangkeservoir was only 236 Han
the first year, and 156 Hand 413 hdsubsequently.
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3.1.2.5.6.2 Food web manipulation in tropical andubtropical waterbodies

Theory concerning lake and reservoir food webs,ianpérticular regarding the key
role of fish, has been based largely on researténperate lakes of Europe and
North America (Drenner et al., 1996). Researchilisreeded to assess whether
these theories apply to tropical and subtropicatesyis (Lazzaro, 1997; Arcifa and
Northcote, 1997; Lazzaro et al., 2003).

Lazzaro (1997) listed the following “peculiaritiesf tropical lakes compared with
temperate lakes.

(1) In many tropical lakes, visual feeding zooplanktescoexist with filter
feeding omnivores (clupeids, cyprinids and cichlmscurring naturally or as
a consequence of stocking) that feed on severngthizdevels. These
omnivores are neither limited by zooplankton (besesathey can feed
alternatively on phytoplankton and detritus) nontcolled by fish predators
(because of fast growth enabling them to quickichea size larger than
predator mouth gape). Systems dominated by omnivave complex web-
like structures in addition to weaker trophic lirdesd their dynamics are
poorly predictable from the “trophic cascade modkfzzaro, 1997; Lazzaro
et al., 2003).

(i) Invertebrate predation by e @haoborusandCulexspecies (analogous to
LeptodoraandNeomysispecies in temperate waters) is often strong and
occurs all year round. It may prevent the increasgbundance of large
herbivores even in the absence of zooplanktivofishs

(i)  Large-bodied herbivorous crustaceans (mainly clagots) are relatively less
abundant and/or species reach smaller sizes. wd@kens any possible
control of phytoplankton by zooplankton.

(iv)  Contrary to the typical seasonality of fish reprciitan in temperate systems,
in tropical systems fish species may spawn atmiffetimes. Therefore
juvenile fish that are predominantly planktivorotesgardless of their feeding
habits as adults, maintain a quasi-permanent sieets/e predation pressure
on zooplankton. This favours small zooplanktorcgseand reduces even
more the grazing control of phytoplankton by zoogtan.

v) Due to high temperature regimes in tropical watessplankton generation
times are shorter. As a result, food requirememniisch are higher, may
occasionally not be met. Both circumstances fagoaller species. (This is
questionable in terms of the “Size Efficiency Hyipegis” (SEH)).

(vi)  Large open-water piscivores that are the dominahtgdredators in North
America and Europe often have no equivalent initadpakes or reservoirs.
They are replaced by generalists, predominantiyiearous, fish, often
small-sized and sedentary (e.g. carnivorous cistditl erythrinids in South
America).
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The above characteristics of tropical lakes andriesrs weaken the top-down links
between piscivores and planktivores, and betweeplaokton and phytoplankton.
These links must be strong for trophic cascadegtar, thus, the weaker the links,
the weaker the chance of successful biomanipuldtésed on trophic cascades alone
(Lazzaro, 1997).

Arcifa and Northcote (1977), reviewing their wonk the Americana reservoir in
Brazil and the fish fauna in other Brazilian watedies, suggested that the complex
food web structure would not allow regulation byple chain linkages typical of
trophic cascades in northern temperate lakes, @dusian also reached for lower
latitude reservoirs in the United States by Stéial.e 1995. Thus in prospective
biomanipulation experiments in Brazilian reservaimsre is a great need for holistic
approaches in designing the experiments, inten@elieir results and applying their
findings to practical management measures (AraithMorthcote, 1997). This need
arises for the following reasons:

(1) The origin of the rich fish community is riveringas been subjected to
marked changes in habitat and food web structujsaoften not fully
stabilized after the multiple effects of impoundrmen

(i) The strictly zooplanktivorous fish species areesfSker importance, while
omnivores, insectivores, detritivores, piscivored diophagous forms are of
greater importance.

(i) Turbidity levels are higher, especially in the \wetison, combined with
nocturnal vertical migration of zooplankton.

(iv)  Small zooplankton species are dominant, even uodepredation pressure
or in the absence of zooplanktivores.

v) There is a great opportunity for strong experimlemtethod interactions with
physical, chemical and biological factors during tourse of the
experiments.

The control of phytoplankton biomass through thrediexploitation by a filter
feeding fish (e.gHypophthalmus edentatuable to feed also on large inedible algae
(Arcifa et al., 1995) seems to be the most suitatdéhod for Brazilian reservoirs, in
addition to bottom-up control (Arcifa and Northcoi®97).

The potential use of food web manipulation for coling cyanobacteria has also
been addressed for Australian waters (Boon e1894; Gehrke and Harris, 1994;
Matveev et al., 1994; all in Hunt et al., 2003; Madv. 1998, 2003). Arguments are
largely unfavourable, mainly on the basis of resise of cyanobacteria to
zooplankton grazing due to uningestible size, gigazesistant coverings and toxicity
(Boon et al. 1994). However, results from food wedmipulation studies suggest
that both grazing and nutrient recycling can affa@nobacteria (Elser, 1999).
Substantial declines of cyanobacteria biomass haea observed in response to
reductions or removal of planktivorous fish. Thes been attributed to increased
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zooplankton grazing (Sanni and Waevagen, 1990 s@iffersen et al., 1993; Borics
et al., 2000), to different rates of nutrient regiettion (Vanni et al., 1990) or to both
(Lyche et al., 1990; Sondergaard et al., 1990)wéi@r, the positive correlation of
cyanobacteria with planktivorous fish does not gtsvapply. Reduction or removal
of such fish has resulted in increased cyanobacd@omass (Lyche, 1989, in Hunt et
al., 2003), and has shifted the dominance to amdifft species of cyanobacteria
(Carpenter et al., 1995). Hence the complex intemas occurring in lake and
reservoir food webs result in unpredictability e response of a system to
manipulation (Hunt et al., 2003).

The subtropical reservoirs of Australia presentat@nvironments for food web
manipulation in terms of their biota, climate, piogs limnology, age, and nutrient
fluxes (Banens and Davis, 1998; Matveev, 2003).

Hunt et al. (2003) experimentally evaluated thersterm response of phyto- and
zooplankton to complete removal, reduced densityaanambient density of the
filter-feeding Australian gudgeomiypseleotrissp), a zooplanktivore, in Lake
Maroon, a subtropical reservoir, during a summeiopgevhen the phytoplankton
was dominated by the cyanobacteridmabaena circinalisThe results revealed that
the density oHypseleotriscan have strong effects on the biomass and comynunit
structure of phytoplankton, this being particulaglydent in the response of
cyanobacteria. The possibility that the N: P atb nutrient excretion could explain
the relative abundance of grazer-resistant nitrdog@mg bacteria and chlorophytes at
different densities dflypseleotrigmplies that nutrient excretion is an important
mechanism in determining phytoplankton communityctire. These authors
propose that nutrient regeneration becomes inerglgsmportant in determining
phytoplankton response to food web manipulatiothagiegree of nutrient limitation
iIncreases.

As previously mentioned the response of subtropatads to food web manipulations
has been shown to deviate from expectations baséehtperate lakes (Crisman and
Beaver, 1990; Havens et al., 1996). One of théatiews of subtropical and tropical
freshwater environments in Australia is an obseteadency for nitrogen to exceed
phosphorus as the predominant limiting nutrientr(tHet al., unpublished data; Udy
et al., 1999, in Hunt et al., 2003). Consequesiiigh systems may not fit with
models developed within the “phosphorus paradigiorifstudies conducted in
temperate environments (Hunt et al., 2003).

3.1.2.5.6.3  Assessment of biomanipulation as a methof eutrophication
management.

The main advantage of this method is that it isrenmentally friendly, with no
machinery or chemicals required (as long as Rotemonot used). It is not desirable
to use Rotenone in drinking water supplies. In @oldiit may result in kills of
desirable species, although it is not toxic to iteterates or phytoplankton.
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It combines the requirements of fisheries with éhoswater quality, but in this
regard, education of fishermen is necessary. Contis control of fish populations is
important especially where sport fishery selecyiveimoves predatory rather than
planktivorous fish.

Expert limnological knowledge is essential and eaiem needs to be thoroughly
investigated before restorative action is takeonnt@uous control of fish
populations is necessary, especially where sphefy selectively removes
predatory rather than planktivorous fish.

Logically, however, the prospects of biomanipulatas a tool for eutrophication
management in southern African reservoirs haveladen cautioned on the
following grounds (Hart, submitted).

(1) High mineral turbidity counters the developmehtarge-bodied cladoceran
grazers (even though light-limitation serves asimary constraint on algal
growth under such conditions).

(i) Large-bodied cladoceran grazers are mostlifeéative feeders on large
colonial/filamentous cyanobacteria that are fundatadey more favoured by
the N: P ratios and light climates expressed irehypphic reservoirs, like
Hartbeespoort Dam.

(i)  The absence of obligate planktivores in resans limits the impact of
predation by facultative zooplanktivores largelyitmral of inshore margins.
Zooplankton grazing control in offshore watersasumally not constrained by
planktivores.

3.1.2.5.7 Hydraulic regulation
Selective off-takes

Flushing of either the epilimnion or the hypolimniwill depend on the goal — either
a decrease of algal mass in the surface watefisishing of the deoxygenated
bottom waters with high nutrient concentration anather undesirable pollutants.
Another function is to pass water, with high nuitienput or pollutants, through the
reservoir as quickly as possible with the leassfiids mixing with other layers and
before it can settle. (Figure 36)
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Figure 36. Function of selective off-takes. Friom left — withdrawal through the surface outlet is
used for the flushing of excessive algae. Hypoilanrlushing is used to release anoxic and iron,
phosphorus and manganese rich hypolimnetic w&grcreating density currents, a peak of turbid or
pollution-rich water (during floods) can pass radpithrough the reservoir before it has time to sink

Several scenarios are possible provided the lingicdd regime of the reservoir is
understood.

The best scenario is that a reservoir is built wwitlitiple outlets, with outlet pipes
placed at about 5m intervals. A minimum provis®to include a surface and a
bottom water discharge. Reservoirs with multigfeakes afford much better
control in that good quality water can always bstatted by selecting the
appropriate outlet depth in relation to thermatsfication. (Klapper, 2002).

The disadvantages of this method are that knowledgeguired of the inflow water
quality and depth distribution in the reservoir.Mayic changes in the quality of a
specific water layer can take place as a residelgfctive offtakes and these are not
easily understood unless hydrodynamic models aé.uBossible negative
downstream impacts caused by releases must bedeosdi

Hypolimnetic siphoning

This simple method consists of siphoning water ftbmhypolimnion of a lake or
reservoir. An estimate of the character of the witat will replace what is siphoned
off is needed (Straskraba and Tundisi, 1999).

Curtains

The use of plastic curtains to modify outflow depém substitute to some degree for
multiple outlets. Near surface or near bottomedathre more feasible than those at
intermediate depths.

Amongst other functions, the Terauchi Reservoildpan supplies water for paddy
field irrigation. Because paddy field irrigatioequires water warmer than°Cy,
destruction of the thermocline is not an optioth@ management of eutrophication
(Priyantha et al., 1997; Asaeda et al., 1996; 20@&k) a means of reducing algal
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blooms in the reservoir, two curtains with the satapth as the epilimnion were
suspended vertically from the surface. This metealdiced algal growth in the
down-stream zone of the reservoir (Asaeda et @961 (See figure 37).

Curtain 2 Curtain 1 River flow
Intertlow
E . Still
water ﬁ \vwater
‘S‘EL.— *gradually ¥ ' plunges
Entrainment lowers Entrainment

a. Spring

' Still water
V7

b. Late Spring & Summer

River flow

Nutrients

Interflow

Figure 37. lllustration of possible mechanismsrafistalling curtains in the Terauchi Dam Reservoir
in Japan (after Priyantha et al. 1997).

A submerged flexible curtain 160m long and 6m deeap installed in the Saidenbach
Reservoir, Germany (Paul et al., 1998). The resudt® (i) an interruption of hydraulic
short-circuits between inlet and main reservoiitgd) a longer retention time of the
inflowing water, and (iii) a 30-40% increase in #lanination of soluble reactive
phosphorus in the mouth region during summer firation. It is proposed that flexible
curtains may be cost effective substitutions fornamtional pre-dams of thermally stratified
lakes or reservoirs (Paul et al., 1998).

3.1.25.8 Use of chemicals

According to Lam and Prepas (1997), chemical treatsito reduce phytoplankton biomass
in freshwater ecosystems can be categorized irdayraups. Chemicals in the first group
(e.g. copper sulphate, Reglone A, chlorine andgsadan permanganate) disrupt cell
functions and induce cell lysis. Chemicals in teeand group (e.g. lime and alum)
precipitate phytoplankton and leave cells esséyiialact The second group of chemicals
are recommended for treating toxic phytoplanktarobis because they induce minimal
release of toxins into the water (Naselli-Florealgt2003).

The addition of copper sulphate has been used afieam emergency measure in controlling
excessive algal growth (Fernandes and Crisman,)198%only advantage is that it works
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quickly. The disadvantages include the short domatf its effects. In alkaline waters or
waters with high organic content, a chelated forasiioe used otherwise Cu is rapidly lost
from solution. The method has negative environadantpacts as CuS(s toxic to fish,
zooplankton and other organisms, and the applicaticopper leads to long-term
accumulation in the sediments (Straskraba and Buyri99).

The quality of Sicilian waters has deteriorated titical level, often posing a threat to
human health (Naselli-Flores et al., 2003). Afarergency measure, the application of
lime was tested as a possible short-term solutidre results indicated that the water bodies
were suitable for lime treatments in spite of tighltontent of sulphate of geological origin,
and an extreme hydrological regime. The recomm@ndaas that the timing and method
of lime treatment needed to be carefully planned.

In the case of algicide use, addition of a toxieroital to drinking water, even in low
concentrations is undesirable. Costs depend oddsage and frequency of application.

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

* The quantity of light that reaches the water s@faalecreased. This can be
achieved to some degree by shading the waterbodyeays of surrounding tree
growth, but this has obvious limitations. The plaeat of soot on the water surface
has been suggested but is easily displaced by wind.

« The light absorption capacity of the water is dasesl. The light attenuation
coefficient may be increased by artificially colomg small waterbodies.

A decrease in light availability to the algal pogtidns can be achieved by deep mixing of
these populations with some of the techniques destabove.

3.1.2.5.10 Macrophyte control
The need to control aquatic macrophytes

While it is advantageous to have healthy, stableraphyte communities in aquatic
ecosystems, overgrowth of macrophytes occurs grvess as a result of changes in the
physical, chemical and biological conditions brougiout by the uncontrolled flow of
nutrients from urban, agricultural and industriahtres and in silt eroded from the
watersheds.

These “aquatic weeds” cause water loss throughograapspiration, deterioration of water
quality, displacement of native species and thesequent loss of biodiversity in water
bodies, public health risks, obstruction of chaarald drains in irrigation systems and
intakes to hydroelectric plants, restriction ofrist) recreational and fishing activities and
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increased sedimentation with subsequent shorterfitige useful life of the reservoir
(Gutierrez et al., 1994).

Biological control

Biological control is defined as the use of onénlgvorganism to control another.

The controlling agent may be bacterial, viral, aalior vegetable and may debilitate,
eat or compete with the species targeted for cb(@®utierrez et al., 1994; Riemer,
1988; Grodowitz, 1998; Chikwenhere, 1994; Pietetsa., 2002). As a management
strategy biological control is possibly the mosteamical in the long run, however,
the controlling agent should be extremely well eesked and preferably host
specific to prevent it becoming an invasive ali@utjerrez et al., 1994).

Approximately 70 species of arthropods have beta &y authors in 12 countries as
possible controlling agents Bichhornia crassipegGutierrez et al., 1994)in South
Africa a weevilNeochetina eichhornialeas been imported from South America
where it feeds naturally on the plant, boring itite stem and leaves and severely
damaging it. It has already proved successfulamibia and has also been
introduced into Lake Victoria (Davies and Day, 1998he grasshoppé&raulinia
acuminata(also from South Americayas used successfully to cont8alvinia
molestaon Lake Kariba after long and careful screeningrisure it would not attack
agricultural crops (Davies and Day, 1998; Morel197).

Grass carp(tenopharygodon idel)ehave been used successfully in many parts of
the USA and Europe to control submersed macroplitaié, 2002; Pieterse and
Murphy, 1990). A plant eating (phytophagous) fisttive to northeast Asia, it is
capable of consuming large amounts of vegetatioac@ha et al., 1992). However
in many areas waterbodies are, by law, stocked iwi#ttile triploid individuals
(which display the same feeding behaviour as dilish), in order to prevent their
overpopulation (Maceina et al., 1992), or accideditspersal to other waterbodies.

Another similar speciedHypophthalmichthys molithrjxs successfully used in other
regions for the reduction of macrophytes (Maceinal.e 1992). This species is also
capable of feeding on large colonies of Cyanobagtdrus contributing to another
positive water quality effect. As it is ediblepitovides a food source for human
consumption, which can offset management costerteeextent.

Mechanical control

Macrophyte harvesting is usually accomplished @ybe of specially adapted boats,
the design of which depends on the type of plamtsetharvested and whether they
are floating and softly-rooted or tightly-rootecbsterged forms. Mechanical control
Is used to destroy them in situ or after the planéstransported to a disposal site
(Gutierrez et al., 1994). This is generally a hegist method. If the harvested plants
can be used as fertilizers or fodder, the cost beagecovered to some degree.
However, in addition, the process needs to be teded regular intervals and has
little or no long-term effect on biomass or areagered by macrophytes. In addition
it may actually stimulate the spread of nuisan@e®s as many are able to
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propagate from small fragments produced duringtheng. It can also remove
large numbers of small fish and invertebrates {K2002). This system is mostly
used selectively on small areas as a means ofrgeeliannels, canals or outlets.

Chemical control

Chemical control of macrophytes by means of pesgis the most commonly used
and widespread method (Kalff, 2002; Gutierrez gt18194). These toxins are easy to
apply, are usually effective and act rapidly. Hweere their use is expensive over
large areas, and requires repeating after regroWtie biggest issue is the increasing
unacceptability of chemical controls involving tilroduction of toxins to
waterbodies (Kalff, 2002).

Habitat manipulation

The most often used method of habitat manipulatiaeservoirs is water level
management, which is obviously limited by operagigoolicies and seasonal
variation (Gutierrez et al., 1994). Water leveowered; the resulting stranded
macrophytes die off and are burnt. This may inddedinate macrophytes but
depending on the timing and duration may simpledefor species able to cope
(Kalff, 2002). The nutrients contained may alsogly be recycled upon
reinundation.

Other methods of habitat manipulation include the of artificial coverings to limit
sunlight and plant growth. However the cost ishgrive and it is usually only
applicable on a small scale in recreational areasnall dams

Emphasis should be placed on methods that do goiresthe use of toxic chemicals,
the use of ecotechnological methods based on thefuthe natural enemies of plants
being obvious. However, extreme care and thoraogdstigation and evaluation are
necessary before organisms are introduced inte an@side their natural ranges.
There is great danger that they might eat othettplas well such as agricultural
crops, and desirable indigenous species.

Precautions in macrophyte control

Based on experience with Hartbeespoort Dam, vasfaaassessment of trade-offs should
be made before macrophyte control is implementéere, chemical eradication of
Eichhornia(Ashton et al. 1980) actually invoked a much maeosis problem of algal
blooms which were precluded by light limitation wahthis macrophyte was prolific.
Despite mechanical damage to boats, and inconvemiterrecreational boatesichhornia
was the lesser of two evils in this hypertrophwemoir.
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3.1.5.211 Barley straw

The use of decomposing barley straw to inhibitgravth of algae (both green algae and
cyanobacteria) is a technique that is becoming madtely known (Barrett et al., 1996;
Ridge and Pillinger, 1996; Newman and Barrett, 3993

3.1.52.12 Pre-reservoirs

Pre-reservoirs may or may not be considered to‘fegtlin reservoir” water quality
treatment method; however, they will be includethiis report. Pre-reservoirs are
comparatively small reservoirs with an average wageention time of a few days. They are
normally situated immediately above the larger rmaservoir whose water quality they are
designed to improve (Putz, 1995; Putz and Bennd868).

Water quality is improved by reduction in loadssaspended matter and dissolved nutrients
(especially soluble reactive phosphorus) (Paul3200hemical binding or adsorption of the
orthophosphates in solution can take place inrtflewing waters, but uptake by the algae is
more important in the pre-reservoir, particularthe pH range 6.0 — 8.0. Algal
sedimentation is enhanced by natural precipitamdsflacculants, and by an appropriate
phytoplankton community in the pre-reservoir. Alghat have a high sedimentation
velocity, especially diatoms are favourable, wher@gmnobacteria are highly undesirable.
Mass developments of zooplankton, especially fiikeders must be avoided in a pre-
reservoir because of the high loss by grazing gtqpiankton and the associated nutrient
remineralization. Both the desired phytoplanktonaure and the absence of planktonic
crustaceans can be achieved by an optimal watartien time within the pre-reservoir,
which allows diatoms and other fast growing algagrow but flushes away or precludes the
development of slow-growing cyanobacteria and zaaktion. No predatory fish should be
present in pre-reservoirs, assuring the contrabaplankton by planktivores.

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

0] The mean depth should not exceed the deptheoétiphotic zone.z If it does,
which is the case in most existing pre-reserveustace release is an urgent
necessity (Figure 38).

(i)  The bottom sediment must be removed at timeruals of 5-10 years.

The reduction of inorganic nitrogen by phytoplamktgptake and denitrification is low in
pre-reservoirs because of their short retentioesinRapid siltation may also reduce the
nutrient elimination capacity of pre-reservoirs R2003).

Although pre-reservoirs are an important tool Esarvoir water quality management,
especially when the water entering a reservoif gor quality, they can be no substitute for
remedial actions in the catchment area (Salviaellasét al., 2001).
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Figure 38. Schematic representation of the fonabf pre-reservoirs. (a) Orthophosphate uptake by
phytoplankton within the euphotic zone, and sedtat@m in the pre-reservoir and in the shallow
inlet section of the main reservoir. (b) The typiesultant orthophosphate distribution (after Putz
1995).

3.1.5.2.13 Modelling as a management tool

Modelling was discussed as an aid to predictionraadagement of eutrophication in
Section 3.1.2.5. Modelling is used for many oftemposes including the simulation of the
effects of different management methods e.g. Ptinaat al., 1997 (the curtain method in
Terauchi Dam Reservoir in Japan); Imteaz and Asa&&0 (artificial mixing by the bubble
plume method in Lake Calhoun, USA); Sahoo and Linke2003; Abdelwahed et al., 2002;
Schladow, 1993 (bubble plume design); Lewis et28l03 (artificial mixing and copper
sulphate dosing in Myponga reservoir, Australia;®ihnis and Little, 1998 (Speece Cone).
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3.1.3 Pollution by toxic substances
3.1.3.1 Introduction

“The solutions to the toxic chemical problems argechmnmore complex and intractable than
those associated with eutrophication and acidifyiregipitation. Better wastewater
treatment and agricultural practices can reverg@ghication. Emission controls on power
plants and vehicles are resulting in major redustim H or acid precursors emitted into the
atmosphere of Western countries. In contrastntimber and variety of toxic chemicals that
are subject to release in the environment is vastarly 80,000 synthetic organic chemicals
plus a small number of toxic metals are now inydade (Stumm et al., 1982).” (Kalff, 2002)

Toxic management of reservoirs is aimed at theeptmn of aquatic life and human health
from impacts caused by the release of toxic substamto surface waters. The increasing
release of toxicants into reservoirs (and lakesf great concern because of the unique
physical and chemical characteristics of confineden Toxic substances are retained
longer in water and sediments than in flowing watérich increases the risk of exposure of
toxicants in terms of concentration and duratioydth aquatic organisms and humans who
depend on drinking water and food from lakes asémirs (Matsui, 1992).

3.1.3.2 Toxicity

Toxicity may be defined or classified in variousysae.g. (Table 2)

TOXIC SUBSTANCES have one or more of three properties:
e Toxicity
¢ Bioaccumulation
e Persistence

TOXICITY > EFFECT
e Acute ——> Quick death.

o Sublethal/Chronic ————  Impairment of growth,
breeding success, etc.

e Carcinogenicity ——> Impairment, death.
* Mutagenicity
e Teratogenicity

Effects on future
generations.
¢ Genotoxicity ———> Possible effects on
future generations.
BIOACCUMULATION
e Capacity to enter food chain

PERSISTENCE N
o Resistance to degradation under environmental conditions

VOLATILITY
e Ease of evaporation and atmospheric transport

Table 2. Properties of toxic substances (modifiech Kaiser (1984) in Kalff (2002))
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3.1.3.3 The fate of toxic substances in reservi

The chemical properties of the toxic substancethaghysical and chemical properties of
the lake or reservoir will determine the fate abgic substance. A continuing interaction

between the toxic substance and the receivingmsystay lead to storage or concentration of
toxic substances, producing conditions that maggarea hazard. In addition the dynamics

of reservoirs, specifically shorter retention tinaesl greater transport potential, will lead to
dilution and transport as a major mechanism of entration change (Herricks, 1992). This
will be discussed in more detail under the sepdratelings of inorganic and organic

contaminants. Table 3 shows the processes thabttme fate of toxic substances, and

their effects.

Physical Characteristic

Primary Process or Processes
That Control Toxic Substance
Concentration

Effect Anticipated

Surface area

Photodegradation/activation

Concentration change, chemical
transformation

Depth (maximum, average)

Photodegradation, Partitioning,
Dilution, Storage

Concentration change, chemical
transformation accumulation /
bioconcentration

Volume

Dilution

Concentration change

Shoreline development, Shoreline
length

Partitioning, Biotransformation,
Storage

Concentration change,
accumulation / bioconcentration

Temperature/Heat Budget Chemical Reaction Rate, Concentration change, chemical
Biotransformation Rate transformation,

accumulation / bioconcentration

Stratification/Mixing Dilution, Transport, Isolation Concentration change (seasonal
cycles)

Retention Time Dilution, Transport Concentration change,
distribution in basin

Currents Dilution, Transport Concentration change,

distribution in basin

Color/Light Penetration

Photodegradation/activation

Concentration change, chemical
transformation

Table 3. Physical characteristics of lakes andrvests, control processes and effects (after Hestic

1992).
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3.1.3.4 Inorganic toxic pollutants — heavy metals

3.1.34.1 Types and sources

The heavy metals occurring in natural waters magibieled into two groups (Bren, 2001)
(Figure 39). Bio metals of predominantly natunagjim include Fe, Mn, Cu, Co, Zn, Mo,
and V. Contaminants of predominantly anthropigiorinclude Hg, Cd, Cr, Pb, Sn, As and
Ni. Both groups exist in water bodies in varioaeis. Heavy metals, depending on their
chemical properties are found as suspensions dluidsy simple and complex hydrated
cations and anions, mono- and polynuclear hydroxyadexes, low and high-molecular
complex compounds with inorganic and organic ligavarying in their structure and
strength. The sources of contamination are numerbwusrse and difficult to identify
(Jackson, 1992).

100

80 |-

60 |-
% |
40 |-

20 |-

"Natural portion”

Waste water
From atmosphere (rain).

Figure 39. Proportions of natural and anthropageortions in the heavy metal load of a prealpine
lake (from Stumm and Baccini, 1978, in Jackson 1992

Natural processes

Natural physical and chemical processes such atheraagy and leaching of soils and
rocks are some of the main sources of “backgrolengls of metals in fresh waters.
Surface waters in certain areas have relativelly hancentrations of individual
elements as a result of contact with particulaissmi rocks (e.g. fluoride or
selenium), which may be associated with healthlprob (Jackson, 1992).
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Human activities

The main sources of heavy metals in water bodiesrdahan natural processes are
industrial wastes, irrigation system wastewatensan, industrial and domestic
wastewater/sewage, stormwater runoff from urbaasaf€kalitch et al., 1996),
mining and smelting of metals, use of pesticidegaioing heavy metals, fossil fuel
combustion processes (Crutchfield, 2000; Lemle®;7)9pre-mixes to cattle fodders,
active silts as fertilizers, and recirculation ofid waste (Bren, 2001; Jackson,
1992). (Table 4).

Average concentrations in ng/l

industry Cu cr Ni Zn ca ’

Meat processing 150 - 150 70 460 11
Fat rendering 220 210 ) 280 3,890 6
Fish processing 240 230 140 1,590 14
Bakery 150 330 430 280 - 2
Miscellaneous foods 350 150 110 1,100 6
Brewery 410 60 40 470 5
Soft drinks and flavourings 2,040 180 220 2,990 3
Ice cream 2,700 50 110 780 31
Textile dyeing 37 820 250 500 30
Fur dressing and dyeing 7,040 20,140 740 1,730 115
Migcellaneous chemicals 160 280 100 800 27
Laundry . 1,700 1,220 100 1,750 134
Car wash 180 140 190 920 18

Table 4. Metals in industrial wastewaters in Newarkf(after Klein et al., 1974 in Jackson, 1992).

Many studies of heavy metal contamination of resiemvater and sediments due to
human activities have been made These includotiosving: Avila-Perez et al.,
1999, 2002 (Jose Antonio Alzate Reservoir, Mexi¥dang et al., 2003 (Guanting
Reservoir, People’s Republic of China); Linnik awbenko, 2000; Linnik, 2000,
2001 (Dnieper Reservoirs, Ukraine); Carvalho andaZdi, 1997 (Billings Reservoir,
Brazil); Arnason and Fletcher, 2003 (Patroon ResigrY, USA); Audry et al.,
2004 (Lot River Reservoirs, France); Moalla et 898 (Lake Nasser, Egypt);
Tkalitch et al., 1996 (Kranji Reservoir, SingapoiZgkova and Kockova, 1999
(Vranov and Nove Mlyny Reservoirs, Czech Republicyacek and Mau, 2003
(Tuttle Creek Lake, Kansas, USA); Loska and WieahR003 (Rybnik Reservoir,
Poland).

In many areas, the atmosphere is also a signifrcanié of transport of heavy metals
entering a water body.

Project K8/612 FINAL REPORT Page 136



3.1.3.4.2 The fate of inorganic toxic pollutants irmquatic systems

* Physical and chemical factors

Thetransport and distribution of heavy metals in lakes and reservoirs are degygnd
on the physical and chemical characteristics ofélceiving water body and the nature
of the contaminants and their sources (Jacksor?)18mlike organic contaminants,
which can be degraded to various degrees, heawlsr not undergo such
transformations. They are always present in aqe&isystems and redistribute only
among different components (Linnik and Zubenko,@2@Yen, 2001).

Physical characteristics such as temperature, cdight penetration, flow dynamics and
retention time of reservoirs may produce conditithrad lead to thetorage or
transformation of metals.

The chemical form of metals is of great importaimcdetermining their behaviour and
impact in fresh waters (Jackson, 1992; Linnik. 20®0dd, 1995).Speciationis of

special significance for biological availabilitydrtoxicity, different chemical species of
the same element often having quite different lgjigial effects (Chen et al., 1996;
Schintu et al., 2000). Free (hydrated) metal mmesregarded as the most toxic form
(Gouvea et al., 2005). Bound in complexes withgamic, and particularly with

naturally occurring organic substances, their tibxis often decreased or completely
suppressed (Linnik, 2000; Flemming and Travers9)98any factors influence the
chemical speciation of heavy metals (Wang et 8032 — sediment particle size, organic
matter content, salinity, pH and redox potentiBthese factors are not completely
understood and simple relationships are seldomdiodthang et al. (2002) showed that
the total concentrations of heavy metals in sedimesre significantly linked to the
particle size distribution. The finer particles aleal higher concentrations due to
increased surface area, higher clay minerals agahar matter content, and the presence
of Fe-Mn oxide phases.

Complexation of metals with inorganic and organic ligands isnoportance in
transforming metals in aquatic systems (Gouve& ,e2@05). A significant amount is in
association with either dissolved organic mattewii organic or inorganic particulates
(Jackson, 1992). In particular, studies relatingtpplankton metabolic products to trace
metals in natural aquatic systems are of intengsttd the important role of
phytoplankton as the first link in the aquatic fadthin (Gouvea et al., 2005; Lombardi
and Vieira, 1998).

Forstner and Wittmann (1983) in Jackson (1992)tiled complexationand
flocculation with organic mattergo-precipitation with hydrous iron and manganese
oxides, andiptake by biota as being of particular importance for tedimentationof
heavy metals. Once in the sediment, redox reactiomgnportant in determining their
form and mobility, and may result in release ofasefrom particulates, resulting in
renewed availability to biota and the potentialf@suspension into the water column
(Munk and Faure, 2004; Brandenberger et al., 20@4ignan and Lean, 1991; Linnik
and Zubenko, 2000). Most redox reactions tend thidlegically mediated by micro
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organisms (Jackson, 1992). Movements of metalk iné@ the water column from the
sediment may also occur as a resuediment resuspensioiy physical influences
(currents, waves), biological action (benthic arlgpar human action (dredging, boating
etc). Deposited sediments typically contain paléitsuiand colloidal materials which
exhibit high sorption affinity for trace metals (akz-Poulichet et al., 1997; Canavan et
al., 2000; Kneebone et al., 2002).

Water bodies with longer retention time (lakes aadhe reservoirs) accumulate heavy
metals in their bottom sediments in considerablntjties (Linnik and Zubenko, 2000;
Chen et al., 1996). This has both positive and ineganplications. On the one hand,
the bottom sediments promote self-purificationhe overlying water because of heavy
metal accumulation. On the other hand, this accatiaun can be reversed and under
certain conditions, bottom sediments can be a gtsonrce of secondary pollution
(Linnik, 2000). The release of heavy metals fréw bottom sediments is promoted by a
deficit in dissolved oxygen, a decrease in pH aabx-potential, and an increase in
mineralization and dissolved organic matter comagioin (Chen et al., 1996).

The mobility of heavy metals depends on the formwlich they occur in the solid
substrates and the pore solutions of the bottonmseds, as well as on the physico-
chemical conditions that arise on the boundarybtéisand liquid phases. Heavy metal
flow from pore solutions is one of the most impattamethods of exchange between
bottom sediments and water (Linnik and Zubanko (0200

Field data and laboratory experiments conducteditnyik and Zubenko (2000)
indicated that complexes of heavy metals with neddy low molecular weight play the
principal role in secondary water pollution.

* Biological factors

Biota are central to the study of, and control @Vy metals and other inorganic toxic
substances in reservoirs. Transport of metaldlisanced by

0 uptake or adsorption by biota

o binding to particles of biogenic origin, or

o0 complexing by dissolved organic matter, especiaflglant origin (Gouvea
et al, 2005)

Transfer to, and storage in, sediment, is infludrimesettling of biological particles with
which the metals are associated (such as deadpagiaon cells or zooplankton faeces)
and biological action in sediments such as biotiuwhaor microbial action, which

change mobility (Jackson, 1992).

The uptake and accumulation of trace elementsuatagconsumers is important in
assessing the fate and effect of contaminants@diweb dynamics (Klochenko and
Medved, 1999; Allinson et al., 2002; Vinot and Riha005; Martinez-Tabche et al.,
2001; Bolotova and Konovalov, 2002; Park and Cuit$97; Veinott et al., 2001;
Tremblay et al., 1998a; Porvari, 1998; Ikingura &kdgi, 2003; Wong and Pak, 2004).
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For many aquatic invertebrates, trophic transfeoants for a major portion of total
trace element accumulation (Luoma et al., 1992hénfield, the ecotoxicological
approach is very difficult for evaluation of thepact of heavy metals on the aquatic
environment due to the complexity of interrelatioips between organisms and the
ecosystem. However, field studies can enable siss3g of the long term effect on
organisms of heavy metals like copper; Vinot artthRi(2005), for example, showed the
bioavailability, bioaccumulation, biotransferenceldong-term toxicity of copper in the
food chain of a freshwater ecosystem, the MirgehliRReservoir in France

Mercury in water may be converted by bacteria exgdbdiments into organic mercurials
(Matilainen, 1995) particularly the highly toxidkgmercurials, methyl- and
dimethylmercury, which may, in turn be concentraigdish and other organisms (Park
and Curtis, 1997; Bodaly and Fudge, 1999; BeckdrEigham, 1995).

* The problem of mercury in newly flooded reservoirs

A large amount of literature is available on thelgjem of mercury in newly flooded
reservoirs (most often those built for hydroelecpower generation), and its uptake in
the form of methyl mercury (C3ig"), by aquatic organisms. Recent research has
shown that there are three important sources dfiyhaetercury to lakes and reservoirs —
internal production, inputs from watersheds thaitam wetlands, and atmospheric
inputs, with internal production being very impatan reservoirs (Rudd, 1995).

Methyl mercury is a neurotoxin that damages théraknervous system in humans
(Clarkson, 1990). Its uptake by fish is therefosggmificant problem as this is the
dominant pathway of Hg to humans. As of 2002,ahveere 2140 water bodies in 45
states of the USA that had advisories recommenaljainst human consumption of Hg-
contaminated fish (USEPA, 2003). The US EnvirontaleiArotection Agency (USEPA)
has indicated that of all pollutants mentionechia €lean Air Act, mercury has the
greatest potential to impact on human health (@tayf., 2005).

The creation of reservoirs, with the associatedding of soils and vegetation, results in
elevated concentrations of mercury in the newlynied water bodies. Natural and
anthropogenic mercury is widely dispersed via afrhesic transport and accumulates in
the vegetation and soils following wet and dry dafion (Grondin et al., 1995; Lucotte
et al., 1995; Caldwell et al., 2000). The inundateils and vegetation then release the
mercury into the water column during flooding (Tieult and Schneider, 1998; Plourde
et al., 1997; Tremblay et al., 1996; Porvari, 196&mblay et al., 1998a; Montgomery et
al., 2000).

Flooding also releases organic matter, providingients for bacterial communities that
methylate inorganic mercury (Therriault and Schagid998; Porvari, 1998). Flooding
of both podzolic and peat soil has been found ¢oeimse mercury methylation (Porvari
and Verta, 1994; Rudd, 1995; Morrison and Ther€95).

Methylation by bacteria, followed by bioaccumulatiaa the food web (Hall et al. 1997)
is the primary pathway for mercury accumulatiofiish (Therriault and Schneider,
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1998; Tremblay et al., 1998b). Invertebrates, Whepresent up to 90% of the diet of
non-piscivorous fish, play a key role in their ammination (Tremblay et al., 1998b; Spry
and Wiener, 1991; Plourde et al., 1997), with batfeeding benthic insect larvae
(Tremblay et al., 1998) and zooplankton feedingperiphyton and suspended particulate
matter (Grondin et al., 1995) constituting the Ibé¢ween flooded soils and fish (Hall et
al., 1997; Plourde et al., 1997; Tremblay and Lig;dt997; Tremblay et al., 1996;
Bodaly and Fudge, 1999). Mercury concentration®hmen found to be higher in

larger, older fish (Therriault and Schneider, 19@8)d also in species at the highest
trophic levels of new reservoirs (Potter et al.73)9 reflecting the phenomenon of
biomagnification.

Typically fish mercury levels rise rapidly withihé first few years after impoundment,
and remain high for periods ranging from 10-20 gdar non-piscivorous species and
for 20-30 years in piscivores (Schetagne et aDPQ2Therriault and Schneider, 1998;
Tremblay et al., 1998a; Porvari, 1998). Dependingpecies and reservoir
characteristics the maximum total mercury concéiotna in reservoir fish reach levels
3-6 times higher than in fish found in natural sunding lakes (Schetagne et al., 2000).

Whereas the phenomenon of elevated mercury lewdish has been demonstrated in
hydroelectric reservoirs in many different geogiliaphregions, there is a lack of
information from reservoirs in Africa. Four reseins in two different geographical
areas in Tanzania were investigated (lkingura akagh 2003). In general, the fish
from these reservoirs had very low mercury conegiains compared to those in
reservoirs of similar age and temperature in otbgions. This suggested a reservoir
environment that has not been significantly impadtg mercury contamination from
natural or anthropogenic sources.

3.1.3.4.3 The effect of inorganic contaminants omé biota

The effects and uptake of metals by aquatic orgasmidepends on a number of factors that
influence the availability of the substance todhganism. The concentration of the metal
ion is a basic factor, but not necessarily in altgolerms because different chemical forms
will have different availabilities.

* Phytoplankton

The influence of heavy metals on phototrophic oigas, including algae, is registered
at the level of cells, organisms and populatiorenifiesting in the disruption of
photosynthetic activity, respiration and synthediproteins, nucleic acids, lipids, sugars
and pigments (Klochenko and Medved, 2001).

Munawar et al. (1988) in Jackson (1992), groupetifiects of contaminants on algae as
(i) community structure responses (changes inamkespecies compaosition) (ii)
physiological responses related to biomass prooluetith possible effects on food
chains, and (iii) ultrastructural responses.
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Figure 40 gives an indication of the physiologietiect of metals on phytoplankton,
showing decreased carbon assimilation (primaryyeton) with the addition of metals.

12 -
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[ metal 220 um
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B metal <2 ym
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Figure 40. Effects of metal mixture additions igad size fractions at different depths in Lake
Ontario during a stratified period (from Munawaiakf 1998 in Jackson, 1992).

» Zooplankton and zoobenthos

Reduction in biomass production has been obsernvedaplankton and zoobenthos as a
result of exposure to heavy metals, both in terfrig@wnth and reproduction (Vinot and
Pihan, 2005), but there are considerable diffieslin working with natural

communities and in identifying the effects of heavwgtals as phenomena distinct from
natural fluctuations (Jackson, 1992). Many efféetge, however, been observed in the

laboratory.

The causes of morphological abnormalities in miarstaceans have not been
sufficiently investigated (EImoor-Loureiro, 200épwever, environments contaminated
by industrial and urban waste have been assoadthdhe occurrence of morphological
anomalies in copepods and ostracods (Dias, 192Bbiaassays have shown that some
environmental toxicants can produce morphologibalbamalities in cladocerans (Shurin
and Dodson, 1997; Otha et al., 1998).

¢ Fish

Sublethal effects of heavy metals on fish have heslhdescribed as a result of
laboratory studies, fieldwork on direct respongesietal pollution being time
consuming and complex. However, measurements&idimetal concentrations in
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natural populations are made in many cases (Jack8082). The concentrations of
toxicants in fish tissue correlate with morphol@jiand pathological-anatomical
features. The initial manifestations are morphmalgchanges in the size of vital organs
(heart, spleen, liver, kidneys, gills and viscenajans), followed by specific pathologies
(Bolotova and Konovalov, 2002).

This phenomenon of the effects of heavy metalderbtota will be discussed in relation to
biomonitoring of pollutants in reservoirs.

3.1.344 Management

Aquatic ecosystems in general receive continuouasheasing levels of heavy metals. In
most cases, decreasing the impact of heavy melatipa follows the transformation of
toxic forms to less active forms (Linnik, 2000).eltegree of detoxification depends on the
intensity of several processes to reduce the caratem of the heavy metal in its most toxic
form — free ions.

The processes are:

Adsorption on suspended particles.

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

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

It is difficult to determine the most importanttbiese processes because each can play a
dominant role in the transformation of heavy metahpounds according to the type of
water body studied (Linnik, 2000).

Sediment analysis is very important in investigagiof heavy metal burdens in aquatic
systems (Chen et al., 1996), different methodsghapplied for different reasons (Scancar et
al., 2000). Total concentrations (Garcia-Miragayd Sosa, 1994; Ravanelli et al., 1997,
Facetti et al., 1998) are determined by decompmositiith strong acid solutions (Kada et al.,
1994) oraqua regiadigestion, (Muller et al., 1994; Ure, 1996; Guetal., 1996;
Sterckemann et al., 1996) while for investigatibmeavy metal bioavailability, various
single extraction procedures are used (Houba,et@96; Tack and Verloo, 1996; McGrath,
1996). Sequential extraction is used in the assasisai heavy metal mobility (Cordos et al.,
1995; Quevauviller et al., 1997; Maiz et al., 19B@dog et al., 1997) and chemical
partitioning of sediments is also used to dedueestiurce and pathways by which natural
and anthropogenic heavy metals have entered theoament (all the above in Scancar et
al., 2000).

In general, the management of heavy metals and tutkie substances in reservoirs is
combined in practice with the management of otmeblems, as part of an integrated
approach to water quality (Jackson, 1992). Theptexity of metal compounds and their
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interactions in aquatic systems makes the planofipgactical management strategies very
difficult.

* Reduction of external loading

As in the case of eutrophication management, gpee of heavy metal management
involves, to a large extent, watershed managemdmth is not within the scope of this
report. However, the importance of source cordaninot be overemphasised — the
effects of remedial action are limited without it.

* Intervention in the reservoir ecosystem

Because of the multiple causes of water qualitgm@tation, the selection of techniques
to improve the water quality is not as straightfardvas it might seem. For example,
aeration of the water column as a management tgagéns carried out primarily to
prevent thermal stratification. The immobilizatiohmetals would be only one of the
aims — others would include the prevention of sdeliormation, inhibition of
cyanobacterial blooms, elevation of oxygen to pne¥ish kills, and reduction of
internal phosphorus recycling, but other consegeemould include the reduction of
transparency, elimination of cold water habitatd #re ruling out of depth-selective
withdrawals as a hydrological management optiotheOaeration techniques which
were discussed for eutrophication management astdbe used, always with the
proviso that the characteristics of each problerald/be vital in determining the
effectiveness of the techniques chosen.

Sediment removal may be used to reduce the reteasecumulated metals back into
the water column. It may be successful at ond lewedredging has the disadvantage of
resuspending sediments, risking secondary pollufdhe water column, and
temporarily destroying benthic communities (Davigb al., 2005). Disposal of heavy-
metal containing dredged sediment also presentskdgm. Again, sediment removal
techniques discussed for eutrophication managemantbe applicable in certain cases.

* Modelling

Models such as mass balances aid in an understpafiihe structure of a system and in
estimating the effectiveness of management actiesidence time models which use
physical and chemical data are of use in predidtiegoehaviour of toxic metals in lakes
— the time that any given input takes to be flusinech the system or immobilized in the
sediments. Thomas et al. (1988) in Jackson (18&Ry attention to the difficulty of
associating observed effects with particular comtamts in the modelling of complex
lake and reservoir systems. They suggest thatifbly persistent substances such as
heavy metals, the time lag between input and oksemsults may be so long as to
prevent effective management action.
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3.1.3.5 Organic toxic pollutants

3.1.35.1

Types of organic toxic pollutants

Pesticides/herbicides

These chemicals are, by definition, toxic, becabsg are used to control or Kill
plants and/or animals. (Allan, 1992)

Three main types of pesticides have been, or dirbeihg widely used:

Organochlorine pesticides - These are persistairidahat bioaccumulate
and are widely used. Being lipophilic, with slowechical and biological
degradation, they may be concentrated in organgsrdiomagnified along
the food chain. They are the most serious orgagstiggdes in terms of
impact on aguatic ecosystems

Organophosphorus pesticides — Mainly insecticittés,group is relatively
immobile in comparison with the organochlorineg mpidly degraded in the
environment, and are seldom detectable in aquetisystems except locally
after application and immediate runoff. Howevewneral studies have
demonstrated their toxicity, especially their d@lito inhibit
acetylcholinesterase.

Carbamates — Like organophosphorus pesticides tresrelatively
immobile, are rapidly degraded and are seldom tkxlen aquatic
ecosystems.

Other organic toxic pollutants (persistent organigpollutants - POPS)

It is estimated that there are more than 4,000@@9vn organic compounds, a high
proportion of them being synthetic, and less tha/®@®0 being frequently used.
Three groups with important ecotoxic and mutageffiects and widespread
distribution (Catoggio, 1992) are:

Polycyclic aromatic hydrocarbons (PAHS) - Thesetheemost toxic
hydrocarbons. They are formed during the distdrabf coal and are also
found as minor components of exhaust gases froselmeotors and cigarette
smoke. Several are proven carcinogens in humans.

They are all solid and scarcely soluble in wa#&imost immediately after
being formed and released into the air, they adsotb airborne particulate
matter where they are much more stable and resistaxxidation and
nitration reactions to which they would otherwiseduite sensitive due to
photochemical processes in the atmosphere.
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e Polychlorinated biphenyls (PCBs) — These have lised until recently in
developed countries as isolating fluids in condeng® electric power
transmission lines. Unfortunately they remain $e in underdeveloped and
developing countries.

Unavoidably, they slowly volatilize, sorbing ontarne particulate matter.
This is deposited by rainfall whereby they entesadsp ecosystems where,
because of their hydrophobicity, they sediment antl may be ingested.
They are selectively accumulated and bioconcerntratgpecially by benthic
fauna, thus entering the food chain.

* Chlorinated dioxins — There are 75 dibenzo-p-dieximose chlorinated
derivatives (PCDDs) are known. Highly toxic, as Hreir homologues -
chlorinated benzofurans (PCDFs) - they are respmfr some serious
pollution accidents in modern times.

3.1.3.5.2 Sources of contaminants

+ Pesticides/herbicides

Organic pesticides enter freshwater systems thraugdriety of sources, particularly
agricultural runoff. Domestic and municipal useoodanic pesticides and the associated
urban runoff is another important source. In additit has been increasingly realised
that the atmosphere can be a major source of argasticides to large waterbodies by
means of wet or dry deposition (Van Dijk and Guithd999; Guicherit et al., 1999).
They may also be applied directly to aquatic systénthe control of weeds and
insects, for example (Allan, 1992). Herbicidegeesively employed in agriculture for
the control of weeds contaminate ground and susiaters. They represent about 50%
of all pesticides used in many countries.

» Other organic toxic substances

Organic pollutants other than pesticides/herbigideginate from a large variety of
sources, too numerous to mention. They are dfirapbgenic, thus differing from
inorganic toxicants, and are produced, for exaniplendustry (Guzzella, 1997; Bodzek
et al., 1998), agricultural activities, wastewdteatment plants (Pham et al., 1999) and
urban runoff. Their input may be continuous (sgvers), discontinuous (e.g. spillages
or other accidents (Unlu and Demirekler, 2000) eniqulical (e.g. emissions from stacks
or effluents from technological processes). They fpe toxic in themselves, or in their
immediate products or by-products, products ofrtdegradation (physical, chemical or
biological), or as final waste forms (Catoggio, 229
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3.1.3.5.3 The fate of organic toxic pollutants iaquatic systems

* Transport and transformation
When organic toxic substances enter an aquatiersyshey are subject to natural
transport processes that result in their partitiod dispersion among various
components of the system (Figure 41) and to chdnmarasformation that alters
them into other substances. Transportation amgfivsemation are the sum of the
following processes; votalization, photolysis, hylgisis, biological degradation,
exchange with the sediments and dispersion (Mat992; Galiulin et al., 2005).

o Volatility, as characterised by vapour pressur@njgortant in controlling
certain types of toxic substances (e.g. DDT and $CBhich migrate
significantly into lakes and reservoirs from thefaoe of the water where
they are deposited by rainfall. Agueous solubiktymportant because it
provides an upper limit to the extent of incorpamatof a substance into an
aquatic environment, and also indicates hydrophityland thus the potential
for transfer into lipid phases of aquatic organigMatsui, 1992).

o Photolysis takes place with chemical molecules twiciEn absorb light
energy, while

o Hydrolysis of chemical molecules usually result$he introduction of a
hydroxyl radicle (-OH) into the molecules and degsgeon pH.

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

Information on (ii) and (iii) is very limited (Mati, 1992).

o Sediment exchanges involving sorption of organlzssances onto or into
sediments is an important phenomenon in aquaticaments (Guzzella,
1997). The fate of persistent organic pesticiddsclivhave a low solubility)
in aquatic ecosystems is highly dependent on sorpd particulates
(Galiulin, 2005), the key process involved in thahysical transport and
determining their degree of bioavailability, andsreventual
bioaccumulation and effects.

Sediments can act as a sink for sorbed materatspving them from the
water, and certain types are retained in the sedsrfer long periods of time.
However, others are often desorbed for variousoreaand can thus become
a renewed source of pollution.

o Dispersion is an extremely important factor in to@sideration of toxic
substances in aquatic systems. In the past, restakve been made with
regards pollution control due to lack of knowleddehe biological factors
influencing the transmission of toxic substancef®od chains.
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Figure 41. Simplified scheme of POC (persisteéganochlorinated compounds) transformation in a
biogeochemical food web in an aquatic ecosystdmregeptor, Il = compartment) (From Galiulin
et al., 2005).

Predicting the fate of organic pollutants assodiatéh fine-grained particulates is far more
difficult than when they are in solution because dignamics of small particles are governed
by a host of physical, chemical and biological gsses. Once associated with a particulate,
the fate of an organic pollutant is influenced bgny and often interacting processes (Allan,
1992).
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» Bioaccumulation, Bioconcentration and Biomagnificaibn

Bioaccumulationis the process by which a substance is taken wggbgtic
organisms, both from the water and through foocereashioconcentration is the
process by which a substance is absorbed from watargh gills or epithelial
tissues and is concentrated in the body. Bioactation of substances through food
chains exhibits increasing concentration in orgasiselated to their trophic status.
Biomagnification results in organisms of higher trophic levels (@atedy water birds
or fish) potentially being at higher risk. Howevbipmagnification depends to a
great extent on toxicokinetics, which is the meth@te and excretion rate of a
toxic substance in organisms. Some persistentautes such as organochlorine
pesticides do not universally increase along fdualrts, the hazardous effects
depending on both the species and the toxic chénhieato toxicokinetics (Matsui,
1992).

3.1.3.5.4 Management

Undoubtedly the best way of managing the releasexa¢ organic substances into aquatic
ecosystems is through the reduction of their usthrough the use of technologies that do
not generate them. This is however idealistihasslimination of most toxic substances
would be extremely problematic if not impossible.

Finding ways of reducing the dangerous use andtsffd# organic pesticides and/or most
other toxic pollutants is the responsibility of goements, agricultural, industrial and
environmental engineers and the like. Limnologigtge a role to play in producing
scientific evidence of the effects on toxic polhtkaon freshwater ecosystems.

3.1.3.6 Biomonitoring as a management tool for inganic and organic toxic
pollution

This is discussed under the general heading of dmitaring in water quality assessments,
in Section 4.1.

3.1.4 Non-toxic organic pollution

3.1.4.1 Introduction

To some degree, the effects of organic pollutioth @mrophication on reservoirs are similar.
In both cases the stimulating agent is organicengite major difference being that in
eutrophic waterbodies, this is mostly produced mithe system (predominantly by algae),
whereas in organically polluted waters, the sois@xternal (predominantly untreated
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sewage from human settlements), or less commordtalmolic products from aquaculture
(Straskraba and Tundisi, 1999).

From a management perspective it is importantfteréntiate between the causes of organic
pollution because different control measures arpleyed to solve the accompanying
problems.

3.1.4.2 Sources of organic pollutants in reservoirs

Two main potential sources of organic pollution bandistinguished.
3.14.21 Human settlements

A primary large-scale consequence of populationvgr@nd urbanization is the high input
of untreated sewage into rivers (e.g. the uMsindRizer in KZN) and thence reservoirs,
resulting in an increase in decomposable organttemand nutrients. In addition, other
ingredients including microbial contaminants, hematals and pesticides are often present
in urban wastewater, which includes domestic waatelsurban runoff. Depending on the
sources and degree of prior treatment, if any, mogaatter of this origin may be only
partially degradable (Straskraba and Tundisi, 1999)

3.1.4.2.2 Aquaculture

Enrichment and degradation of aquatic ecosystetes otccur in the vicinity of fish farms
(Diaz et al., 2001). Wastes include metabolic potsl (faecal and excretory material) and
uneaten food, which enter the aquatic environmgatty. The nutrient content of the
artificial feeds, the type of sediment, the exigtirophic state and the morphometry of the
reservoir together with retention time, are somthefvariables that are required to predict
the impact of fish farming on water quality (Diazag, 2001).

In addition to the expected consequences of ordaading (i.e. reduction in dissolved
oxygen concentration and increased BOD, TSS amnikntg), the use of therapeutic agents
and chemicals for aquacultural purposes are alssesafor concern (Fidalgo, 2002). There
is also an increase in numbers of indicator bax@siwell as the presence of antibiotic
resistant bacteria, due to the treatment of disksle with antimicrobial drugs (Niemi and
Taipalinen, 1982).

3.1.4.3 Fate and effects of non-toxic organic poliants

Bacterial and viral contaminants

Outbreaks of water-borne diseases via public watpplies continue to be reported in
developed countries even though there is increasdeness of, and treatment for,
pathogen contamination. (Gibson et al., 1998; Hetinet al., 1992; Hawkins et al., 2000;
Lisle and Rose, 1995; MacKenzie et al., 1994; Matral., 1994; Payment et al., 1997) To
obtain a true assessment of the overall pathog&nitiis necessary to understand the critical
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variables controlling pathogen fate and distribuiio each part of the water supply system
including the reservoirs (Brookes et al., 2004).

The processes of dispersion, dilution, horizontal @ertical transport determine the
distribution of pathogens in reservoirs, the sagtiof pathogen particles operating in
conjunction with these hydrodynamic processes (Bzect al., 2004). The riverine inflow
is considered to be the major source of pathogbad)ehaviour of these inflows thus being
of particular importance (Walker and Stedinger,4)99

Detailed knowledge regarding the persistence dfqgens in reservoirs is necessary to
estimate their contribution to health risk (Meaysle 2004). This is a function of both
survival and transport. Different pathogens péfsisdifferent lengths of time, the major
mode of inactivation or mortality varying signifitly (Brookes et al., 2004). The main
factors controlling inactivation are light (visibésd UV radiation) and temperature, others
being salinity, hydrostatic pressure and predafimek et al., 2001). The grazing of
pathogens by aquatic invertebrates has severaidatipihs. It may change the settling
behaviour if excreted intact in a faecal pelletrfiar, 2002); however the passage through
the gut of a predator may render it nonviable (\Weasid Chrost, 2000). Filter-feeding
molluscan shellfish can accumulate waterborne pgh® in their tissue with possible
significant human health implications (Graczyk let B999; Fayer et al., 1998).

The prolonged survival and accumulation of micremigms in sediments and the likelihood
of being desorbed by dilution or water turbulenugicates that sediments as well as surface
waters should be assessed when estimating potbeatih risks (Davies et al., 1995).

3.1.4.4 Management
3.1.4.4.1 Reservoirs as barriers to pathogen traport

The first control point for pathogen risk managemsmn minimizing the concentrations
entering reservoirs from rivers and catchments {®feet al., 1997). Sewage pollution is
potentially the most easily managed of urban proklehe provision of sanitary sewers
being one of the first actions taken to managerudagachments. In developed countries,
pollutants originating from settlements are, fag thost part, reduced to acceptable limits.
However, recreational activities may be a majoramimlled source, the mushrooming of
holiday homes on lake and reservoir shores, witiompanying waste disposal problems
becoming an ever-increasing problem (Straskrabarandisi, 1999). For example,
overflow from septic tanks enters surface wateasgvoundwater, which produces a separate
challenge to catchment managers and ecologistgpoPRals for high-density housing
developments on reservoir margins (e.g. Midmar DakKZN) are clearly irrational and
illogical.
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Figure 42. Conceptual framework for pathogen naoimg and risk assessment in reservoirs. (After
Brookes et al., 2004).

The reservolir itself is the second control pointirey as it does, as a barrier to pathogen
transport (Brookes et al., 2004). Of primaryaam isCryptosporidiumbecause of its
longevity (Medema et al., 1997) and the resistari@ocysts to treatment processes
(Robertson et al., 1992). However, Van Breemarh. €1898) and Bertolucci (1998) both
reported significant decreasesGmardia andCryptosporidiunconcentrations during water
storage in reservoirs.
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Time scales of the major processes in pathogemivaéion are of paramount importance in
determining risk reduction in reservoirs. These ar

» the time taken for the inflow to reach the off-tgdant after entering the
reservoir,

» the time taken for particles in the surface lagesinbk to the bottom of the
reservoir,

» the time taken for pathogens (e.g. oocysts) to inecoactive after exposure
to water of a certain temperature, and

« the time taken for pathogens (e.g. oocysts) toveaefatal dose of UV
radiation (Clancy et al., 2000; Craik et al, 20(Higure 42).

3.1.4.4.2 Use of surrogates to estimate pathogeski

Indicator bacteria such as faecal coliforms, fast@ptococci ané&. coliare themselves
usually not pathogenic. They are used becausesiteepnuch easier and less costly to detect
and enumerate than the pathogens themselves (Meaks2004). Traditionally, bacterial
indicators of faecal contamination, notably faexdiforms and enterococci, have been used
to assess the microbial quality of water sourcési(ihan et al., 1998). However, it is now
apparent that these bacterial indicators are ntglda for assessing the risk posed by
protozoan pathogens (e@ryptosporidiumandGiardia) and some enteric viruses. Several
outbreaks of cryptosporidiosis have been documenkente the water quality met
microbiological standards based on bacterial intdisa(MacKenzie et al., 1994; Lisle and
Rose, 1995).

Various bacteriophages have been proposed as toda@anisms for enteric viruses in
freshwater (Havelaar et al., 1993; Armon and KI#05), and it has also been suggested that
spores ofClostridium perfringensre good indicators of human faecal contamination
(Payment and Franco, 1993; Ferguson et al., 1996)vever these two methods need to be
used with caution as they are not suitable in someemstances. Other potential surrogates
for pathogens include particle counting and tutlgidiut these also have limitations,
especially in waters of high mineral turbidity.

Thus, while no single water quality indicator cafiably assess the bacterial, protozoan and
viral contamination of aquatic environments incGltumstances, it is feasible that a suite of
surrogates may be identified that will estimatesle\of microbial contamination within
defined circumstances (such as within a storagaves with well characterised inputs)
(Brookes et al., 2004).

It is widely accepted that the potabilization oferi water requires the application of multiple
barriers to ensure microbiologically safe drinkimgter (Lambert et al., 1998). Storage
reservoirs are an important preliminary treatmésp $ecause of self-purification - however,
additional barriers are needed. It is necessadgtermine the elimination rate of each
consecutive water treatment step e.g. storage utatamn, filtration, ozonation etc., with
suitable surrogate parameters.
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Bacterial source tracking includes several methaglek used to determine sources of faecal
bacteria (wildlife (mostly waterfowl), humans, atdmestic stock) from environmental
samples (Meays et al., 2004). These fall into 8wrgeoups, molecular, biochemical and
chemical. There is currently no standard methoithvhas been adopted for source tracking
but it is a rapidly growing area of research amtht®logy development.

3.1.5 Salinization

3.1.5.1 Introduction

Salinization is the process that increases thaigabf inland waters. Two types, natural
and anthropogenic can be distinguished (Willian399).

Natural (primary) salinization

This is essentially restricted to closed (endoh@fainage basins in semi-arid and arid
regions of the world (Williams, 1999). This occwbken the salts deposited in rainwater
(mainly sodium, chloride and sulphate) accumulali®Wing solar evaporation (Davies and
Day, 1998). High concentrations of salts in freatew may also be caused by a number of
other factors such as wind-borne sea-spray, groatetstores of “fossilised” sea water, sea
salt stored in rocks, and easily weathered rocisrthturally contain high concentrations of
mineral ions e.g. the Malmesbury Shales of the Westape (Davies and Day, 1998).

Over geological time, a natural equilibrium hasrbestablished in inland surface waters
between salt inputs, salt retained for shortepngér periods, and salt ultimately lost by
drainage and it is likely that human activities éawot disturbed this equilibrium to any great
extent (Williams, 1999).

Secondary salinizationalso occurs mostly in arid and semi-arid regiongiarcaused by
human activity. This is discussed in this section.

The increasing salinity of saline natural laked nat be considered in this report.
3.1.5.2 Causes

Major causes of salinization of freshwaters arelaaent activities that alter hydrological
balances and mobilize underground salt, the mgsifgiant and devastating of these
resulting from agricultural activities.

Long term irrigation carried out in arid areas amdh areas where the rocks and soils have
high concentrations of minerals, result in humadhiced salinization (Straskraba and
Tundisi, 1999; Davies and Day, 1998). During irtiga, particularly spray-irrigation, much
of the water is lost by evaporation before it entée soil, leaving behind the salts it
contained. This accumulates with time, affectingadture, and leaching out into rivers and
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thus lakes and reservoirs. In regions where tiemes a naturally higher salt load, the
process is exacerbated (Davies and Day, 1998).

The felling of large eucalyptus trees in Austraigased serious terrestrial salinization in
some areas (Williams, 1999; Davies and Day, 19%@)ling led to a rise in the water table
as the deep-rooted vegetation was replaced witlosheooted crops with lower rates of
transpiration. When the water table is not faptelhe surface, capillary action increases
the effects of evaporation, leaving a layer ofssatt the soil surface after evaporation. As
with irrigation, the soil becomes less and lesg ablsupport crops, eventually leading to
desertification.

Other human activities may also increase the sglafifreshwater to varying degrees.
Sewage purification subjects the water to evapagatoncentration, particularly significant
in efforts to recycle treated effluent. Salineusttial and mine effluents are a problem in
many areas (Davies and Day, 1998).

Examples of salinization have been documentediiumnaber of arid areas, predominantly
Australia (Boulton and Brock, 1999; Macumber, 19%iljt also Egypt (Saad, 1999),
Ethiopia (Gebre-Marium, 1999) and South Africa ([2avand Day (1998).

3.1.5.3 Effects

The extent and importance of salinization as aajltireat has been greatly underestimated
(Williams, 1999). The effects are usually deletas and often irreparable.

The effects of even small rises in the salinityrehwater lakes and reservoirs can be
profound because the halotolerance of the fresmkéita is more limited than that of salt
lakes, frequently leading to an initial disappeasaaf macrophytes and riparian trees. The
overall biological response is a decrease in bedity — the replacement of the
halosensitive biota with a halotolerant one.

The salinization of lakes and reservoirs is closagociated with the salinization of rivers
and streams whose salt load is discharged inte tivaterbodies. Several authors have
drawn attention to the hazards posed by salinizatfstreams and rivers to lakes, reservoirs
and wetlands (Williams, 1987; Davies and Day, 1998

Economic losses include a loss in the ability efsthaffected waters to serve as supplies for
domestic, agricultural and other uses (William99)9 A series of impacts on human health
when water of increased salinity is used for dmigkihave been observed. One consequence
of large-scale salinization is the increase in dlpcessure rates and consequent renal disease
(Straskraba and Tundisi, 1999).

3.1.5.4 Management

Prevention of further salinization is the most impaot management priority, as
rehabilitation and management of waters alreadgigat is much more difficult and often
not possible. Integrated catchment managemeat@mmended as the only really viable
method of addressing the problem (Williams, 1999).
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Because freshwater salinization is taking placmadlarming rate, especially in arid and
semi-arid areas where freshwater is in short suppyyvay, effective, informed water
resource management is essential. In some drglaumatries, salinization is regarded as the
single most important threat to the natural charaat freshwater lakes and the viability of
water resources (Davies and Day, 1998).

Climatic change will impact lakes worldwide, big greatest impacts are likely to be on
dryland aquatic ecosystems (Williams, 2000).

3.1.5.5 Salinisation of inland waters in South Afca

South Africa, being arid or semi-arid over largeas;, has a serious salinization problem in
many regions. In fact, salinization of riversésognised as one of the major threats to
South African water resources: the water qualitynany rivers e.g. the Berg and Breede
rivers in the western Cape and Sundays and Fishsrin the eastern Cape, is declining
rapidly as a result of irrigation-induced salinizat(Davies and Day, 1998).

Human manipulation of river flow is adding to sa&#tion in some areas. For example, the
Pongolapoort Dam, by preventing normal floods & Bhongola River below the dam
results in accumulating salts in the floodplaingaim addition, the Makatini Flats Irrigation
Scheme in the Phongola river valley overlies sabstcontaining trapped and “fossilised”
sea-water. The probability exists that salinizatill seriously impact on agriculture in the
region sometime in the future.

Although agricultural activities have the greaf$¢ct on salinization worldwide, urban and
industrial effluents may also have a serious impacivater resources. Large effluent loads
are disposed of into the Vaal Dam where the comagon of TDS (Total Dissolved Solids)
is increasing every year. About 60% of the satllentering the Vaal Barrage is produced
by only four mines. In addition, the Buffalo, Mkiey Phongola, Wasbank, Mfolozi and
Tugela rivers are also receiving saline mine effta¢o 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 conneutgd the use of fossil fuels for energy
production. However, the situation is complicaréth many “primary pollutants “ reacting
in the atmosphere to produce new “secondary paitsita Pollution of the atmosphere has a
series of well-documented effects ranging fromltdeal phenomenon of smog, to the
regional effects of acidification caused by “aadhf, and the global effects of the
“greenhouse effect” which may, in time, totally olga the living conditions on earth
(Fenger, 1997).
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3.1.6.2 Causes of lake/reservoir acidification

Air pollution by sulphates and nitrates (which fosoiphuric and nitric acid, and which may
be transported over thousands of kilometres), léadeneral acidification of precipitation.
The emission rates of these two gases into thesgheoe exceed natural rates on a global
scale by about 4 and 8 times, respectively (Gallgw996; 1998). In some regions of the
world, rates are 100 times greater than the natate$ (Galloway, 2001). Unpolluted rain
has a pH of 5-6, while in Europe, typical values aibout 4.5 and occasional values as low
as 3 have been registered (Fenger, 1997).

3.1.6.3 Effects of acidification on lake/reservoiecosystems
3.1.6.3.1 Effects on water chemistry

A low pH results when hydrogen carbonate is comeemto free C@as shown by the
following equation

COs> + H' = HCO* + H' = H,0+ CO,

This change leads to a suite of alterations in matemistry, particularly increases in
solubility of metal ions. Elevated concentratiofsnany metal ions, especially aluminium,
iron and manganese (but also more toxic ions ss@admium, copper, zinc and mercury)
are therefore observed. This impacts widely oratigqiiota, since the free ions are
generally more toxic to aquatic organisms than derpns. (Jorgensen, 1997).

3.1.6.3.2 Effects on biota

All biological processes have a pH-optimum, whighuisually in the range 6-8. This implies
that plant growth, microbiological decompositiontrification and denitrification are all
influenced by pH (Jorgensen, 1997). The genezabtwith decreasing pH is a decrease in
species diversity, reduction in algal species diNgibeing one of the most immediate
consequences of declining pH.

Several studies have indicated that cladocerariegppamongst the zooplankton are generally
sensitive to acute acid conditiofBysmina being more acid-tolerant, often replacing
Daphniaspecies (Jorgensen, 1997). Copepods are less\setisan cladocerans and are
often representative of acidic waters (Brett, 1988ffects on zooplankton physiology are
reduced filtering, haemoglobin loss, reduced oxyaee sodium uptake and gill tissue
damage. Long-term effects are reduced brood sideegg fertility, and delayed

reproduction (Jorgensen, 1997).

In contrast to fish, some macroinvertebrates ale tattolerate acid exposure for a few days,
and are accordingly often used as bioindicatoraadity. Many insect larvae show a wide
range of tolerance, some being able to survivédad p for long periods. Some mayfly
larvae have been found to be sensitive to acidibyle some species of dragonfly,

damselfly, caddis fly and stone fly larvae are ¢gflly well represented in acidic waters.

Low pH affects macroinvertebrates through sevenattmechanisms such as reduced gas
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exchange, impaired calcium metabolism (signifiagamholluscs), element deficiencies and
toxic effects of aluminium ions (Hermann 1987).

3.1.6.3.3 Effects on fish

The tolerance of fish to pH conditions is summatizeTable 5.

pH-range  Effect

3.0-35 Unlikely that any fish can survive more than a few hours

3.5-4.0 Lethal to salmonoids. Some other fish species might survive in this
range, presumably after a period of acclimation to slightly higher pH

4.0-4.5 Harmful to salmonoids, bream, goldfish and carp, although the
resistance to this pH increases with the size and age

45-50 Likely to be harmful to eggs and fry of salmonoids. Harmful aiso to
adult salmonoids and carp at low calcium, sodium and/or chloride

concentration

5.0-6.0 Unlikely to be harmful, unless concentration of free COo is greater

than 20 mg I'! or the water contains freshly precipitated Fe(OH)3

6.0-6.5 Harmless unless concentration of free COgp > 100 mg I-1

Table 5. Effects of pH on fish (from Alabaster dolyd, 1980 in Jorgensen, 1997).

A characteristic of damaged fish populations irddieid lakes is not just the absence of fish,
but the nature of the population structure (Hand®y5). Annual age and size classes are
sometimes grossly depleted or even entirely absent.

3.1.6.4 Management

3.1.64.1 Liming

Liming is the most commonly applied ecotechnologmathod for reduction and
neutralization of acidification in lakes and resmrs. (Jorgensen 1997). The efficiency of
the liming process is dependent on the contact éintethe contact surface; the distribution
method of the lime in relation to the surface mayrbportant in maximizing efficiency.
Liming may be performed in the lake/reservoir,hie tributaries or in the entire catchment
area.
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3.1.6.4.2 Other ecotechnological methods

Other in situ methods may be introduced in conjamctvith liming to obtain a higher
efficiency of biological recovery. Rhode (1981)Jorgensen (1997) introduced the concept
of a biological buffering system, the idea beingntwoduce acid tolerant and acid resistant
algal species to increase the primary producticdheénecosystem. Theoretically this would
raise the pH, however, practically, it is diffictdt obtain a higher level of photosynthesis
when there is a lack of hydrogen carbonate iorleerwater.

The introduction of acid tolerant fish species basn used successfully to accelerate
biological recovery when used in conjunction withihg (Erikson et al 1980, 1987).

The application of land use/management strategissben explored, particularly those
associated with coniferous trees. Conifers have bey@aced with broadleaf species, and
cutback, burning and ploughing have been useddiaceeconiferous growth (Ormerod et al.,
1988: Welsh et al., 1987). This has been sucdestien the low pH is caused by natural
processes, but has little effect if the acidifioatis caused by acid rain.

Hydrological management has also been used to eoaaidification where a source of less
acidic groundwater is available as a diluent, temgon time can be increased to enhance
sediment generation of alkalinity in cases wheeesttdiment itself is calcium-rich

Ideally, the whole spectrum of methods should leslde obtain the best and fastest results.

* Only by changing the forcing functions, i.e. the ptthe rainwater, is it possible to
restore the ecosystem. Otherwise a return to@catditions is inevitable.

* Liming ensures a higher pH but only for a limitegtipd (dependent mainly on the
retention time of the water in the lake/reservaoir).

3.1.6.5 Time scales of acidification and recovery

Atmospheric acidification occurs relatively quicKlyours to days), once the gaseous acid
precursors are emitted (Galloway, 2001). Dependmthe nature of the catchment soils,
headwater acidification can take years if the depdsulphate and/or nitrate is not retained
strongly by the soil, but decades if it is (Galimet al., 1983).

Once surface waters have been acidified, biologesponses can also be rapid or take
years. Episodic acidification can result in fisy fnortality over the course of a single storm
(Bulger et al., 2000) or it can take years for &flsh to suffer mortality. In combination,
short and long term effects on aquatic biota hagelted in the disappearance of species
from acidified surface waters over time (Gallowa@01).

The recovery follows the same general trend (ieres), but it takes place more slowly
(Figure 43). The atmosphere will recover quickige emissions are reduced. (Galloway,
2001). Soils will recover slowly due to their largapacity (Stoddard et al., 1999).
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Surface waters will only recover chemically afteilsrecover, and fish recovery may not
occur until 5-10 years after zooplankton recovehyolv themselves may take up to ten years
to recover (Galloway, 2001).

Days Weeks Months Years
To To To
Months Years

ACIDIFICATION

Increased emissions increase deposition
Increased deposition acidifies soils
Increased soil acidification changes forests
Increased deposition acidifies waters
Increased water acidification kills fish, etc.

RECOVERY

Decreased emissions decrease deposition
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

o o  m ow e e - —

Figure 43. Timescales of acidification and recgy#&om Galloway, 2001)

3.1.6.6 Acidification of freshwaters in South Afri@ due to atmospheric pollution

Air pollution in South Africa matches or exceedattin some of the more industrialised
nations of Europe, mostly because abundant lowegcadl deposits provide a relatively
cheap source of power. Acid rain has been recardseveral regions, especially the
eastern Highveld where there are many large coalig power stations and where the
lowest recorded pH value for rain is 2.9 (Davied Bray, 1998).

There is very little information available in SA tre effects of air pollution on the
environment. A management plan is needed whichimabrporate rehabilitation of
acidifying waters before they become so badly daddbat recovery is much more
difficult.

3.1.6.7 Prospects for the future

The easiest projection to make is that in the tuthere will be more people needing more
food and using more energy. Increase in per capstaurce use will mean that food and
energy production will rise faster than the popolatresulting in an increase of emissions
into the atmosphere that will in turn, result ien@ased 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 eman&tas both surface and underground
mine workings, waste and development rock, anthtglpiles and ponds (Durkin and
Herrmann, 1994). After being removed from theugish and having had the ore removed,
waste rock is stored above ground in large fre@urg piles. The extracted ore is then
processed to separate the target mineral fromahmhess portion, and this valueless portion
becomes another form of mining waste called “tgsifi Tailings are usually stored above
ground in containment areas or ponds or they angppd into the excavated space from
where they were mined (Johnson and Hallberg, 208bpsurface mining often progresses
below the water table, in which case, water mustdrestantly pumped out to prevent
flooding. When a mine is abandoned, the wateetedtiurns to its original level, flooding
the mine. The introduction of water in all thegaations is the initial step in most acid
mine drainage situations (http//en.wikipedia.org).

In 1989 it was estimated that approximately 19 ,8®0of streams and rivers, and 72,000 ha
of lakes and reservoirs worldwide, had been selyalemmaged by mine effluents (now
much greater), although the true scale of the enmental pollution caused by mine water
discharges is difficult to assess accurately (Jom@sd Hallberg, 2005). The formation of
AMD and its associated contaminants have beenibdesicas the largest environmental
problem facing the mining industry worldwide (Evafau, 1995; Harris et al., 2003). Itis a
serious problem in South Africa, pollution of stmeaand rivers due to discharges of
contaminated water from mines and dumps being btteecseverest problems facing the
future of South Africa.

3.2 Hydrological factors

3.21 Introduction

The hydrodynamic processes associated with resesperations may be considered to be
an abiotic component contributing to the water iy alf reservoirs (Dubnyak and
Timchenko, 2000). Hydrodynamic processes playvgortant part in the functioning of
reservoir ecosystems, contributing, as they dejater movements, water level fluctuations,
and their consequences. These processes haveibeessed elsewhere in this report but
are briefly reconsidered in this section..

3.2.2 The river downstream from the dam

Reservoir operations impact significantly (phydigathemically and biologically) on the
river downstream of the dam. The large amounttefdiure available on this topic is not
within the scope of this report, EXCEPT in the cabeeservoir cascades where the quality
of the outflowing water impacts on the water ofoavdstream water body. This is discussed
in Section 4.4.
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3.2.3 The reservoir ecosystem

The effects of reservoir operations within a resgrwater body are an integral part of the
functioning of the reservoir ecosystem, and arerimked in the consequences that they
exert on water quality.

(1) Water movements

In the open waters of a reservoir, there are maltyater movement and mixing processes.
Many of these are related to the hydrodynamicteféservoir operation. The flow through
a reservoir is of considerable importance in det@ng transport processes of e.g.
suspended sediments and nutrients, as well agiding the temperature and density
gradients and thus stratification of the water potu Longitudinal gradients are often
evident from the riverine end of a reservoir to daen, as discussed in detail in Sections 2.1
and 2.3.

(2) Retention time

Retention time is directly related to (1) abowe.reservoirs with short retention time and
more intense through flow, the effect of the fldwaugh the reservoir will be more
pronounced, whereas in reservoirs with long redentime, the effects are much less
pronounced. This is often a direct result of witdwdal rate or volume and the withdrawal
schedule

(3) Water level fluctuation

Water level fluctuations are linked to both (1) g8ylwith the associated dependence on the
inflow and outflow of water into the system.

3.2.4 Reservoir operations

Reservoirs are designed and operated to achievbdsio goals — water storage and its
subsequent withdrawal for a variety of purpose®ifTbperation to accomplish these two
aims plays a critical role in the limnological cheter of the impounded reservoir (Kennedy,
1999). Water withdrawal depth, the rate and volawin@ithdrawal, and the withdrawal
schedule are of particular importance in termseirtimpact on the waterbody. (Table 6).
The effects that water withdrawal has on thernmratigication and material balances in
reservoirs may be the most limnologically signifitanfluence of the operation of dams
(Kennedy, 1999; Ford, 1990).
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i e Ripeastianel Direct reservoir effects
goals parameters

Water withdrawal Withdrawal depth Storage or dissipation of heat and material
Withdrawal rate or volume Thermal stability and resistance to mixing
Withdrawal schedule Flushing rate and residence time

Sedimentation and material retention

N Inflow mixing and material transport

Water storage Water volume
Surface elevation
Storage schedule

Table 6. Limnological implications of reservopearation (After Kennedy, 1999)

3.2.4.1 Water withdrawal depth

From the point of view of reservoir managemernit important to know the possible effects
of the water extraction level on the reservoir @asjana et al., 2003). When multiple
outlets exist, each different through flow opti@angroduce a suite of positive and negative
effects, with the overall result depending on thgipularities of the reservoir in question
(Straskraba 1996). Hydraulic regulation by medrsetective off-takes and hypolimnetic
siphoning were discussed as eutrophication conteasures in Section 3.1.2, while
hydraulic flushing through bottom outlets was cdesed as a means of siltation control in
Section 3.1.1.

A knowledge of temperature distribution is fundamaéto the understanding of the
performance and functioning of reservoir ecosystétmamel et al., 1990); the effects of
water withdrawal have been found to be importamtatermining thermal stratification in
reservoirs (Ford 1990). The release of water froensurface results in removal of strata
most directly influenced by solar heating, resugjtin the preservation of cooler, denser
hypolimnetic water. Materials that settle below #ifective withdrawal zone are retained as
are those released from bottom sediments intoubdying water. On the other hand, the
release of low-temperature water from the hypolonmesults in the storage of heat through
the expansion of the epilimnion, vertical tempemailifferences are reduced (particularly at
high withdrawal rates), and resistance to wind ngxs reduced. Materials accumulated in
bottom sediments are removed due to flushing (Kepnt999).

Casamitjana et al. (2003) used a numerical one+tBiae model to predict the thermal
structure of Boadella Reservoir (Spain) and theintestigate various possible water
withdrawal scenarios. The model was found to ptddie basic trends in thermal
stratification of the reservoir correctly, and abalso be used to predict the stratification
pattern in other water withdrawal scenarios. Thaghors concluded that stratification
plays a crucial role in determining the reservoivater quality and that prediction of its
thermal evolution is essential for its managemegnnkans of selective withdrawal.
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3.2.4.2 The withdrawal schedule

The water withdrawal schedule of a reservoir ogsran different levels of magnitude, and
thus impacts on the aquatic ecosystem in diffeneyts.

3.2421 Retention time

The withdrawal schedule is one of the main factiat®rmining the retention time of water
in a reservoir. The retention time, together wité concentrations of various chemical
compounds in the inflowing water, is among the miogtortant factors that determine the
water quality of reservoirs (Ambrosetti et al., 208awara et al., 1998; Jorgensen, 2002;
Townsend and Luong-Van; Perry et al., 1990).

Jorgensen (2002), using eutrophication modelsyatied to answer two questions; (i) What
is the role of the residence time in determinatbwater quality? (ii) Is it possible to
manipulate residence time to improve water qualiyplying the models to three case
studies he demonstrated that the residence tiae iimportant forcing function that in many
cases would have a great influence on the resultatgr quality of a lake or reservoir. He
also concluded that manipulation of the resideime to improve water quality was a
possibility.

Figure 44 summarizes the influences of hydrauliergon time on a reservoir ecosystem.
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1) Influence of hydraulic retention time (R;) and area phosphorus loading rate (TP ; gm/m?/
vr) on total phosphorus retention (R; from Kennedy, in press). (b) Influence of hydraulic
retention time (R;) on algal growth and biomass (based on Strakraba et al,, 1993). (c)
Correlation between variations in reservoir volume and the ratio of mixed depth to euphotic
depth, and (d) between the ratio of mixed depth to euphotic depth and algal diversity as
measured by percent rare species (from Naselli-Flores, 1998). (e) Effects of outlet depth and
hydraulic retention on water column stability (as inferred from vertical temperature gradients).
(f) The influence of water stability and mixing events (arrows indicate relative mixing depth)
on abundance of algal associations (based on Reynolds, 1997).

Figure 44. A graphic summary of the influencesyiraulic retention time on a reservoir ecosystem
(Kennedy, 1999).
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3.2.4.2.2 The littoral zone

Under hydrodynamically stable conditions, littozahe areas, occupying a buffer position
between land and water have considerable biodtyeasd play a role of natural biofilters.
However, hyrodynamic processes in the shallow avkesservoirs are often limiting factors
for the development of biological communities (emgcrophytes and their associated biota)
(Dubnyak and Timchenko, 2000; Casco, 1997). Hi#lle(1998) studying regulated and
unregulated systems in Nova Scotia, Canada, fduatcshoreline plant communities of
dammed systems were less diverse, contained motie species and were generally devoid
of rare plants.

3.2.4.2.3 The rate and volume of withdrawal

Pronounced fluctuations of water level over a shertod of time are an important
characteristic of many reservoirs (Naselli-Flored 8arone, 1997). These fluctuations may
affect phytoplankton biomass and species compadityoinfluencing the underwater light
climate (Barone and Naselli-Flores, 1994; Nasdbrés and Barone, 1996) and nutrient
dynamics (Kimmel et al., 1990). With respect tmedish species, water levels play an
important role in breeding success. This is sametifound to improve as reservoirs fill
because flooded vegetation offers better sitesgawning (O’Brien. 1990). However in
other cases increased siltation associated widrves filling, damages spawned eggs.
Drawdown may seriously damage nursery areas adddedesiccation of the eggs
(Kubecka, 1993).

Little has been written on water quality changesoamted with rapid drawdown of
reservoirs and lakes (Boland, 1995; James et@1)2 This was addressed in Manton River
Reservoir, a small tropical reservoir in northenns&alia by Boland (1995), who found a
marked deterioration in water quality due to tudnade associated with the rapid drawdown,
which destroyed the vertical density structure eawased elevated chlorophyll a and total
phosphorus concentrations and higher turbidityaoidur. All these water quality
parameters improved following recharge of the nesein 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, resigs may also offer management
opportunities. Within the design and operatiorapaaters defined by engineering
considerations, it may be possible to reach a ecmuseof cooperative use. For example, the
timing and rates of release, including the usestdctive withdrawal outlets and the seasonal
progression in reservoir volume, may be modifiedffect changes in water column thermal
structure, and water and material retention, agans of accomplishing water quality
management objectives (Kennedy, 1999a).

If the requirement of water control (e.g. flood wetion, power generation,, navigation, etc)
can be met while at the same time encouragingisedesffect on water quality (e.qg.

Project K8/612 FINAL REPORT Page 165



reduced phytoplankton biomass or shifts in spem@sposition), then cost efficient
management strategies can be realized (Kenned9al.99

3.3 Climate Change

3.31 Introduction

There is no doubt that a shift in long-term glotlahate is taking place as a result of the
intensification of the “greenhouse effect” (IPCQ@92). The greenhouse effect (a natural
phenomenon) occurs as a result of the earth’s mgdong-wave radiation being unable to
escape the lower atmosphere owing to the presdroagtain gases, notably carbon dioxide,
methane and water vapour. Without this naturahpheenon the earth would be
approximately 33C colder and largely uninhabitable (Bruce, 199There has been a sharp
increase in the amount of carbon dioxide, methadenétrous oxide released into the
atmosphere since the middle of thd'2@ntury due to increased industrial activity, and
addition, chlorofluorocarbons (CFCs), since theyenatroduced in the 1950s (Adeloye et
al., 1999). These may also hinder the releasengfWeave radiation, although by depleting
the ozone layer, the greenhouse effects of CFCgaatrlly neutralized (IPCC, 1992). The
temperature of the earth’s surface has increas@d3up 0.86C over the last century with
the greatest increases in the last few decades.

Such increases in temperature are anticipateddotagservoir ecosystems significantly
through a combination of direct and indirect inflaes involving hydrological, physical,
chemical and biological process mechanisms andaictiens.

3.3.2 Modelling global warming

Changes in climate are projected by means of Ge@aailation Models or Climate

System Models, which mathematically simulate thate system - atmosphere, oceans,
hydrologic cycle and ice. Put very simply, threed®ls were run with a forcing equivalent
of a doubled carbon dioxide concentration in tmeasphere until the system reached a new
equilibrium (IPCC, 1990). The projected increasglobal mean temperature from these
three models was 3.5 4 C. When ocean lags are taken into account, the i@ ates a
0.2 - 0.5C increase per decade over the next century unthersiness as usual”’ scenario
(i.e. no major controls of greenhouse gas emissanspt those already agreed to
internationally to reduce CFCs for protection of thizone layer) (Bruce, 1991).

These estimates may be conservative since thegajgref present national projections of
carbon dioxide and methane emission yields a glptméction 10-20% higher than
“business as usual”. In addition, these mathemlationate system models do not take
feedbacks in the system into account, especiadlytblogical feedbacks. The Second
World Climate Conference, Geneva, 1990, conclutiatithe feedbacks would be likely to
increase rather than decrease greenhouse gases.
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Sea level is expected to rise 3-10cm per decaderuhd “business as usual” scenario.
Agreement between models on precipitation chargyasticlose, but all models show
greater global precipitation and increased vigduhe hydrological cycle with rising
temperatures (Bruce, 1991).

3.3.3 Effects of climate change on reservoirs anti¢ir management

A warmer climate will put phenomenal pressures atewresources in many parts of the
world (Adeloye et al., 1999). For reservoir quahtgnagement, three types of consequences
of global climate change can be expected, as sloWwigure 45 (StraSkraba and Tundisi,
1999):

(1) direct effects on air temperature and flow;
(i) indirect effects due to changes in natural agdcultural vegetation; and
(i)  increased water demands on reservoirs

GLOBAL
CHANGE

4
EFFECTS ON WEATHER
~—winds, ralns,clouds, solar iadiatior

quanlity and quelily, lemperalure elc\ WATER QUANTITY
, CHANGED AVERAGE FLOWS [—

EFFECTS ON W AT’ERSHEDS/ CHANGED FLOW VARIABILITY
<tvegelalion,land use, soil moisture &

ground waler, ion bullers, elc.
(5.6 ™[  WATER QUALITY

1 TEMPERATURE, STRATIFICATION

KFFECTS ON SOCIO-ECON, |— " L__CHEMISTRY, BIOLOGY

idaplation,agricullure, suslainabilil
waler demand, w.q. requiremenls

4 {

BCOTECHN
WATER RESOURCE }?Ilﬁ%cggﬁhﬂl‘l'l‘ »

Waler quanlily, waler quality

\ 4

Figure 45. Expected consequences of global chamgesservoir water quality (after Straskraba and
Tundisi, 1999)

3.3.3.1 The hydrological cycle

Global warming is accelerating the hydrologicalleycEvaporation from land and water
will increase, resulting in more precipitation oreeage, although regional precipitation
patterns will continue to be complex and varialfReviews of state-of—the-art climate
models suggest that average global evaporatiompeatipitation may increase by 3 — 15%
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for an equivalent doubling of atmospheric carbaxidie concentration — the greater the
warming, the larger the increases (Gleick, 1997).

Improvements in modelling of the climate have betgupermit more realistic estimates of
regional evaporation and precipitation patternath\& doubling of atmospheric GO
concentrations, models show increases in humiditygreater precipitation at high latitudes
and tropics throughout the year and in mid-latisislewinter. In many model estimates,
summer rainfall decreases slightly over much ofrttv¢hern mid-latitude continents. Other
changes in mid-latitudes remain highly variable ambiguous; information on changes in
precipitation in subtropical and arid regions iardy, but even small changes in arid zones
can have significant implications (Gleick, 1997;IN8&ms, 1999).

In fact, the occurrence or influence of global wargns not globally uniform, temporally or
spatially. It is occurring twice as fast as ovevadirming during the winter and at night, with
winter warming occurring faster at high latitudeart near the tropics. Enhanced
evapotranspiration dries out soils in some regiehereas the warmer atmosphere holds
more water vapour (6% increase f8IC), fuelling more intense violent downpours
elsewhere. Prolonged droughts and intense pratigntcan be equally punishing (Epstein,
2004).

3.3.3.2 Runoff

Many estimates of changes in runoff due to climetiange have been produced using
detailed regional hydrologic models of specificenbasins and a variety of climate
scenarios (Arnell, 1996). Results show that sigaiit changes in the timing and magnitude
of runoff are likely to result from quite plausilbdeanges in climatic variables. Some studies
suggest that temperature increases of @;avith no change in precipitation, can result in
runoff decreases of 20% or more (Lettenmaier anad G890; Burns, 1994; Mimikou et al.,
1991, Gleick, 1987a,b). Increases or decreasperipitation of 10% - 20% tend to change
runoff by about the same amount. In areas whareadds for water are close to the limit of
reliable supplies, such changes will have enornmoaisagement implications (Gleick,

1997).

There is also a risk of increased flooding. Thimars of the 1996 IPCC report concluded
that flood related consequences of climate charigatrbe as serious and widely distributed
as the adverse impacts of drought.

3.3.3.3 Soil moisture

Changes in temperature and precipitation patterthérave direct effects on soil moisture.
In regions where precipitation increases, increasesaporation driven by higher
temperatures may be even greater, resulting irt drgimg of the land surface (Gleick,
1997). Incidence of droughts in the USA, measuseddd moisture conditions, is likely to
increase as temperatures increase even whereipagoipincreases, because of increased
evaporation (Rind et al., 1990).

Project K8/612 FINAL REPORT Page 168



All climate model results simulate a general insgeen soil moisture at the northern high
latitudes in winter where precipitation increaseseed evaporation increases. Most models
also simulate large-scale drying of the Earth’$ase over northern mid-latitude continents
in summer owing to higher temperatures and eithgufficient precipitation increases or
actual reduction in rainfall (Gleick, 1997).

3.3.3.4 Water quality

An increase in the water temperature of lakes sgmmirs will be a significant factor affecting
their ecological balance (Hosomi, et al., 1996udé; 1991). The growth rate and standing
crops of algae will increase, and, in addition, peeod of thermal stratification will be longer,
the thermocline deeper, and depletion of dissobsaaien in the hypolimnion more severe.
This will accelerate eutrophication as nutrient lae released from bottom sediments (Kalff,
2002). The change in water retention time and hemdgient loading, could have significant
consequences on the trophic state of reservoirgetdaon changes in the watershed could
contribute to hydrological changes and could camapr changes in nutrient and pollution
loads (Straskraba and Tundisi, 1999).

3.3.3.5 Public health

The warming of lakes and reservoirs inferred byglavarming projections would also
result in pole ward movement of water-borne or watasnected diseases which are
temperature limited as water is the principal traission agent for 80% of tropical diseases.
Mosquito-transmitted diseases are the prime exarbptehere are many other such as
Bilharzia as the snails which transmit schistos@msiaan only survive in temperatures
between 18 and 8& (Epstein, 2004).

3.3.4 Implications for reservoir management

Impacts of climate change on water resources wilielt in virtually every aspect of natural
resources management. These include all decialomst long-term water planning, design
and construction of new water-supply infrastructtine type and acreage of crops to be
grown, urban water allocations and rate structussgrvoir operation and water-supply
management.

Major uncertainties still exist surrounding the mepof climate change on lakes and
reservoirs. Indeed the most important effect ahalie change for water managers will be the
overall uncertainty that they face. There aredhpessible approaches that managers might
take at this time:

» the “wait and see” or “do nothing” approach whistcheapest in the short term but
could have enormous medium- and long-term risks,

» the “no regrets” approach which includes evaluatirapagement and operational
options under a broader range of scenarios thamgeas have traditionally
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considered, and designing and building new infuacstire to deal with climatic
uncertainly, and
e going “overboard” and making expensive but incdroeEcisions.

The flow of information from the scientific globehange community to the public and
water management community needs to be developkdx@anded (Gleick, 1997).

3.35 Other factors

It must be emphasised that climate change is amyfactor that will affect the behaviour of
lakes and reservoirs in the future. Cutting o&&ts and construction of reservoirs result in
increases in streamwater temperature of a simitberaf magnitude to that proposed by
global warming. The dominant factor controllinggion and sedimentation will continue to
be the presence or absence of vegetation and nraeagef soils in the watershed. Water
levels will continue to be influenced by upstreamtev withdrawals for irrigation and direct
withdrawals for human use. It is important to plélce changes that may arise from global
warming, in the context of all the other changex thill affect lakes and reservoirs in the
future (Bruce, 1991).

3.4 Invasive Species

34.1 Introduction

Species invasion is one of the leading mechanigrgbbal environmental change,
particularly in freshwater ecosystems (Garcia-Bautht al., 2005). After loss of habitat,
invasive species are the second leading causediversity loss (Vitousek et al., 1997;
Mack et al., 2000). Thousands of exotic specie® len introduced to aquatic habitats
(Cohen and Carlton, 1998), and besides imposing leagnomic costs, invasive species
cause extinction of native species and reductiayeoktic diversity through a variety of
mechanisms (Rahel, 2000). This form of biologiaalytion also has the potential to alter
the transfer of energy and matter within an ecesyqtyan and Pawson, 1997).

3.4.2 Stages in the invasion process

1 The intentional or unintentional introduction t@twild of a species reaching a
region beyond its native range

2 The establishment of self-sustaining reproductivpytations

3 Population growth and spreading of the speciesh@dson et al., 2000; Kolar
and Lodge, 2001)

3.4.3 Approaches to the study of invasion biology
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The issue of species introductions and range expass of growing importance as
ecosystems become more disturbed (Work and Gofi®888). However, the factors that
favour invasions, and the effect of invasions dterodifficult to predict (Williamson and
Fitter, 1996).

The two most frequent approaches to the studywafsion biology are the identification of
species traits that that might predict invasiorcess (Garcia-Berthou et al., 2005;
Williamson and Fitter, 1996; Mack et al., 2000; &ohnd Lodge, 2001) and the
identification of attributes of communities (andsgstems) that affect their susceptibility or
resistance to invasion (Levine and D’Antonio, 199@)able 7)

Characteristics relating to ‘invasiveness’ of a species

The source and invaded environments are far apart geographically.

They have rapid dispersal rates.

They possess colonising abilities superior to those of native species.

They exhibit r-selected breeding attributes, many offspring, little parental care.
They have some form of protection for eggs and young larvae.

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.

9. They breed throughout the year.

0~ wWwN =

Characteristics of ecosystems that are susceptible to invasion

They are degraded, disturbed or modified.

2. They exhibit reduced species diversity.

3. They have anthropogenically modified flow regimes or water quality.

1 Periurban environments with many artificial water bodies are often exploited.

5 Invasion is enhanced when the climates of source and invaded environments are
similar.

Table 7. Characteristics relating to ‘invasiveri@dsa species and characteristics of ecosysteats th
are susceptible to invasion. (After Davies and [1988).

Moyle and Light (1996) suggested that the suitgbdf abiotic factors predetermines the
success of an invasion, regardless of the bioter@ctions in the new habitat. Success is
strongly influenced by a species’ ability to adeptritical environmental variables such as
salinity (Thompson, 1991) and temperature (Gartal.e1990; Hall et al., 1992; Stelzer,
1998; Sanford, 1999; Lodge, 1993). Other studie® ldmcumented the influence of
biological characteristics such as high rates sfelisal and reproduction, good competitive
ability and predation resistance on the succesfiseonvader (Garton and Berg, 1990;
Lehman, 1991; Mackie, 1991). However, unfavourahletic conditions preclude a
successful invasion, and therefore a consideratidoth the native and the new
environment is necessary to answer the questiarhgfa species is able to invade an
ecosystem (Work and Gophen, 1999).
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However, some results of these approaches haveitaarclusive (Williamson, 1996;
1999; Smith et al., 1999). More recent suggestavaghe identification of predominant
donor regions and invasion pathways (Jenkins, 1R8fiardi and Rasmussen, 1998;
Maclsaac et al., 2001) particularly for aquaticaswns (Ricciardi and Maclsaac, 2000).

3.4.4 Invasive plants

In Southern Africa, a number of introduced “watereds” are major economic pests. They
includeSalvinia molestdKariba weed), a free floating ferBichhornia crassipeqwater
hyacinth), andMyriophyllum aquaticungfparrot’s feather), a floating or rooted watempja

all from South America and all proclaimed noxiouseds. Azolla filiculoides(also a

floating fern), andPistia stratioteqNile Cabbage), possibly originating from Austaalhave
not yet been declared undesirable aliens.

These plants all exhibit the potential for explesgrowth, particularly in eutrophic
conditions, and may cover vast areas of standidgslow-running waters. They are
widespread throughout South Africa (Figure 46) hade already cost the country tens of
millions of rand to eradicate. (Macrophyte conisotliscussed in Section 3.1.2.5).

Salvinia molesta
(Kariba weed)

o . Azolla filiculoides
Myriophyllum aquaticum ™ (Water fern)

(Parrot’s feather)

Eichhornia crassipes

3 ). (Water hyacinth)
V Salvinia )
O Myriophyllum . 100 mm
e Fichhornia ]
A Azolla

Figure 46. Distribution of the four major alienuadjc plants in Southern Africa. (After Davies and
Day, 1998).
Eichhornia crassipes

Ever since its introduction to Egypt in the latd"t@ntury,Eichhornia crassipebas spread
through Africa’s lakes and reservoirs (Brendoncklet2003). Its prolific growth causes
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considerable economic problems and affects fisbebeat traffic, water supply and the
whole ecology of affected lakes (Ogutu Ohwayo gtl&97). It tends to invade waterbodies
where hydrological or nutrient conditions have bakered by human activity (Barret,

1989). Biological, chemical and mechanical contnelasures are expensive and hampered
by re-infestation from its long-lived seeds (Brendo et al., 2003).

In spite of the detrimental effects Bichhornia crassipedRommens et al. (2003) in their
study on the impact of this macrophyte on the waitraity of Lake Chivero, a reservoir in
Zimbabwe, pointed out that it does have some pesditributes. Its capacity for
accumulating heavy metals and organic contamireardsts wide tolerance of
environmental conditions makes it suitable for tirgawaste water. In addition, its rapid
growth and multiplication has led its use as amahifood, in paper and other products, and
as compost (Mehra et al., 1999; Navarro and P2000). Its presence can also prevent the
development of algal blooms, by direct light lintike. A workshop on “The Control of
Africa’s Floating Water Weeds” in 1991, stressegl ithportance of conducting ecological
studies on aquatic systems affectedEiphhorniain order to estimate its affect on
biodiversity (Greathead and DeGroot (1993) in Romsnet al., 2003). However, to date,
little attention has been paid to the potentialamg@nce of water hyacinth mats for
maintaining the structural complexity of a lake aisdspecies diversity. Rommens et al.
(2003) suggest that this is probably due to thehasis given to the many environmental
and socio-economic problems caused by its infestatiwith its eradication being given
priority.

Salvinia molesta

This invader became famous as “Kariba weed” sotar #ie filling of Lake Kariba in the
1960s. At one stage it covered more than 2260&frthe surface of Lake Kariba with mats
often more that half a metre thick. This situativeated ideal conditions for mosquitoes and
snails, the transmission agents for malaria atftaBiia (Davies and Day, 1998). A
discussion of the “Kariba weed” as an alien invager be found in Moreau (1997).

3.45 Invasive animals

Foreign invaders, including fish (e.g. Moyle angltt, 1996), molluscs (e.g. Strayer, 1999;
Yu and Culver, 1999; 2000) and crustacean zooptenfd.g. Lennon et al., 2001; Work and
Gophen, 1999; Pattinson, 2993; Ketelaars and vaerBan, 1993) are threatening the
integrity of freshwater ecosystems worldwide 288.

3.45.1 Fish

It has been hypothesised that the constructiors#rroirs and the accompanying
hydrological manipulation has been instrumentahaneasing the susceptibility of river
systems in SA to invasions by introduced fish (D@oM1996; Gehrke and Harris, 2001), as
well as range extensions to native species e.gntheement ofClarias from the Orange to
the Fish River.

Project K8/612 FINAL REPORT Page 173



Many of South Africa’s freshwater fish populaticar® undergoing a demographic decline.
Of the 97 species occurring in SA 30% have be¢adiby the IUCN as threatened (Skelton
2002). This is probably due to a variety of reasemeteriorating water quality, habitat
degradation and introduction of exotic species {®#ax2004). Flow regulation and river
fragmentation are also likely to have had an infleeein reducing recruitment by obstructing
movement, degrading instream habitat and factitpiinvasion by exotic species (De Moor,
1996).

3452 Molluscs

Dreissena polymorphdallas (the zebra mussel) is the most often citadhele of an
invasive mollusc species. Initially found in th&MA in the 1980s, it has now spread to all
the Great Lakes and many connected waters. Ti@®ala attach themselves easily to the
hulls of boats and thus spread quickly along trartspputes. Larvae remain planktonic for
several weeks during which they are transporteduosents, and in bilge water and bait
buckets. These factors contribute to their suéokswasive potential (Kalff, 2002).

The effect of zebra mussels on the ecosystem tesdiggreat concern to ecologists and
fisheries managers since their appearance as irsrcalfaclsaac et al. (1992) estimated that
they could theoretically filter a 7m water columgtween 3.5 and 18.8 times daily. Bunt et
al. (1993) estimated that even the small-bodiedazpeiussels (2-11mm) were theoretically
capable of filtering between 39% and 96% of theewablumn daily in western Lake Erie.
This filtering activity significantly decreases alg@bundance and increases water clarity
(Reeders and de Vaate, 1990; Lei et al., 1996; 84ac et al., 1992; Bunt et al., 1993;
Fanslow et al., 1995; Nalepa et al., 1995). Thubseges potentially affect the aquatic food
web and thus the whole lake ecosystem (Yu and Culg99). Thermal structure can also
be influenced by water transparency by increasdoigypon thickness and metalimnion
heating rate (Mazumder and Taylor, 1994). Yu aotv€r (1999, 2000) investigated the
possibility that zebra mussels could change sitatibn patterns. They concluded that
indirect impacts on a small reservoir stratificatgattern may have much broader
implications then the direct trophic interactionglie whole ecosystem.

Predators on zebra mussels are most often not@btmtrol populations, resulting in the
long-term effect of shifting invertebrate productiaway from zooplankton in the water
column, and thereby away from zooplanktivorous &sld their predators to the benthos.
The effect on pelagic fish stocks is an issue eageconomic importance and scientific
interest (Kalff, 2002). Effects of a shift fromaplktivory to benthivory on pollutant
mobilization have not been explicitly consideredt tan be anticipated.

3.4.5.3  Crustacean zooplankton

Studies of freshwater crustacean zooplankton hewesated a variety of successful invaders
(Havel and Hebert, 1993; Reid and Pinto-Coelho4188e, 1999; Ricciardi and Maclsaac,
2000). Cladoceran zooplankton possess many gifrddicted traits of a successful
colonizer. Adults and ephippia can be introducgtdit bucket releases, intentional
transfers of water or fish, and by natural passiaesport of the ephippia by wind, birds,
mammals and fish. The ability of cladocerans pyraduce parthenogenetically not only
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ensures that they can reproduce quickly, but @daaes the size of the propagule required
for successful colonization (Work and Gophen, 3999

An example of a cladoceran invadBgphnia lumholtz{Sars) was first collected in North
America in 1990 in a small lake in Texas, USA ($san and Sterner, 1992). Since that
date it has been found in at least 125 lakes as®fveirs in the US from Florida to Arizona.
Features that may have enhanced its ability todeworth America from Australia, south-
east Asia and Africa are:

(1) The native and new habitats have similar maximunpgratures. The
tropical/subtropical origin may explain its abiltly withstand higher
temperatures than the native North American zodgtem (Moore et al., 1996).
This factor may present a constraint on its ecalguccess as an invasive
species in colder waters of North America (Lenebal., 2001), although
climate warming is likely to modify this.

(i) Invasion theory predicts that a species adaptéistarbed habitats is more likely
to invade successfully (Orians, 198®)aphnia lumholtzhas been recorded
primarily in reservoirs, rivers, ephemeral laked ather disturbed systems in its
native range (Mishra and Saksena, 1990; King arei@&vood, 1992).

(i)  The extremely long head and tail spine may redisceulnerability to predation
by fish and invertebrates (Havel and Dodson, 18&4el, 1985; Parejko, 1991;
Sorenson and Sterner, 1992).

3.4.6 Management

Introduction prevention should be regulated abeganizational levels, of particular
importance being the introduction of species to gentinents. However, introductions to
new countries within a continent (or new basindimia country), although difficult to
control, should also be legislated against, witplementation being internationally
coordinated (Garcia-Berthou et al., 2005). Prewviswccess, and taxonomy, to a lesser
extent, are relatively good predictors of invagiatential, species and families with
previous invasive histories clearly being of spectacern. (Mack, 1996; Williamson,
1999).
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4. MANAGEMENT TOOLS AND AIDS

Management can be functionally and operationalfindd as a process of continuous
decision-making to achieve specified aims and dlvjes. Reservoir management hinges
largely on hydrological, chemical and biologicajeattives. Rapid monitoring of conditions,
and outcomes of management activities is pivotaffiective management. Various
methods and approaches to such monitoring exidtnaw and novel techniques and
instrumentation are finding welcome application bréef outline of certain established and
emerging approaches follows.

4.1 Biomonitoring, bioindicators, etc.

4.1.1 Procedure

A wide range of testing approaches are availabtietermine the effect of polluting and
toxic substances on lakes and reservoirs, the ameedf which makes it extremely

difficult to select a single approach or test brgttbat will meet all management needs.
Simple tests with indigenous organisms, particultasts that use species from multiple
trophic levels known to occur in the system, caovjate a screening-level assessment of
pollution hazard. The next level of investigatsiould consider use of standardized
microcosms or mesocosms. Accompanying any expetah&sting programme should be a
well-designed, field-based assessment to placedsgslts in the context of the local
environment. (Herricks, 1992).

4.1.2 Effects of pollutants and toxic substances @guatic biota

The presence of harmful substances, of naturatautess in excess, and the changes in the
aquatic environment that result from them, or bysital alteration of the habitat, result in,
or induce, a variety of effects in organic orgarssnsome of the most common effects are:

* changes in the species composition of aquatic camtras
* changes in the dominant groups of organisms irbédta
* impoverishment of species

« high mortality of sensitive life stages e.g. edgs/ae

* 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, waterbodiessffhkents is based on five main
approaches (Friedrich et al., 1992), and is sunzedrin Table 9.
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4.1.3.1 Ecological methods

Community studies: Analysis of biological commuastof a water body i.e. changes
In species composition or community structure eygshenko and Protasov, 2003;
Dombrovskiy, 2003; Kozlovskaya and Bakanov, 2008b€&bu and Oribhabor, 2002
(macrozoobenthos); Magadza, 1994; Branco et &2 20o0oplankton), Harding et
al., 2005; Taylor et al., 2005 (diatoms), Adams @mndeley, 2000. Analysis of
communities developing on artificial substrategspecially convenient.

Indicator species: Presence or absence of spepéicies e.g. Geetanjali et al., 2002
(nematode parasites in catfish); Passy and Bodkzl; 20arding et al., 2005; de la
Rey et al., 2004; Taylor et al., 2005 Kitner andilR&ova, 2003; (diatoms);

Fleituch, 1992 (macroinvertebrates); Canosa antld&i1999 (bacteria).

4.1.3.2 Physiological and biochemical methods

Respiration and/or growth measurement of organeigisKlochenko and Medved,
2001; Shehata et al., 1997, (algal cultures).

Use of biomarkers to assess sub-lethal effectslditants, mostly on free-living
organisms e.g. Sherry, 2003; Rocha-e-Silva e2@04 (fish); Favari et al., 2002
(zooplankton and fish); Martinez-Tabche et al. 2Qdligochaetes); Adams and
Greeley, 2000).

4.1.3.3 Use of organisms in controlled environmesit

Assessment of toxic effects of samples on organismder defined laboratory
conditions — toxicity tests or bioassays e.g. SHzdeet al., 2001; Tisler and Zagorc-
Koncan, 1999; Martinez-Tabche et al., 2000; WordjRak, 2004; Mangas-Ramirez
et al., 2001 (zooplankton); Shehata et al., 198&dnarz, 1995 (algae); Sladeckova,
1990 (periphyton).

4.1.3.4 Assessment of biological accumulation

Bioaccumulation by organisms living in the enviramh(passive monitoring) e.g.
Cenci, 2000; Zakova and Kockova, 1999 (mosseshyluet al., 2001; Aula et
al.1995 (macrophytes); Farkas et al., 2003 (zodqder); Favari et al., 2002
(zooplankton and fish); Bren, 2001 (macrozooberjthdartinez-Tabche et al., 2001
(oligochaetes); Veinott et al., 2001(molluscs); @olva and Konovalov, 2002;
Allinson et al., 2002; Svobodova, 1999; Rehulk&d2®akre et al., 1990 (fish);
Ravera, 2001,

Bioaccumulation by organisms deliberately exposeithé environment (active
monitoring).
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4.1.3.5 Histology and morphology

* Observation of histological and morphological chesg.g. Bolotova and
Konovalov, 2002 (fish); EImoor-Loureiro, 2004 (zdepkton).

» Embryological development or early life stages @gng and Pak, 2004
(zooplankton).

4.1.3.6 Rapid algal profiling

» Heterotrophic bacteria and viruses excepted, miat@bhytoplankters (cyanophytes
and algae) show the most rapid response to irckdnges in conditions in aquatic
ecosystems. Really effective monitoring of charigedhis guild of autotrophs
requires profiling at a very short temporal scakampling on the order of one or
two day intervals. Manual collection and subseg¢jgenventional analysis by
microscopic examination is unwieldy, enormouslytlgos®nd impractical. In its
place (or at least as an alternative option), nemegation technology has stimulating
the development and deployment of more automatadtoring methods. In this
regard, considerable benefit has been achievedwaribus new-generation probes,
particularly the so-called fluoro-probe (Dubelatalk 2004). While not yet capable
of species-level discrimination, broad charactéiaraof autotrophs on the basis of
proportional representation of different chlorophypes and mixes provides an
extremely powerful tool for rapid biomonitoring.ué equipment can be deployed
in situ, to provide continuous and continuing imh@tion useful for water quality
management purposes (Dubelaar et al. 2004).

4.1.3.7 Genetic molecular markers

e Partly linked to the former, concern regarding grayuncidences of toxic ‘algae’
particularly cyanobacteria, and recognition of thiportant implications to human
health has led to attempts to develop rapid diagnaad monitoring capabilities for
toxic algae. As toxic and non-toxic strains ofexg important taxa are not
distinguishable using conventional morphologicaésaing, the development and
introduction of molecular characterisation methbds been an emerging tool
(Sivonen 2004).

4.1.4  Indicator organisms

A wide variety of pollutants may be detected anditawed by means of bioindicators,
different organisms generally being more suitaklendicators of different pollutants (Table
8).

* An indicator species is one that is commonly preseabsent under specified
environmental conditions and “indicates” environtaquality by its presence or
absence.
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» Atarget species is, in a general sense, an ecallagdicator that is maintained in a
lake or reservoir. It is assumed that meetingetingronmental requirements of the
target species or group will protect the supporéngsystem, affording general
environmental protection.

* A pollutant accumulator (“scavenger”) is an orgamiwhich can accumulate
relatively large amounts of pollutants without aggpd noxious effects (Ravera,
2001). The concentration of a pollutant in an organs the result of many variables
i.e. the concentration of the pollutant in the watiee physical-chemical form of the
pollutant, the membrane permeabilities of the oigranthe type and quantity of food
and its degree of contamination, the physiologitaie of the organism and the
characteristics of the physical environment inficiag the organism as well as the
pollutant.

* The most commonly used species aggregate is themaaity (an interacting group
of organisms in a specified habitat). Also usetthésguild (species that exploit the
same class of environmental resources in a sinvég). The aggregation of species
depending on the same resource may often proved@zenient base of
extrapolation (Herricks, 1992).

4141 Bacteria

Most suitable as indicators of faecal pollutiorscalised as indicators of
eutrophication (Canosa and Pinilla, 1999).
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Useful indicators of eutrophication and
increases in turbidity.

| Organisms | Advantages | Disadvantages

Bacteria Routine methodology well developed. |[Cells may not have
Rapid response to changes, including ||originated from sampling
pollution. Indicators of faecal pollution. {|point.

Ease of sampling. Populations recover rapidly
from intermittent pollution.
Some special equipment
necessary.

Protozoa Saprobic values well known. Rapid Good facilities and
responses to changes. Ease of taxonomic ability required.
sampling. Cells may not have

originated from sampling
point Indicator species also
tend to occur in normal
environments.

Algae Pollution tolerances well documented. ||Taxonomic expertise

required. Not very useful for

|severe organic or faecal

pollution. Some sampling

and enumeration problems
with certain groups.

Macroinvertebrates

Diversity of forms and habits. Many
sedentary species can indicate effects

|at site of sampling. Whole

communities can respond to change.
Long-lived species can indicate
integrated pollution effects over time.
Qualitative sampling easy. Simple
sampling equipment. Good taxonomic
keys.

Quantitative sampling
difficult.

Substrate type important
when sampling.

Species may drift in moving
waters.

Knowledge of life cycles
necessary to interpret
absence of species.
Some groups difficult to
identify.

physiological effects can be obvious.
Can indicate food chain effects. Ease
of identification.

Macrophytes Species usually attached, easy to see |[Responses to pollution not
and identify. Good indicators of well documented. Often
suspended solids and nutrient tolerant of intermittent
enrichment. pollution. Mostly seasonal

occurrence.

Fish Methods well developed. Immediate Species may migrate to

avoid pollution.

Table 8. The advantages and disadvantages farafit organisms as indicators of water quality.

(After Friedrich et al., 1992).

4.1.4.2.1 Phytoplankton/Algae

A wide variety of uses as indicators for e.g. goitioation, organic pollution,

acidification, pesticides, heavy metals (Bedna@851 Shehata et al., 1997; Becker

and Bigham, 1995; Klochenko and Medved, 2001; Kiarel Poulickova, 2003;

Passy and Bode, 2004; Bertrand et al., 2003; Hareliml. 2005; de la Rey et al.,

2004; Taylor et al., 2005; Sladeckova, 1990.
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4.1.4.3 Zooplankton
Indicators for e.g. eutrophication, heavy metala@sidza, 1994; Mangas-Ramirez et
al., 2001; Branco et al., 2002; Shcherban e2@D;]1; Wong and Pak, 2004; Tisler
and Zagorc-Koncan, 1999; Elmoor-Loureiro, 2004; futez-Tabche et al., 2000;
Becker and Bigham, 1995; Farkas et al. 2003; Fataai., 2002).

4.1.4.4  Macroinvertebrates/macrozoobenthos

Indicators for e.g. eutrophication, heavy metalga@henko and Protasov, 2003;
Ogbeibu and Oribhabor, 2002; Fleituch, 1992; B&&g1).

2.1.4.5 Aquatic macrophytes
Indicators for e.g. eutrophication, heavy metalsk@a and Kockova, 1999; Aula et
al., 1995; Zurayk et al., 2001).
4.1.46  Mosses
Indicators of heavy metals (Cenci, 2000; Zakovaliackova, 1999).
4.1.4.7 Nematodes
Indicators of water quality (Geetanjali, 2002 (n¢éndle parasites in catfish)).
4.1.4.8 Fish

Indicators of eutrophication, inorganic and orggmdlutants (Becker and Bigham,
1995; Rehulka, 2002; Park and Curtis, 1997; Baked.£1990; Favari et al., 2002)
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L Ecological methods T Physiac:llggical Bioassays Chemical
Indicator || Community methodg biochemical || 2nd toxicity || analysis of
species’ studies? methods tests biota
Principal Invertebrates, ||Invertebrates||Bacteria Invertebrates, ||Invertebrates,||Fish,
organisms plants and algae, fish fish shellfish,
used algae plants
Major Basic Impact Operational Early warning (|Operational |[Impact
assessment  [[surveys, surveys, surveillance, monitoring, surveillance, |[|surveys, trend
uses impact trend impact surveys |[impact early warning |[monitoring
surveys, monitoring surveys monitoring,
trend impact
monitoring surveys
Appropriate Organic Organic Human health ||Organic Toxic wastes, || Toxic wastes,
pollution matter matter risks (domestic ||matter pesticide pesticide
sources or pollution, pollution, and animal pollution, pollution, pollution,
effects nutrient toxic wastes, |[faecal waste), ||nutrient organic human health
enrichment, |nutrient organic matter |lenrichment, |[matter risks (toxic
acidification |lenrichment ||pollution toxic wastes |[pollution contaminants)
Advantages ||Simple to Simple to Relevant to Usually very ||Most Relevant to
perform. perform. human health. ||sensitive. methods human
Relatively Relatively Simple to From simple ||simple to health.
cheap. No cheap. No ||perform. to complex perform. No ||Requires less
special special Relatively methods special advanced
equipment or (|equipment or{|cheap. Very available. equipment or |lequipment
facilities facilities little special Cheap or facilities than for the
needed needed. equipment expensive needed for |lchemical
Minimal required options. Some||basic analysis of
biological methods allow|[methods. water
expertise continuous Fast results. |[samples
required monitoring Relatively
cheap. Some
continuous
monitoring
possible
Disadvantages||Localised Relevance of||Organisms Specialised Laboratory  ||{Analytical
use. some easily knowledge based tests |lequipment
Knowledge of||methods to ||transported, and not always and well
taxonomy aquatic therefore, may ||techniques indicative of ||trained
required. systems not ||give false required for  ||field personnel
Susceptible |[always positive results |[some conditions necessary.
to natural tested. away from methods Expensive
changes in  ||Susceptible |[source
aquatic to natural
environment (|changes in
aquatic
environment

T e.g. biotic indices

2 e.g. diversity or similarity indices

Table 9. The principal biological approaches tdewvguality assessment, their uses, advantages and
disadvantages. (After Friedrich et al., 1992).
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4.2 Remote sensing

42.1 Introduction

Traditionally, reservoir water quality has been maned and evaluated using field data.
However, the collection and analysis of data apeasgive and time consuming and it is
often queried whether a limited number of fieldadean characterize the spatial variation of
parameters within a large water body (Chen, 200@&nQ and Lei, 2001). To improve
traditional data collection methods, utilizationremote sensing data for water quality
assessment has been investigated by many scientists

Early studies focused on the relationship betweemote sensing data aimdsitu
measurements. To move the application of remotsirsgmo a forecasting and thus more
practical level, it is necessary to incorporatsith traditional water quality modelling
(Kondratyev et al., 1996). Moreover, integratinGi® system with the monitoring and
forecasting systems can improve the display of mguelity information (Yang et al., 1999).
A shortcoming of this technique is that it does alédw recognition of the vertical
distribution of variables (Straskraba and TundiS99).

Imagery from both high altitude (satellite) and laltitude (aircraft) remote sensing systems
may be used.

4.2.2 Information that can be obtained by remote sesing of reservoirs

2.1 The hydrodynamics e.g. upwelling zonesrimdl waves, warm and cold surface
layers of large water bodies (Kondratyev et al96l@_ake Ladoga, Russia); Baban,
1994).

2.2 Areas of high and low turbidity, indicatisgspended inorganic and organic matter
(Silva et al., 1997 (Tucurui Reservoir, Brazil); &ivey and Subramanian, 1992
(Tawa Reservaoir, India); Nelson et al., 2002 (Mgzn lakes, USA); Allee and
Johnson, 1999 (Bull Shoals Reservoir, USA); FraReX,, 1998 (Nebraska lakes,
USA); Arenz et al., 1996 (Colorado Reservoirs, USA)

2.3 Horizontal displacement of river plumes thatyrcarry pollutants and/or suspended
material into the reservoir (Straskraba and Tundi99).

2.4 Spatial distribution of total phosphorus aitdogen can be depicted with careful
analysis and reservoir-specific correlations witeo variables such as chlorophyll a,
temperature and transparency or adsorption coefisi(Bilge et al., 2003 (Porsuk
Dam Reservoir, Turkey)).

2.5 Horizontal distribution of chlorophyll a atatation of low and high concentrations
of phytoplankton (Allee and Johnson, 1999 (Bull &kdReservoir, USA); Arenz et
al. 1996 (Colorado reservoirs, USA); Bilge et 2003 (Porsuk Dam Reservaoir,
Turkey); Novo et al., 1993 (Barra Bonita ReservBnazil); Mayo et al., 1995 (Lake
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Kinneret); Yacobi et al., 1995 (Lake Kinneret); &mann and Kaufmann, 2000
(Mecklenburg Lake District, Germany); Gitelson et 28993b (Lake Kinneret);
Mittenzwey et al., 1992).

2.7 Horizontal distribution of cyanobacteriabbins (Jupp et al., 1994)

2.8 Detection of macrophyte abundance (Malting George, 1997 (Cefni Reservoir,
UK); Noernberg et al., 1999 (Tucurui Reservoir, Brg Duarte and Kalff, 1990);
Penuelas et al., 1993)

2.9 Location of mass fish kills

2.10  Trophic status and water quality (Babangl®®rfolk Broads, UK); Chen, 2003
(Yeong-Her-Shan Reservoir, Taiwan); Cheng and 2@0,1 (Te-Chi Reservoir,
Taiwan); Yang et al., 1999 (Te-Chi Reservoir, Taiyaitelson et al., 1990; 1993a.)

2.11 Complimentary data for EIAs — before, dgramd after construction (Nagarajan,
2000 (Dudhganga Dam, India).

4.3 Modelling

The former biomonitoring approaches generally asgdmt has happened in the immediate
or recent past. These essentially address conseggie Modelling approaches on the other
hand attempt to pre-empt adverse effects by progidome predictive fore-casting of
potential problems.

4.3.1 Uses of mathematical models

Unless otherwise indicated, the information on nilodgis based on StraSkraba and Tundisi
(1999).

Mathematical models are now extensively used teesalwide variety of problems in water

quality management, with an increasing number oelmbecoming available. Some
problems for which modelling is useful are outlinedrable 10

4.3.2 Groups of models useful for water quality maagement.
1 Simple static calculation models consisting of gébraic equations or graphs.
Models in this group are predominantly based ofissiizal elaboration of large

datasets. Table 11 lists a variety of simple modetbtheir respective uses and
applications.
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BEFORE RESERVOIR CONSTRUCTION
To estimate budgets of major water componentsvefsithat will enter the reservoir, of the
reservoir itself, and of the resgninflow.
To provide reasonable estimates between seveeahate construction sites, dam heights and
outflow and outlet structures so that decisionssaggported.

IN THE WATERSHED
To estimate pollution sources in the watershethbgins of simple calculation models.
To predict conditions in future reservoirs and ¢besequences of different management options
on water quality in the watershed

FOR EXISTING RESERVOIRS
To predict possible future reservoir quality cdiwtis when environmental conditions in
the watershed are altered by human activities.
To provide estimates for decisions between diffeveater quality management options for
use in long term planning.
To support short-term operational management dewgiegarding water quantity and quality.
To optimize sampling schedules, investigations @mrols of water quality.

Table 10. Some uses of mathematical models (ieddifom StraSkraba, 1994).

MODEL AUTHOR APPLICABLE REGION OF MODEL USE
* Nitrogen retention Kelly er al. 1987,

by shallow reservoirs extended by Howarth et al, 1996 N. Hemisphere
* Phosphorus retention

by stratified reservoirs Straskraba et al. 1995 N. Hemisphere
* Retention of organic

matter by reservoirs Stragkrabova 1976 Central Europe
* Hypolimnetic oxygen

demand by reservoirs . Staufer 1987 United States
* Lake Number Model -

specification of stratification Imberger & Patterson 1990 Australia

* Temperature stratification

model RESTEMP Straskraba & Gnauck 1985 Central Europe
* Model of DO and P in

stratified lakes Chapra & Canale 1991 United States
* Model of end-of summer

oxygen profiles in lakes Molot et al. 1992 United States
* Model of hypolimnion discharge

scenarios Horstman et al. 1983 United States

Table 11. Simple models that are most usefulferestimation of various reservoir features and
prediction of responses to management plans.
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2 Complex dynamic models that provide temporal angsis of aspects of water
quality conditions.

For purposes of modelling in rivers and reservéwraprose et al., (1982) in
McCutcheon, (1989), distinguished four levels afr@asing complexity in this group
of complex dynamic models, based on the criterexiied below.

Level 1: Steady state solution, simple kinetics
e.g.LAKE, produced by ILEC (Jorgensen, 1992).

Level 2: Steady hydrodynamics, specified or handledmpirically, steady or time
variable water quality.

e.g. Lung Phosphorus Model (Lung and Can&@&7)L
AQUAMOD 3 (Dvorakova and Kozerski, 1980; StraSkrainal Gnauck,
1985)
SALMO (Benndorf and Recknagel, 1982)
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)
MIKE12 (Ecological Modelling Centre, 1992)

Level 3: Unsteady hydrodynamics, but simplified saitions, simplified reservoir
solutions, dynamic water quality.

e.g. Fortran (HSPF) Hydrologic Simulation Programme

Level 4: Unsteady hydrodynamics, dynamic water qudy, ability to handle
backwater and stratified reservoirs.

e.g. DYRESM, the most widely used reservoir hygir@inics 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 prowe computer software for
problems that require spatial resolution.

e.g. IlIASA (Fedra et al., 1990), and RAISON (Lanakt 1994) are used
when mapped or tabular data exists.

4 Prescriptive models that calculate water qualiticonditions but do not directly
indicate appropriate management options for a givesituation, and:
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5 Management or optimization models that incorpora¢ selection procedures to
choose the most suitable option according to a seft criteria that is appropriate
for a given situation.

This group comprises™generation models that are very useful for managetut
are very complicated and difficult to use. See &abP

* Dynamic optimization of eutrophication by phosphorus removal. Used for a Japanese lake (Matsumura & Yoshiuki
1981)

* Optimal control by selective withdrawal (Fontane ef al. 1981)

* Optimizing reservoir operation for downstream aquatic resources. Applied on Lake Shelbyville, Hlinois (Sale et
al. 1982).

* GIRL OLGA for cost minimization of eutrophication abatement using time dependent selection 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 environmental multi-agent system (Bouron 1991)

* DELWAG-BLOOM-SWITCH for management of eutrophication control of shallow lakes (van der Molen et al.
1994)

* GFMOLDP, a fuzzy multi-objective program for the optimal planning of reservoir watersheds (Chang et al. 1996)

Table 12. Models for use in water quality optintiza

6 Expert systems that use qualitative or quantitatie expressions to guide the user
towards relevant answers to complex water quality gestions.

7 Decision support systems (DSS) represent a furthextension of expert systems.
They incorporate other computer software products elevant for a specific
water quality decision problem.

Only a few DSS (listed in Table 13) are currentrgitable for water quality management
decisions

MODEL NAME PURPOSE AUTHOR

----- selection of control strategy for lake eutrophication Grobler et al, 1987
----- DSS for environmental decisions Fedra 1990

analysis of environmental catchment policies Davis et al. 1991
MASAS evaluation of micropollutants Ulrich et al, 1995
AQUATOOL  water resources management Andreu ef al. 1991
HEC-3 multipurpose quantitative operation of reservoir systems Haestad Methods 1993

Table 13. Decision Support Systems for water guatianagement.

The interactive DSS function (Figure 47) allows tiser to try various versions of decisions
under different possible situations.
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Figure 47. The structure of a Decision Suppogt&wy for water quality control.

4.3.3 Selection of an appropriate model

Appropriate model selection requires balance baivilee importance of the problem, cost,
available time, available personnel and the avditalof the adequate models.

N.B. Models only produce a gross simplification of rgaéind caution is always necessary
when considering model results.
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4.4  Reservoir cascades — a special case in tewhs management

4.4.1 Introduction

Management of reservoir cascades presents a uraqge of problems and options. In a
series of reservoirs, if no additional sourcesalfytion, other than those present in the
inflowing river of the highest reservoir, are ildted, considerable improvement in water
guality is obtained. This is particularly so ietheservoirs are stratified, and the retention
times exceed specific limits. However, where |gualution is introduced downstream of
the uppermost reservoir, successive improvemewatér quality only occurs if the local
pollution does not exceed improvements achievettegr® by particular operations such as
selective off-take.

Complex management problems can arise when diffeisss are required for individual
reservoirs in the cascade. In these cases itissary to find a balanced optimized solution
for the overall multi-goal performance of the systéModels that address water quality and
quantity demands are required to integrate paramsteh as flow, water levels, pollution,
and stratification.

Changes that occur in reservoirs downstream dfittstereservoir of a cascade tend to
remain operative throughout the entire system.s iithe basis for the Cascading Reservoir
Continuum Concept (CRCC), which has been propasedandling the ecological

processes at a system level (Barbosa et al., 1999).

4.4.2 Theoretical effects of upstream reservoirs omeservoirs
downstream

Some theoretical considerations of the effecigpstream reservoirs on those downstream
have been grouped by Straskraba (1990).

4421 Physical factors

Compared with the temperature of the upstreamvessy those downstream manifest the
following:
(1) Decrease of surface temperatures in spring (teemperatures nearly
identical)
(i) Increase in bottom temperatures
(i)  Increase in mixing depth
(iv)  Increase in Birgean heat budget (the amofihieat required to raise
temperature from annual minimum to annual maximum)
v) Increase in depth of inflow stream in spring
(vi)  Increase in intensity of mixing of inflow witteservoir water
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44272 Chemical factors

Provided additional pollutants are insignificarangpared with chemical factors of upstream
reservoirs, downstream reservoirs show:
(1) Decrease in turbidity
(i) Decrease in organic load and colour (with aqnsences for light conditions)
(i)  Decrease in P-concentration
(iv)  Decrease in oxygen concentration at inflolower reservoir

4.4.2.3 Indirect effects of upstream reservoirs odownstream reservoirs

(1) Vertical distribution of conservative chemical stamees is more uniform due
to increased mixing, but this does not apply tddgwally affected chemical
variables.

(i) Decrease in primary production due to increbsexing depth and decreased
P.

(i)  Phytoplankton composition tends to shift tawa more oligotrophic
assemblages

(iv)  Decrease in oxygen concentration of deepatatr

4.4.3 Limnological investigations of reservoir casdes

Worldwide, numerous cascading reservoir systeme baen constructed on large rivers.
These include the Dnieper (Ukraine), Volga (Rus$téyo (Spain), Zambezi (Southern
Africa), Missouri, Colorado (USA), Paranaiba, Tigearanapanema (Brazil) and Parana
(Brazil/Paraguay). Cascades on smaller riverplemtiful. Some South African examples
are the uMgeni River, Thukela River, Orange Riasd Buffalo River.

Limnological investigations of whole cascade systeme not very numerous despite their
obvious hydrological and suspected functional cotinigy ((Barbosa et al., 1999; Litvinow
and Roschchupko, 1994; Korneva and Solovyova, 1988)dies involve mostly transport
mechanisms of, for example natural suspended n{#tteamez et al., 1996), or toxic
substances (Iskra and Linnik, 1994; Linnik, 1998205b; Gapeeva et al., 1997). Transport
of radionuclides, especially’Cs, and its biological effects along the Dniepsereoir
cascade have been documented in detail (Klends €082; Sirenko et al., 1992; Rogal and
Dobrynskij, 1994; Shevchenko, 1995).

Various aspects of the reservoir cascade of thie Rever in Brazil have been investigated
by a number of authors (Abe et al., 2002, 2003aS3ind Matsumura-Tundisi, 2002;
Padisak et al., 2000; Tundisi et al., 1991), asthaseservoir cascade of the Dnieper River
in the Ukraine. Other systems which have been astuadie e.g. the Colorado River (USA)
(Shannon et al., 2001), the Tennessee Valley Aith@servoir cascade on the Columbia
River (USA) (Higgins and Brock, 1999), the Guadi&tiger (Spain) (Armengol et al. 1990)
and the Volga River (Russia) (Pautova and Nomokan2004; Gapeeva et al., 1997,
Litvinow and Roschchupko, 1994).
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4.4.4 Management of water quality of reservoir outbws

Three basic options are currently in use:
44.4.1 Management of the water quality in the reseoir watershed and reservoir.

This is obviously the best option and has beerudsed at length in this report.

4442 Use of selective offtakes

Selective offtakes use an outflow depth that cpwass to the layer of best quality water in
the reservoir. This is important for river outflmensiderations. Hydrological changes
within a reservoir may change this optimal deptfacior which has to be taken into account
by water managers, water quality models using hgglvamic parameters being of
considerable assistance in this regard.

4443 Management of reservoir outflows

Possibilities of improving water quality at the &bion of the dam are limited and consist
mainly of aeration at the outflow.

4.4.5 Reservoir multisystems

Reservoir multisystems differ from cascades in thaervoirs are constructed on different
rivers, but the water is used in a central locat{ery. the Lesotho Highlands Water
Scheme). This is particularly common in dry arelsre a single watershed does not
produce enough water. Production of sufficienten#é often the dominant management
goal in these systems, water quality being of seéapnimportance. Optimal coordination of
the many facets of a reservoir system requireaskestance of computer modelling to
provide information for rational operational deoiss. The reader is referred to Labadie
(2004) for a review of optimal operation of muliesvoir systems.
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5. LOOKING AHEAD - PERCEIVED FUTURE
NEEDS

In this section, an individual's perspective isegivon prospective needs and priorities to
revitalize impoundment research in South Africaseoure an adequate contemporary
structural, functional and operational understagdihthese ecosystems under the particular
and spatially variable biophysical conditions aggltile in the subcontinent, on which their
sustainable management into the future can be based

Reservoir research and management is a broad cuttssg domain, spanning a wide array
of topics which tend largely to be site-speciftexplicit general recommendations are
accordingly difficult to formulate except in comnsemately broad and nebulous terms.
However, there are certain underlying general ssunel prospects that require or warrant
enunciation. These range from the need to highhgltvariously address and redress severe
deficiencies of scientific expertise, the needtterapt integrated synthetic analysis of large
(and largely un-worked) databases of relevant médion to identify regional particularities
and peculiarities in reservoir structure and fumatig, and to ensure that reservoir water
resources attain adequate national prominenceendimn at the forefront of limnological
consideration and endeavour. While such suggestiomeasy to dismiss as impractical
academic ramblings, they are in accord with grovirigrnational experiences and concerns
about ensuring sustainable fresh water resourodally, and international recognition of
the particular susceptibility of developing natidosated in water-scarce regions.

The following explicit suggestions are offered. eirmumbering largely reflects a potential
chronology, rather than implying any ranking ofopitly or importance. The reality that all
ecosystems, including impoundments, are holigtiegrated entities, revitalization of
reservoir limnology must be recognized holisticalAny reductionist approach to this
endeavour would be logically and practically untdaa

1. Regional and national work-shopping of existing ane&merging concerns.

The present literature review is precisely and @sigkly that - a review, principally
derived from primary literature sources. Intenggdorts and other ‘grey literature’
do not feature prominently in its contents. Gitea deficiency of recent (post 1990)
original research on South African reservoirs, aisvinevitable that little primary
literature of direct local relevance was encourttenethis review. Accordingly, a
danger exists that major local issues and condewns been overlooked or
disregarded. For this reason, an adequate ‘takeational issues and concerns
requires informed inputs from regional water auities and limnologists, to
deliberate whether or not the present review cagttire spectrum of issues and
concerns that such practitioners face in theirtdajay operations, perhaps prioritize
these concerns, and explicitly identify additiooahcerns.
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2. Integrated synthesis and analysis of existing baseé information in record data-
bases held by agreeable/willing regional water autrities, a) to interrogate and
guantify the expressed concerns, b) to identify pential unformulated and/or
cryptic issues of relevance, and c) ultimately, tachieve firmer factual
foundations on reservoir structure and functioning,at different spatial scales —
local catchment, regional, and national levels

Various agencies in South Africa have explicit mspbilities for water resource
monitoring and management at different spatialescalfrom individual catchments
upwards through water management regions to oveaitihnal level. Such authority
is vested in water supply agencies — various wWadards (such as Umgeni Water,
Rand Water, Umhlatuze Water, etc), as well as s&atovisions within the over-
arching governmental Department of Water and Envirent Affairs. Collectively,
these agencies and organizations hold an enorrmonslbgical data base on rivers
and reservoirs, collected and used by these agefwiéheir specific, generally
rather circumscribed purposes. However, apart foamexception related to
eutrophication (Department of Water Affairs anddstry 2002), we are unaware of
any directed and concerted attempt to coherentyrimgate these information
sources with a view to identifying important locagional or national patterns,
trends and peculiarities. An earlier initial conapiibn by Walmsely & Butty (1980)
served to catalogue impoundment-specific circuntgsnbut made no real attempt
to provide any integrated analytical synthesis.

We suggest that relevant data-holding agencieppeached to release or make
available their information to facilitate a coheremnegrated synthesis to quantify
issues relevant to the development and implementati strategic reservoir
management for South Africa. Various central teprerit attention within such a
synthesis. Listed in no order of priority, andtgadarly emphasizing their common
if not invariable inter-dependence, these include:-

e Type and intensity of stratification; effects oinfall-linked seasonal/annual
and operationally controlled (i.e. pumped storaiyayv-downs on
stratification and mixing. Oxygen depletion, imtel nutrient loading,
changes in underwater light climate and associed@dequential
phytoplankton periodicity response patterns.

* General features of reservoir water chemistry +cioomposition,
salinization issues, zeta potentials and prospecaduction or removal of
light-limitation for phytoplankton growth.

¢ Phytoplankton community structure, and its prosgeatontrol by
stratification/mixing, byin situ nutrient status, by underwater light climate
(mineral/biogenic turbidity), and (where data exjidly grazer intensity.
Problem algae, Harmful Algal Blooms (HAB).

¢ Reservoir food-webs structures, to identify andeat& prospects for
biomanipulation as a potential eutrophication calrtwol.

e Pathogenic and toxic biota — incidence, severitg, actuating/determinant
factors or circumstances.

e Recreational fisheries in reservoirs, and theiribgeon prospective
biomanipulation pathways and the exotic specieblpro.
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3. Plan strategic research ventures to address idenigd primary major concerns,
with commensurate commitment to underpin potentialprospects for regional and
local capacity development

Resumption of deeper process orientated resems@arch in South Africa
(Allanson 2004) is essential to recapture any fomelatal national proficiency in
sustainable reservoir management. Traditiondilgée process levels have been
employed — the physical, the chemical, and theobiohl. While these cannot be
effectively treated entirely independently, thegwseas convenient pigeon-holes to
identify specialist entities within the integrakdipline of river, lake or reservoir
limnology. All three components require revitatina. Various specific thrusts can
be identified at the outset as clear priority needs

Water quality is largely biological (Wetzel 200&ahd this reality is
manifest most obviously and rapidly in the phytogkan assemblage. As
phytoplankton contributes most strongly to problerhwater filtration,
problems associated with tastes and odours, anmbtysns, it is logical
that a greatly improved understanding of phytoptankperiodicity and
abundance will offer prospects for better fore-oasof such problems. At
the present time, however, most attention to thvstpl taxonomic
assemblage is subsumed in determinations of chgtopimproved
comprehension of the determinants of phytoplanktamposition and
abundance in reservoirs, encompassing informaégarding the identity
of their primary limiting factor(s) — light, tempegture, vertical circulation,
nutrients (P, N, Si), major ions, salinity, grazimgdators and parasites or
disease — largely encompassed within their funatidetermination in
terms of C-S-R strategists (Reynolds 1996) — asntécelaborated by Hart
(2006) in respect of Mgeni reservoir assemblagistroa useful and
potentially powerful means to fore-cast prospecsdeerse ‘seasonal’
changes in water quality, allowing rapid instigatmf appropriate
management interventions. Monitoring developmernbgic cyanophytes
may be effectively and conveniently linked to thisad thrust. New tools
that promise to assist in these respects havedédined (see Section
4.1.3).

Trophic status transitions from oligotrophy and otesgphy to eutrophy and
hypereutrophy that are associated with the prookssltural

eutrophication are commonly accompanied by switétues direct grazing
food webs to detritus-dominated pathways (basegtlgion the inability of
zooplankton to consume large cyanophytes directi§icrobial loop
pathways can accordingly be anticipated to be pmentiin the resulting
food webs. Local reservoirs that exhibit extendedn+waters conditions
during relatively prolonged ‘summers’ can be expddb manifest unusual
characteristics of hypolimnetic oxygen depletidxssociated processes and
patterns have not been investigated quantitatifaglygualitatively), but
have direct and significant relevance in reserg@nagement issues
(oxygen depletion, internal nutrient loading, fomeb efficiency, etc).
Fundamentally different trophic transfer processesbe anticipated, and
merit directed research attention.
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* The role and impacts of zooplanktivory by fish ood-web structures.
Obligate zooplanktivorous fish are essentially iagkn reservoirs.
Facultative zooplanktivory, by mostly littoral-inbiing juveniles of
typically riverine fish, is believed to occur, thas not been quantified or
analyzed. Such investigations have direct bearingaunted prospects for
biomanipulation as a tool to manage eutrophicanddouth Africa (e.qg.
Anonymous, 2004). Hard scientific evidence is aadh#s yet, however.

4. Mount and execute training courses to assist capagidevelopment in South
African and SADC nationals.

Loss of capacity in the discipline of reservoirfialogy in South(ern) Africa has
reached a critical level. Many, perhaps mosttoofaw experienced practitioners that
remain in South Africa today are approaching orehaassed retirement age —
heralding a commensurate disappearance of locares@. A remarkably short
window of time remains in which to strategicallyliae their expertise, and instill
some ‘new generation’ human capacity to resusciiatepetence in process-based
reservoir limnology and its application in manageime

5. Instill stimulating and encouraging incentives andnitiatives to facilitate realistic
professional practitioner career paths aligned to eservoir limnology and
ecohydrology.

Regarding reservoirs, Tundisi (1993) has poignastdyed: “The protection,
recovery and optimization of multiple uses of thagdicial ecosystems, can only be
achieved if a sound ecological basis is construaiéil long term observations,
experimental studies and theoretical approachesich seasonal changes, the aging
process of the reservoir under anthropogenic ax@onl the interactions of the
reservoirs with the watershed are followed up’mi&r sentiments are embedded in
the very incisive short preface to the most retetetrnational Conference on
Reservoir Limnology and Water Quality (Kennedyle2803) that is appended
below in full (our shading emphases) for ease f&@remce. Realization of this need
will demand a core of adequately trained initiatempetent to develop regionally
appropriate levels of understanding to achieveotiteomes summarized by Tundisi
(1993), and Kennedy et al (2003).

6. Encourage multipurpose use of reservoirs

Apart from its obvious utilitarian value, watensdely recognized as having
important impacts on the spiritual and emotionaldweing of humankind, whose
early progenitors have even been natmadetic peoplgAllanson, 2004) in
recognition of their origin. Given the scarcitytbfs resource in South Africa,
encouraging the multipurpose use of reservoirsbeatteemed to offer benefits to
their sustainable management, although will indtalso introduce some
contradictory “tensions” and disbenefits too. Retional use of these water-bodies
for leisure swimming, angling and boating, alongdideir various primary functions
of potable water supply, flood control, hydro-poweneration, etc., is likely to
generate greater public awareness of their impoeteend wider vested interests in
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7.

8.

9.

their “condition”. Careful resistance to potenti@ngers — of pressures to introduce
exotic alien fish species, to develop high-densiitgre-side housing, and dangers of
careless, ignorant or blatant pollution of the resies, can be anticipated and
therefore pre-empted from the outset.

At a cross-cutting domain between engineering aniimnology, greater
appreciation of issues relating to long-term prospets of reservoir sustainability
(multi-decades to centuries).

Based on international perspectives and experietiogs-frames envisaged in the
context of sustainable reservoir operation and mament planning have been
greatly extended. Formal consideration is now dpginen to time frames of
centuries rather than single or multi-decades amdtly contemplated in regard to
anticipated reservoir life-spans in particular.isTperspective appears especially
relevant in South(ern) Africa, where economicallgble and hydrologically
productive sites for new reservoir placement anmstraction are diminishing almost
as rapidly as existing reservoirs are experiencapgd capacity loss due to siltation.
Reservoir de-commissioning appears not to have beetemplated in the
South(ern) African region, but features importammltrategic water resource
management agendas in the Northern Hemisphere.

Accelerate and legislate implementation of CMA-baskICM strategies — the only
way to prevent the onset and/or stem further degraation of reservoirs.

In keeping with the inescapable reality that resgsvare integral parts of the
catchment-level waterscape, with an inevitableridependence with the biophysical
environment and land use practices in the draibage, it is equally inescapable
that reservoir conditions will largely mirror theiatchments. For this reason,
assured sustainable maintenance of adequate reesgurabty will intimately and
irrevocably pivot around Integrated Catchment Mamagnt. Promulgation and the
functional operation of incipient Catchment ManagetmAreas assumes very great
urgency.

The vast majority of impoundments are small farmdams, the limnological
features, attributes, and impacts on water qualityremain essentially unexplored
in the regional context. Methodical and systematimvestigation of these
reservoirs remains a necessary adjunct to accomplighe requisite holistic
consideration of impounded water on a regional or ational scale.

Although the individual total storage capacity ofadl farm dams and similar
waterbodies is relatively limited, their collectigeapacity is significant. Their
location immediately at or close to the interfaedén®en particular forms of land-use
and stream drainages is likely to render them eéalbegulnerable to disturbance-
related impacts or perturbations of local (sub)uatents. Their potential functional
role as pre-impoundments to major reservoirs isfeatire that warrants particular
scrutiny.
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10. Specific attention to reservoir cascades is ressary, since many of the country’s
major supply rivers are serially impounded. Whilethis need is envisaged
particularly for major impoundments, it has relevance in the context of small
farm dams as well.

Sequential changes in important biophysical attebalong reservoir cascades
impart significant impacts on the limnological stture and function of the
impounded water bodies. Local applicability of tb@scading Reservoir Continuum
Concept (Barbosa et al., 1999) that has been pedpos handling the ecological
processes at a system level along such cascadesesescrutiny and possible
refinement.
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ADDENDIX
(Highlighting by present authors)

Hydrobiologia504: xi-xii, 2003.
V. StrasSkrabova, R. H. Kennedy, O. T. Lind, J. @disi & J Hejzlar (eds),

Reservoir Limnology and Water Quality. Xi

Reservoirs and the limnologist's growing role in sstainable water
resource management

Robert H. Kennedy', José G. TungiMiera StraskrabovaOwen T. Lind & Josef Hejzlar
‘European Research Office, U. S. Army Corps of Eegs) 223 Old Marylebone Road, London NWI 5TH,
United Kingdom;

ZInternational Institute of Ecology Rua Alfredo LepEEP 13560-460, Séo Carlos, SP, Brazil;
*Hydrobiological Institute, Academy of Scienceshef€zech Republic, Naakach 7, 37005, eské
Budjovice, Czech Republic;

“Limnology Laboratory, Department of Biology Baylémiversity, Waco, Texas, USA

The need for water and the building of dams hawg loeen inexorably linked. Reservoirs provide depéte
supply of water to meet a range of social, econcamid environmental needs, including water for drigk
irrigation, power generation and waste assimilgtiaa well as the benefits of protection from floagi
sustained flows for navigation, habitat for fishryesting and aesthetics. The recent global trendhén
construction of dams, now amounting to nearly 46,l20ge dams in over 140 countries (Icold, 1998pem
with modest construction rates during the firstf tafl the 20" century but greatly accelerated rates were
prompted by the demands of growing economies faligwWVorld War Il. However, rates have declined
markedly since the early 1980s, especially in dmyedl countries, as suitable construction sites lmen
exploited and as environmental concerns over adwamgironmental impacts grew.

Despite this downward trend in dam constructiomggaphical differences in population growth, a new
urgency for dependable water supplies and the patdar resource development suggest resurgenc&aim
construction may be inevitable (World Commissionams, 2000). High population growth rates for &out
America (0.6 to 1.9%), Asia (-0.1 to 2.2%) and £dri(0.9 to 3.0%) foretell of growing and urgent @ewfs for
water on these continents in the coming decades.desire for industrial development in less indakzed
countries, the need for relatively ‘clean’ souroésnergy and expanding demands for irrigation wat#
drive efforts to finance and build more dams. Basedvater availability and engineering consideraijadhese
same regions offer the greatest remaining potembialhydropower development (Anonymous, 1998), an
observation clearly linked to apparent lending gratt of the World Bank and other global financial
institutions. Unfortunately, regions of anticipatkdure dam construction are, in general, regioh&na our
understanding of the dynamics of limnological egestmost limited (Rast & Thornton, 1993). Sincechof
our understanding of the limnology and ecologyesfarvoirs is structured by our decades-long stdishatural
lakes, especially those located in North Temperatgons of North America and Europe, renewed dam
construction will raise questions about our abildyeffectively manage these resources.

Our understanding of reservoirs as a unique clatzkes is growing but incomplete. Initially, conmpa
isons of characteristics of reservoirs and natlalets, prompted by a growing appreciation for pt&brlif-
ferences, especially with regard to the importaoténydrologic and engineering influences on resesvo
(Thornton et al., 1990), led to general concepth weélevance for management. For instance, corgiruon
higher order streams and in relatively large wéieds, often at their downstream boundary, leadsigber
material loads and more rapid flowing for resers@and the promotion of marked longitudinal gradieint
water quality. Recognition of the importance ofatenships between reservoir design and operatog, (
location on the landscape, depth of release arsthifig rate), and limnological consequences proval&dsis
for ongoing efforts to link engineering and limngo(Kennedy, 1999). Still lacking, however, is dctement
or system-level understanding of the role resesvpiay in the dynamics
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Xii

of hydrologic landscapes, the scale at which wetinegin to manage water resources (Winter, 2000).

The realization that sustaining water resourcesireg the integration of social and economic, a age
environmental considerations offers a challengipgastunity for limnologists (Forsberg, 2002). Caer e
effective partners in crafting a new, integrategrapch to water management? To do so, we must &noaar
understanding of basic limnological processes artp llefine linkages between ecological outcomes,
engineering requirements and societal pressuresqaatic resources. And we must find ways to effetyi
transfer scientific understanding to those who gillde the future development of the world's wagsiources
(Robarts & Wetzel, 2000).

In this regard, the 4th International ConferenceRaservoir Limnology and Water Quality, and thesthr
preceding conferences, provided an internationalinfo for limnologists and water scientists to share
experiences and ideas concerning reservoir limmyologl water quality, and the opportunity to explossv
research directions. The papers included in thegigpissue add to the knowledge base upon whitluitd the
understanding to effectively guide the managemémeservoirs and the water resource landscape afhwh
they are an integral part. Topics discussed inclpdgsical limnology; nutrient cycling; the dynamio$
microbial food webs and carbon flow; the structumeteractions and long-term changes of pelagic
environments; fisheries dynamics; and human impaetismanagement.
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