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GLOBAL WATER RESEAROALITION

The Global Water Research Coalition (GWRC) is-gnafih organisation that serves as a collaborative
mechanism for water research. The benefits that the GWIREs its members are water research
information and knowledge. The Coalition focuses on water supply and wastewater issues and renewable
water resources: the urban water cycle. GWRC was officially formed in April 2002 with the signing of a
partnership ageement and a partnership agreement was signed with the U.S. Environmental Protection
Agency in July 2003. GWRC is affiliated with the International Water Association (IWA).

The members of the GWRC are:

Anjou Recherche Water Operations Researcenterof Veolia Water (France)
EAWAQ; Swiss Federal Institute férquatic Science and Technology

KWR¢ Watercycle Rgearch Institute (Netherlands)

PUBg National Water Agency of Singapore

SUEZ EnvironmentalCIRSEE International Research Center dvater andEnvironment (France)
Stowacg Foundation for Applied Water Management Research (Netherlands);
TZW- Water Technology Center of the German Waterworks Association
UKWR- UK Water Industry Research

Water Envirement Research Foundation (USA)

WQRA: Water Quality Research Australia

WRG Water Resarch Commission (South Africa)

Water Research Foundation (USA)

WateReuse Foundation (USA)

WSAA Water Services Association of Australia

These organisations have national research programs addressing diffemembpthe water cycle. They

provide the impetus, credibility, and funding for the GWRC. Each member brings a unique set of skills and
knowledge to the Coalition. Through its member organisations GWRC represents the interests and needs of
500 million cosumers.
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PREFACE

Cyanobacteria, also known as bigeeen algae, are a primitive group of organisms which, according to fossil
records, have existed for approximately 3.5 billion year@nGlacteria have evolved to allow the efficient
utilisation of many environments, including marine and freshwater sources.

Cyanobacteria are a concern for water authorities worldwide as their persistence in water supplies causes
numerous problems for watetreatment plants. However, the majaoncernassociated with the presence of
cyanobacteria is the metabolites they produce, taste and odour compquuatsicularly 2methyl isoborneol

and geosminand a range of toxic compounds known collectively as latgains, orcyanotoxins.The first
recorded stock death due to the presence of cyanobacteria was reported in South Australia in 1878, and since
that time cyanotoxins in drinking water have been implicated in a range of adverse health effects on the
commurities receiving contaminated water. As a result, the management of cyanobacteria, in source water
and by treatment, has been an ongoing focus of water industry research and over several degadiesis of
journal articles reports and fact sheets have hegublished onthese topics Several years aga research
project was developed through theoGperative Research Gentre for Water Quality and Treatment to
consolidate that wealth of knowledge into a practical, us@ndly manual that could be used by #talian

water quality managers and operators to help manage cyanobacteria in source waters. During the following
years manuals with similar aims were developed in South Africa and Europe.

The management of cyanobacteria and cyanotoxins is one of tleitgrissues in the research agenda of the
Global Water Research Coalitidn. 2007 aGWRC expenvorkshop was held in South Africa, attended by
those responsible for the development of the three regional manuals, with the@iconsolidate the available
knowledge and knovhow and todevelopan international guidance manual incorporating the most important
aspects of thalifferent manuals to enable its application worldwide.

SCOPB®F THE GUIDANCE MANU

The international manual covers information required

B Understand the importance of cyanobacteria and the toxins they produce

B Assess the risks associated with a particular water source

B Develop a monitoring program and incident management strategies consistent with the
WHO Water Safety Planning process

B Instigate management procedures both in the source water and treatment plants to mitigate
the risks posed by the presence of toxic compounds in drinking water.

It is hoped that the level of information presasttin the guide will be appropriate for mostaders wishing to
learn more about such an important topic.

Vi
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Chapter 1: Introduction

CHAPTER INTRODUCTION

CYANOBACTERIA

Cyanobacteria, also known as blgeeen algae, blugreen bacteria or cyanophytes, are part gramitive

group of organisms which, according to fossil records, have existed for approximately 3.5 billioiy&ars [
They are not true algae, they are graragative bacteria which contain chlorophyll and perform
photosynthesis. Many cyanobacteria haveharacteristic bluisigreencolourbecause of phycocyanin

pigment contained in the cells and hence the name ljueen algae, while some species may appear red due
to the presence of the carotenoid and phycoerythrin pigmesis [
SNGLE CEL

oy

COLONY

eall
:
-
[

Mic-rocystis
Microcystis

STRAIGHT FILAMENTS SPIRALING

-

CoiledAnabaenashowing heterocytes and akinetes  CoiledAnabaenashowing heterocytes and akinetes

Figurel-1 Different morphological cell forms of some cyanobacteria (photographs fraWQC photo collection, and, 5).
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Cyanobacteria species display a remarkable diversity in cell morphology or form. The unicellular cyanobacteria
have gherical, ovoid or cylindrical cells that can occur siroglbed or may aggregate into irregular colonies. A
slimy matrix secreted during the growth of the colony holds it together. Some cyanobacteria aggregate into
regular colonies, or filaments, alsollea trichomes. Trichomes can be straight, or coileigjrel-1).

The life cycle of cyanobacteria requires water, carbon dioxide, inorganic substances (suchppisand

nitrogen) and light. Although energy metabolism is primarily through photosynthesis where sunlight and

carbon dioxide are used to produce enemigh molecules and oxygen, some species can survive in complete
darkness, while others have heterophicabilities B]. Some cyanobacteria species also have specialised cells

OFLff SR KSGiSNRO&GSa O0F2NX¥SNIeée OFftfSR KSGiSNRrOeadGasz odz
atmospheric nitrogen. These cells are indicated in a filameAnabaena izcinalisin Figurel-1. It is not

surprising that cyanobacteria can live nearly anywhere on earth, from freshwater to salt and brackish water,

from rainforests to the desert, in the air, in soil and other terrestrial habitats. It is also not surprising that
cyanobacteria are aptable organisms that can thrive under the harsh conditions in many regions affected by
drought and climate change.

Although from an operational viewpoint high numbers of cyanobacteria can adversely impact a range of
drinking water treatment processes&uas coagulation and filtration, the main issue for the water supplier is
the production by cyanobacteria of metabolites, in particular the algal toxins, or cyanotoxins.

FACTORS INFLUENCINGCURRENCE

Cyanobacteria are a natural component of surfaeshwater bodies. Their occurrence may vary radically with

seasonal changes from only a few per unit volume in the water column to excessive numbers occurring as
Yof22YaQ 4 GKS &daNFI OS 2F | g1 G§SNJ 02 Rahesutfaeésok NJ RA & ( NJR
the water column, a few metres below the water surface or at the bottom of the water body.

VUTILISATION OF THRQUATIC ENVIRONMENY BYANOBACTERIA

Different cyanobacterial species can display quite different behaviour in their utilisatitwe ovater body.

Many cyanobacteria species (eMicrocystisAnabaena, Aphanizmenonsp.) possess gas vacuoles that cause
them to move up or down in the water column, depending on their stage in the daily photosynthetic cycle.
This is illustrated ifrigurel-2 in a stylised cartoon drawing of the daily migration cycldwébaenaBuoyancy
regulation is a mechanisthat positions the cyanobacteria at the best deplbr capturing light for optimum
growth and may also allow them to scavenge nutrients from the water colufhriThis may be a significant
advantage over other phytoplankton algae particularly in stratified lakes where turbulence is low and heavy
cells tendto sink.This mechanism only works well when the water body is not too turbulent and is also deep.
One consequence of this buoyancy regulation mechanism is that cyanobacterial colonies may all become
buoyant at night and rise to the surface and form theauccteristic surface scums often seen in the morning
when a lake is calm
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A DAY IN THE LIFE OF ANABAENA

6am 10am 4pm 10pm

Figurel-2 A stylised diagram of the daily cycle of buoyancy regulation and vertical migration in a lake by the cyanobactariabaena

Other species tend to accumulate in the intermediate region of the water column (or metalimnion, between
the warm upper layer and the cooler bottom layer, or hypolimnion). ExampleBlarktothrix(Oscillatorig
rubescensnd other red cyanobact&a. Under some conditions these cyanobacteria may also form surface
scums. Examples of cyanobacteria that are often distributed uniformly through the water column are
Planktothrix (Oscillatoria) agardhii, Limnothrix (Oscillatoria) redakdiCylndrospemopsis raciborskii

Non-planktonic, or benthic cyanobacteria can be found attached to sediments or rocks and other surfaces at
depths that allow sufficient light penetration for photosynthesis. These cyanobacteria can form thick mats that
may break off ad float to the surface, particularly when oxygen produced by photosynthesis becomes
concentrated within the mats. THehormidiumfilament shown inFigurel-1is a speies of benthic

cyanobacteria.

THE CYANOBACTERIAECIYCLE

For one type of cyanobacteria, the filamentous, heterocystous cyanobacteria (Nodéocaley the life cycle
involves the planktonic population and benthic resting stages or akinetes. Akimetésickwalled

reproductive structures that are found in sediments and are thought to provide a resting stage that may
enable the survival of a species. They germinate when environmental conditions are appropriate, thereby
providing a source of inoculumif subsequent populations, particularly from one season to the rigxt [

Several akinetes are indicated in tAeabaendilaments shown irFigurel-1. The life cycle of akinete

producing cyanobacteria can be summarised in a number of steps. First, the filaments of cyanobacteria grow
by cell division. Akinete production and release follousjally for the population to survive over winter.

Finally, growth from the akinetes occurs, which is triggered by environmental factors, including light and
GSYLISNF GdzNBxX gAGK ySg Oely2o0l OGSNARI Y {dzNpuiitdn | y R 3N ¢
[8,9]. The cycle of akinete formation in the cyanobacteridmabaenas illustrated inFigurel-3.
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Figurel-3 The typical life cycle of the cyanobacteriuAnabaenashowing akinete formation and germination

Other filamentous or single cell/colonial cyanobacteria are maivin to form akinetes or other restingtage
cellular structures. It has been suggested that sahthe normal or regular growth cells callgdgetative

cells may rest over winter in a state of senescence in the sediment. For exiiopteystisO | Yy PR 36 I
as vegetative colonies on the lake sediments, where they may survive for several years, apparently without
light or oxygeri10]. The new population may then appear in spring from the normal growth of these colonies
by cell division.

FACTORBNFLUENCING GROWTH

Various cyanobacteria have the capacity to grow at a range of depths; this ability varies with species and is
strongly influenced by nutrient and light availability (either the turbidity or the clarity of the water). Many
cyanobacteria gnera (e.gPlanktothrixand Cylindrospermopsisre also adapted to grow in light limiting
environments. This enables the cyanobacteria to utilise nutrient rich environments at various depths. For
example, bands dPlanktothrixcan occur at a depth of 12and layers oCylindrospermopsidament at a

depth of 7m. Some cyanobacteria, such as the filamenfmebaenasp.,prefer higher light intensities, and
Planktothrixwill form dense bands just below the water surface. The benthic cyanobacteriaPfergidium,
Pseudanabaenand Oscillatorid thrive in shallow reservoirs with clear water as they are generally immobile in
the water body. They can also colonise the shallow areas of larger reservoirs where they will be attached to
rocks, sediment, or largerganisms such as macrophytes.

A complex interaction of environmental factors has been shown to contribute to cyanobacterial giidvetbe
factors include light intensity, water temperature, pH, carbon dioxide concentration, nutrient availability
(nitrogen, phosphorus, iron, and molybdenum), physical characteristics of the water body (shape and depth),
water column stability, water flow rate (rivers) or horizontal movement due to inflows or wind (reservoirs and
lakes) and aquatic ecosystem structure dadction. Factors which favour the growth of cyanobacteria will be
discussed below. If several of these factors occur simultaneously cyanobacterial growth will be optimised and
potential bloom conditions may be present.
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NUTRIENTS

Since cyanobacterial blogs often develop inater bodies enriched with nitrogen and phosphorastfophic
conditions) it has been assumed that they require higltrient concentrations. This contrasts to observations
that cyanobacterial blooms often occur when concentrationdis§olved phosphate are lowest. Experimental
data have shown that the affinity for nitrogen or phosphoanfsnany cyanobacteria is higher than for nyan

other photosynthetic microalgadf dissolved phosphate (soluble reactive phosphate determined froendit
samples) is detected at concentrations of only a few micrograms per litre, cyanobacterial growth and biomass
are not limited by phosphate availabilify1]. Cyanobacteria effectively utilise phosphorus and-coimpete

green algae, especially in phosphslimiting environments, as they (1) have a greater affinity for phosphorus,
(2) can store enough phosphorus to perfoéo 4 cell divisions, which corresponds to &0432-fold increase

in biomasq11] and (3) migrate to areas of higher phosphorus concentration in the water column.
Cyanobacteria (e.gvicrocystissp.) can store nitrogen in proteins (cyanophycin and phycocyanin), which can
be utilised during nibgentlimiting conditions. Other cyanobacteria (e@ylindrospermopsigan utilise
atmospheric nitrogen and can thus proliferate and -@ompete green algae in nitroggpoor surface water

where sufficient light is available. As a simple guide, the infltaeof nutrient levels on cyanobacterial growth

can be measured in terms of total phosphorus levels in the water body. In general, a total phosphorus level of
10¢25 ugl’ presents a moderate risk in terms of the growth of cyanobacteria. For levels of less thgr 10

there is a low risk of cyanobacteria growth, and a level greater thaugzé provides high growth potential.
However, growth can be maintained at lowgdphorus concentrations provided there is rapid recycling of the
nutrient. This will be discussed further in Chapter 2.

In the past the ratio of total nitrogen to total phosphorous was thought to be a key parameter in the growth of
cyanobacteria comparedith other phytoplankton 12]. However, more recent studies have refuted this
contention and it is no longer considered a controlling faci®.[A more important issue is whether either
nutrient could be considered limiting for cyanobacterial growth, onvgtoof other algae.

LIGHT

Cyanobacteria contain the photosynthetic pigmehtorophylta, but unlike other phytoplankton they also

contain phycobiliproteins. These pigments are able to harvest light in the green, yellow and orange part of the
spectrum (508650 nm). This enables cyanobacteria to utilise light energy efficiently. High phytoplankton
density leads to high turbidity and low light availability and under these conditions cyanobacteria can harvest
light more effectively and therefore may be abledot-compete other phytoplankton. For example, in light
limiting conditions, cyanobacterial growth rates are higher than that of green algae, which allows them to out
compete green algae in highly turbid waters.

Both turbidity andwater colourcan influene the amount of light received by cyanobacteria in a water body.
Generally, the zone in which photosynthesis can occur is termed the euphotic zone. By definition, the euphotic
zone extends from the surface to the depth at which 1 % of the sutfgleeintensity is measuredlhe

euphotic zone can be estimated by measuring the transmittance of the water wbaHhitlisk and

multiplying the Secchi depth reading by a factor of approximatedysee Chapter 3 for more information

about Secchi depth measurent). Those cyanobacteria that regulate their buoyancy via gas vestilise

optimum light conditions during the time they are in the euphotic zdright penetration into a water body is

also important for growth of benthic cyanobacteria. The gredlterlight penetration the deeper tbenthic
cyanobacteria can grow
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TEMPERATURE

Cyanobacteria have a wide range of temperature tolerance, but rapid growth rates are usually achieved when
the water temperatures exceed 20°C. In temperate to tropitiahates temperatures are favourable for
cyanobacteria growth for a large part of the year. A distinct temperature gradient can develop between the
warm upper water layer, which is rich in light and oxygen but deficient in nutrients (the epilimnion)hand t
cooler bottom layers which are ligipoor, oxygerpoor but nutrientrich (the hypolimnion). The area of
temperature gradient in between is called the thermocline. This is called stratification and these conditions
can be more conducive to the growth ofanobacteria than other planktoithermal stratification of a water

body is illustrated irFigurel-4.

Although the main body of the lake or river may not be stiadif often warm, shallow, sheltered areas exist

that can become stratified and provide ideal conditions for cyanobacteria growth, and thus increase the

probability of cyanobacterial blooms. Source water abstraction points situated in these areas aretmske a
of high cyanobacteria concentrations.

Temperature°C
0 10 20 30
(I N B

]

EFPILINMION

Figurel-4 Cross section of a thermally stratified lake showing location of the epilimnion and hypolimnion asebciated temperature
changes

CYANOTOXINS

Cyanobacteria produce a range of potent toxins with different modes of toxikiylel-1 lists the major

known toxins, the target organs of these toxins and thenojmacteria that produce them. This list is evolving,
for example new variants of microcystins are identified each year, and it is unlikely that all cyanotoxins have
been discovered.

The majority of cyanotoxins are associated with welbwn planktonic andloom-forming cyanobacteria that
are free floating in the water, such dficrocystis Anabaenaand Cylindrospermopsisiowever some énthic

or attachedcyanobacteriasuch agDscillatoria Phormidiumand Lyngbyahave also been shown to produce
both neurc and hepatotoxingnerve toxins and liver toxins respectivedy)d should also be considered as a
possiblehazard with regard to toxicitylf, 15, 16].
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Tablel-1 General features of the cyanotoxins

Primary target organ in
mammals

Toxin Group

Cyclic peptides

Cyanobacterial genera

Microcystins

Liver, possible carcinogen
in this and other tissues

Microcystis AnabaenaPlanktothrix(Oscillatoria)
Nostog HapalosiphonAnabaenopsis
Aphanizomenon ovalisporum

Nodularin Liver, possible carcinogen| Nodularia, Anabaena, Planktothri@scillatoria)
Aphanizomenon

Alkaloids

Anatoxina Nerve synapse Anabaena, Planktothrix (Oscillatoria),

Aphanizomenon, Cylindrospermopsis

Anatoxina(S)

Nerve synapse

Anabaena

Aplysiatoxins

Skin possible tumour
promoter

Lyngbya, Schizothrix, Planktothrix (Oscillatoria)

Cylindrospermops

Liverand possibly kidney.
Possible genotoxic and
carcinogenic

Cylindrospermopsis, Aphanizomenon, Umezakia,
Raphidiopsis, Anabaena, Lynglfpenthic)

Lyngbyatoxira Skin, gastrointestinal tract| Lyngbya
possible tumour promoter
Saxitoxins Nerve axons Anabaena, Aphanizomenon, Lyngbya,

Cylindrospermopsis

Lipopolysaccharides (LPS)

Potential irritant; affects
any exposed tissue

All

Thecyanotoxins can broadly be grouped into cyclic peptides, alkaloids and lipopolysacch@ridgs [

Mechanisms of cyanobacteria toxicity are diverse and the manaméalealth effects range from neurotoxicity
(e.g. anatoxins and saxitoxins) or hepatotoxicity (e.g. microcystins, cylindrospermopsin and nodularin) to
inflammatory or irritation effects (e.g. lipopolysaccharide endotoxins). These toxins have been resptorsibl

numerous animal deathdfs @ { 2 YS Oel y 26 | Ol SNINmethyrBirotzAkSine(BMES,G I 6 2 f A {

which may be involved in neurodegenerative disedds#. [

While the unpalatable appearance of freshwater affected by heavy planktonic algal bi@anpsobably
prevented significant human consumption with consequent fatalities, there is increasing evidence that low

level exposure may have chronic health effects in humans. Cyanobacteria have been implicated in episodes of

human ilinesses in Australja0, 21], North America22, 23, 24], the United Kingdom2p], Brazil 6] and
Africa R7]. Deaths of dialysis patients in Brazil from water contaminated with cyanotoxins were rep@&gd [
There is also epidemiological evidence from China of a link between cyeteola and cance2p, 30].

Figurel-5 shows the impact a toxic cyanobacterial bloom can have on wildlife dependent on a contaminated

water source.
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Figurel-5 Toxic cyanobacterial blooms also affect wildlife reliant on a contaminated water source

Toxic cyanobacteria have been recorded from every continent including Antar@1icz2]. Of the

cyanobacterial bloomtested to date, 5675% have been toxi@8]. However not all blooms of a particular
species may be toxic. In fact toxicities of blooms of the same species can vary markedly both geographically
and with time B4]. Toxicity depends on the relative proportioostoxic and noroxic strains, and this
proportion, and hence toxicity, can vary over tintieis for this reason that all cyanobactdridooms should be
considered toxic, unless proven otherwise by laboratory analydesitoring must also be carried don an
ongoing basis due to the potential variation in toxicity. Monitoring of cyanobacteria is discussed in detail in
Chapter 3. As mentioned previously, while initially toxicity appeared to be restricted to planktonic
cyanobacteria, benthic forms whidbrm mats in water bodies have also been shown to be t88¢36]. This

can cause problems for the water supplier as benthic cyanobacteria are usually submerged, and not readily
visible compared with toxic planktonic blooms. This is also discussed further in Chapter 3.

The cyanotoxins are synthesised within the cyaabria cells and usually remain contained within the cells.
However, cyanotoxins are released in substantial amounts during cell lysis (breaking of cells) and cell death
[17, 3]. An exception appears to be cylindrospermopsin produce@ braciborskiwhere a substantial amount

of the toxin is present in the surroundingater during a healthy bloon8[].

CYANOTOXIN DRINKING WATER GUIDELINES

Drinking water guidelines are designed to protect public healtbuggesting safe levels foonstituents that
are known to be hazardous to healffhe guideline level represents thermentration at which the water is
safe to drink over a lifetime of consumptiohhe World Health Organisation Guidels for Drinking Water
Quality B8] represent a scientific consensus on the health risks presented by microbes and chemicals in
drinking waer and areoften used to derive guideline valuésr individual countries, states or regiaribhe
guideline value is important for water supply authorities, as this value sets the concentratiorooftituent
that is tolerable in drinking water at the paFor some countries the level is in the form of a recommendation
from the health authorities. For other countries the level is a standard and compliance is monkoresbme
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water authorities the guidelines become part of the contractolligations They are required to comply with
the guideline values as part of their standards of service.

Due to the current lack of strong toxicological data for a range of cyanotoxins, WHO has issued a guideline for
only one cyanotoxin, microcystihR (lug/L),the mostoxic variant of microcystins known thus far.
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CHAPTER BAZARD IDENTIFICAN®@ND RISK ASSESSMHBEN SOURCE WATERS

BACKGROUND

Hazards are definebly the World Health Organization éBhysical, biological or chemical agettitat can
cause harm to public healéh®

The assessment of the risk associated with an identified hazard must take in to account:

B The likelihood or probability of an identified hazard occurring
B The magnitude or seveyitof the effect and the consequences of the occurrence.

Risk can be assessed at two levels: maximum risk in the absence of preventative measures and residual risk
after consideration of existing preventative measurgg||

The main hazards associated wétlgal blooms are the cyanotoxins they produtable2-1 lists some of the
factors that should be taken into account when assessing the risk associated with thaqerede
cyanobacteria in a water body. This information has been taken NMantebaumet al.[39].

Table2-1 Factorsassociated with the risk posed by cyanobacterial blooms

Typical hazards
B Cyanobacterial toxins

Factors to consider in assessing likelihood and severity of hazards

B Frequency of blooms occurring within a particular reservoir

Extent of toxin problems

Extentof monitoring to predict the onset of a bloom

Extent and effectiveness of mitigation techniquegy(eopper dosing, destratification)
Severity of stratification over summer

Level of available nutrients

A thorough risk assessment of a water sourceimiiblve:

B |dentification of the factors impacting on the proliferation of cyanobacteria

B An analysis of historical data to determine the factors that may control cyanobacterial growth in this
source, and their seasonal variation

B If the data is sufficient, th determination of any apparent relationships or trends between these
factors and cyanobacteria species, numbers and toxin production. As it is unlikely that sufficient toxin
data will be available, data relating to odour associated with cyanobactericomaged

E Identification of the current or potential nutrient inputs into the source water. This can be
accomplished by osite inspection of the catchment as far as this is possible, or routine monitoring of
nutrients at inflow sites to the water body (s@@able2-2 for examples of potential nutrient inputs
into a water body)

B Assessment of the efficacy of current mitigation stratedeg.destratification techniques)

10
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This accumulation of knowledge of the source water should allow water managers to anticipate the likelihood
of a bloom occurring and the potential challenge to water quality under a particular set of conditions.

FACTORS INFLUENCINANOBACTERIAL BLOOBZURRENCE

High growth rates of cyanobacteria, resulting in the formation of blooms or scums in source waters, are caused
by a combination of chemical, biological and physical factors including nutrient availability, water temperature,
degree of stratificatn, climatic conditions, water body morphology and hydrodynamic stability of the water
column (seeChapter Ifor more details). However, the most important factor is generally considered to be
nutrient enrichment by nitrogen and phosphorus, or eutrophioatiof the water source. Therefore any
assessment of the risk of a cyanobacteria bloom in a water body must take these parameters into dacount.
most cases phosphorus is the key element in the development of cyanobacteria blooms as there is a direct
relationship between the concentration of total phosphorus (TP) and the photosynthetic pigchéarophylta

(Chia).

It isimportant to identify the individual types of larusecontributing tothe total nutrient load from external
sources geeTable2-2). This approach will assist with apportioning the risk to individual sources of nutrients,
some of which it may be possible to control, or even elimin&tés analysis should be coupled with an
estimation of the levels of phosphorus associated with the occurrence of blooms of a particular magnitude
expressed as chlorophydl This information may then be used to prioritize mitigation and management
efforts.

ASSESSING THE RISICOANOBACTERIAL GREWT

| BENTHIC CYANOBACHTRERI

The presence dhste and odour compounds such asn2thyl isoborneol and geosmin a reservoir in the
absence of known planktonic producers is the most direct indicator of a benthic sdumeesfore historical
data on tastes and odours can be useful in assessing the risk of potentially toxic benthic cyanobideteria.
distribution o benthic cyanobacteria in a reservoir is restricted by the extent of light penetration. Shallow
reservoirs, especially those with high watransparency, wilhave greater area available for benthic
cyanobacteria to grow than deep reservoirs. As a gdrgurale, benthic cyanobacteria need about 1% of
the surface irradiance to grow, h@wer this may be lower depending upon the species or tyjhe area of
the reservoir potentially available to benthic cyanobacteria can be calculated from the extinction co
efficient of the water and the bathymetry of the reservoir

11



Chapter 2: Risk assessment

Table2-2 Examples of potential nutrient inputs into a water body

Sector Threat Level Subsector Activities
Industry High Paper, pulp or Industries that manufacture paper, paper pulp
pulp products pulp products
industries
Medium Breweries or Producealcohol or alcoholic products
Distilleries
Chemical Agricultural fertilsers,explosive or pyrotechnics
Industries industries thatmanufacture explosivespap or
detergent industries (including domestic,
institutional or industrial soaps or detergent
industries)
Dredging works Material obtained from the bed, banks or
foreshores on many waters.
Agriculture  High Intensive Livestock Feedlots that are intended to accommodate in
Operations confined area and rear or fatten (wholly or
substantially) on prepared or manufactured fee
(piggeries, poultry, dairies, saleyards)
Livestock Slaughteranimals (including poultry).
processing Manufacture products derived from the
industries slaughter of animals including tanneries or
fellmongeries or rendering or fat extraction
plants, scour, top or carbonise greasy wool or
fleeces with an intended production capacity
Medium Agriculture Industries that process agricultural produce
including dairy, seeds, fruit, vegetables or othe
plant material
Aquaculture or Commercial production (breeding, hatching,
mariculture rearing or cultivation) of marine, estuarine or
freshwater organisms, including aquatic plants
animals (such as fin fish, crustaceans, mollusc
other aquatic invertebrates) but not including
oysters
Low Other Farming All other farming and agricultural activities
Settlements High Wastewater Including the treatment works, pumping
Urban Treatment Plants  stations, wastewater overflow structures and tk
reticulation system (<250 kilolitres/day)
Medium Wastewater Including the treatment works, pumping
Treatment Plants  stations,wastewater overflow structures and th
reticulation system (<250 kilolitres/day)
Composting And related reprocessing or treatment facilities
(including facilities that mulch or ferment
organic waste, or that are involved in the
preparation of mushroom growing substeg or
in a combination of any such activities).
Settlements, High All Wastewater, waste and water supply activities
rural/dense areas outside designated urban settlements

12
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PLANKTONIC CYANOBRRIA

The potential for blooms oplanktoniccyanobacteri@o occurhas been estimated usingtS W2t f Sy g SA RS NJ
model, whichrelates tre spring phosphorus loading astal phosphorus to thesubsequentlgal biomass

measured as chlorophyél[40,41, 42]. This relationship iapplicablewhere the occurrene of nuisance

cyanobacterial blooms is initially driven by catchment processes that contribute excess nypatitilarly

phosphorusto the water body.

In addition to simple models based upon lake physical param@d&fsthere are more complex detetinistic

2D and 3D hydrodynamic models linked to water quality models which can be used to model the occurrence of
different algal groups including cyanobacteria. These models are generally complex to run and calibrate and
require a large amount of dataif@ wide range of pysical and chemical variables for successful validation
Tayloret al. [44] reviewed the applicatiomf some water quality models for the prediction of taste and odour
events. They concluded that although some of these models can siraiigdl growth reasonably well, they

are not a viable option to simulate geosmin and MIB production and release. This may be a reasonable current
assessment, although the ongoing development and improvement of the water quality and algal growth
simulationmodels by various research groups may result in more robust mad#ie future

A simple alterndte risk assessment approadbveloped inAustralia to assess water bodies for their
ddzaOSLIiAoAtAGeE (2 Oel y2o6l OiG S NRidelinesd® ManagWdiRisksinA 2 y A &
wS ONEB I G A 248] The variatiie$ w& indhe assessment are considierde the predominant drivers

or indicators of the potential for cyanobacterial occurrence. These are:

JA

B Prior history of cyanobacterial occurrence
B Water temperature

B Total phosphorus concentration

B Thermal stratification

These parameters are assigned to categories and assessed in a matrix which defines the risk of the
cyanobacteriapNB ¢ 1 K Ay G2 FAGBS O (GS32NASa QTask2aBdmhiy appréadhBsY W+ S NE
simplistic, ag range of other variablesanlead to intermediate riskHowever, it is a usefufemiquantitative

assessmenfior the estimation of potential riskit should be noted that this approach is probably more suited

to the buoyant bloorforming cyanobacteria, such ddicrocystisand Anabaenasp andmay not apply as well

to other cyanobacterissuch aCylindrospermopsis racitkiior Aphanizomenospp.

Table2-3 Major parametersthat influence cyanobacterial growth. This approach can be appliedMiécrocystisand Anabaenasp

Environmental factor

Potential for History of Water Nutrients Thermal
Cyanobacterial Cyanobacteria Temperature Total Phosphorus Stratification
Growth °C) (ng/L)
Very Low No <15 <10 Rare or Never
Low Yes 1520 <10 Infrequent
Moderate Yes 20-25 10-25 Occasional
High Yes >25 25100 Frequent and
persistent
Very High Yes >25 >100 Frequent and
persistent/strong

13
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The values in this table are a guide only, based on Australian experigrecactual values, particularly those

for temperature and phosphorous, will be dependent on sipecific conditions. In addition, in most situations
there will be other conditions that contribute to the formation of a cyanobacterial bloom, as mentioned
above. A similar assessment of the risk associated with a range of phosphorous levels has been developed
based on the South African experience and is giveraiie2-4. In both of these examples a key phosphorous
concentration to trigger a high risk of cyanobacteriassig L.

Table2-4 Examples of chlorophydh-based risk categories that have been defined for South African reservoirs

aSRALY | vyl f Risk level |
Lowlevel problems Blooms
0-5 Low Negligible
5¢14 Moderate Low
14¢ 25 High Moderate
25¢ 50 High
50¢ 150 Very High Extreme
> 150 Extreme- Permanent

ASSESSING THE POTENTFOR TOXIN PRODUGN

The risk assessment procedsiove describe the susceptibility of a reservoir to cyanobacterial

contamination, but do not provide a quantitativeeasure of thepotential cyanobacteria populatioin

empirical modehasbeendevelopedto estimate the potential maximum concentrations of cyanobacteria and
associated microcystins and saxitoxins as a function of known phosphorous levels. The conditions are based on
historical and current water quality data and theoretical calculations based on published values such as:

Fraction of total phosphorous that is bioavailable
Conversion factor for phosphorous ¢hlorophylta
Chlorophylla per cell

Toxin quota per cell

for various cyanobacterialp, 47, 48].

Within this model three different algal growth scenarios have been developiéd the availability of
phosphorus as the yiellimiting variable. These are:

Bestcase assumes thaa low proportionof phosphorus is available for cyanobacterial gro\\@6%) and
converted into phytoplanktopand a low fractiorof this biomass isyanobacteriasoproblem cyanobacteria
do not becomedominant and toxirand odour production occur athe lowest potential rates.

Most likely caseassumes median values for the availability of phosph@08b)and for conversion of
phosphorus into cyanobacterial biomass; cyanobacteria do not dominate and there are median rates of toxin
production

Worst caseassumes that 80% tifie phosphorusds bioavailable that all of this phosphorus is translated into
biomassof cyanobacteriawhichbecome dominantand toxirs areproducedand releasedt the maximum
reported rates.

14
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An exampleof the output from this model is given ifable2-5, for a reservoir with a current total phosphorus
concentration of 80> 3. The projected outputs for cell numbers of the cyanobactbtierocystisand

associated microcystin, ardhabaenaand saxitoxin indicate the range that could be encountarader
theseconditionsandwith a decrease or an increase in ambient nutrient leviélshould be noted that these
values will be dependent on the typé oyanobacteria and the strain, and will vary considerably with location
and conditions. The values for saxitoxin are based on those determined in Australian bloaAnaba&na and

will not translate to blooms ofAnabaenaelsewhere Theinformation inTable2-5 is for illustrative purposes,

the intention should be to undertake similar calculations for a particular water body once sufficient data is
available. This imfmation can then provide a simple indication of the challenge to water quality and therefore
the treatment process from cyanobacterial contamination for a certain level of nutrients in the source water.
Similar calculations can prove very useful oncedasdid for a particular water source and cyanobacterial
species

Comprehensive details on how to calculate a risk assessment are presendé&fl in [

More sophisticated deterministic water quality models are also available to predict cyanobacterial g@wth [
51
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Table2-5 Scenarios for the growth of cyanobacteria and production of toxins for different nutrient ambient concentrations in a regemsing a simple empirical model.

Predicted concentrations of cyanobacteria and their metabolites

Reservoir Total Phosphorus| Scenario modelled: Bioavailable Microcystis Microcystin Anabaena Geosmin (Total) Geosmin Saxitoxin
nutrient status 0>3 | Phosphorus aeruginosa (Total) circinalis (ng Y (Dissolved) (Total)
60> | (cells mE) 6>3 [ (cells mLE) (ng ) 60> |

Lower nutrient Best Case 14.4 2,000 0.03 1,000 36 1.8 0.07
level 40 Most Likely Case 24 27,000 1.15 13,000 960 96 0.9
Worst Case 32 44,000 12.8 44,400 4,800 720 2.9
Current Best Case 28.8 4,000 0.06 2,000 72 3.6 0.13
nutrient level 80 Most Likely Case 48 53,000 2.3 27,000 1,920 192 1.8
Worst Case 64 89,000 25.6 88,900 9,600 1,440 5.9
Higher Best Case 57.6 8,000 0.12 4,000 144 7.2 0.26
nutrient level 160 Most Likely Case 96 107,000 4.6 53,000 3,840 384 35
Worst Case 128 356,000 51.2 177,800 19,200 2,880 11.7
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RESIDUAL RISK

The scenarios described above suggest the potential for the proliferation of cyanobacteria and the production
of cyanotoxins in a water sourceg. the maximum risk in the absence of preventative measures. The following
chapters describe processes that can be implemented to mitigate the risk, such as monitoring programs
(Chapter 3), source water management (Chapter 4), water treatment (Chapter 5), aehinmanagement
planning (Chapter 6).
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CHAPTER BEVELOPMENAND IMPLEMENTATIONFQGA MONITORING PRO&NR

BACKGROUND

Monitoring isa critical element in cyanotoxin risk managemefihe goals of a monitoring prograisito

support risk management are threfeld: to measure cyanobacteria concentrations in source and final drinking
water, to measure the concentrations of cyanotoxins in source and final drinking wateo anelasure source

water constituents and conditianthat promote or inhibit cyanobacterial growtAccurate and precise data in

these three areas, collected on a regular basis and carefully tracked over time, will help water supply managers
to achieve the greatest reduction of risk.

The design of an efétive long term monitoring program requires that water supply managers ask, and
answer, the following question$¢l) What analytes do | sample for and how do | measure them? (2) Where do
| sample for these analytes? (3) How often do | sample for thesgtasal(4) How much replication do | build
into a sampling event?

Monitoring can be defined as including two componengsmpling of the water body and analysisthe
samples. Together they provide the information for early warning and tracking the qevela of
cyanobacterial bloom[52]. An overview of ecommendations for design of a monitoring and sampling
program for cyanobacteries given later in this section (sd@able3-2).

When choosing an organisation to sample &mdanalyse cyanobacterial samples it is recommended that the
testing laboratory selected is accreditea carry out these particular analysbg a national laboratory

accreditation authority. For example in Australia the National Association of Testing Authorities (NATA)
accredits and recognises facilities that are competent in specific types of testing, measurement, inspection and
calibration.Not all accredited laboratories use the same methods for testing and this is not important provided
the individual methods are accredited. It may however, make it difficult to compare results when samples are
analysed by more than one laboratobyhere an acedited laboratory is not available it is important to

ensure the analyses are undertaken according to the highest standards, andbindeatory testing has shown

the validity of testing procedures.

VISUAL INSPECTION

One of the simplest and most impartt forms of monitoring of a water body is regular visual inspedion
water discolouration or surface scums of cyanobacteria. This can be a secondary form of surveillance for
higher classes of monitoring, or if few other resources are available, theipal form of surveillance used for
remote sitesor nonspecialised field personndloweversome yanobacteriafor example
Cylindrospermopsislo not form scumsnda slight green discolouration of the wateray beindicative of
dangerously higleell numbers.In situations where noibloom-forming cyanobacteria are present it is

essential that samples are collected for analysis to determine the abundance of cyanobacteria in the water
body.

Whenbloomforming cyanobacteria are present, a qualitatiassesment through visual inspectiacan be a

useful indicator of water gality and the relative hazard posed by the presence of cyanobaciEhnia

frequency of visual inspections may vary depending on seasonal and weather conditions. If visual inspection is
the only monitoring being carried out, the position and extent of scum formation should be recorded on a
dedicatedreport sheet.

18



Chapter 3: Monitoring

The firstvisualindication of cyanobacteria may be the presence of small green particles in the water that may
be nore obviousby holding a jar of thevater up to the light. Scum formation will not normally be observed

until open water concentrations of cyanobacteria exceed 5;00@00 cells/mL, but exceptions are possible.
Blooms or scumare usually most apparent early in theonming following calm days or nights, but as cell
concentrations increase, or during prolonged periods of calm weather, scums may persist at the surface for
days or weeks. Scum accumulations will normally be observed at the downwind end of a resemair,rla&r
reach and also in sheltered back waters, embayments and river bends.

In general, a healthy cyanobacterial scum will appear like bright green or olive green paint on the surface of
the water. Scums only look blue in colour when some or all@t#lls are dying. As the cells die, they release
their contents, including all their pigments, into the surrounding water. Cyanobacteria have three main
pigment types: chlorophyll, phycobiliproteins, and carotenoids. In healthy cells, the green chlomgayf
normally masks the other pigments, although these other pigments may give blooms a more-gedkwor
olive-green colour in some cases. When the cells die, the chlorophgpidly bleached by sunlight, while the
blue phycobiliprotein pigment (called phycocyanin) persiBigure3-1 shows some examples of cyanobacteria
in concentrations that Wl cause a water quality problem for water suppliers.
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Figure3-1 Cyanobacteria blooms and scums

Cyanobacterial scums should not be confused with scums or mats of filamentous green algae, which appear
like hair or spider web material when a gloved hand is passed through the water. There are blooms of other
phytoplankton that look very similar to cyanobacterial scums, but these cannot be readily distinguished
without a microscope. Scums or mats of filamerg@reen algae are more common in slow flowing, shallow
streams and irrigation channels and drains.

Figure3-2 shows some examples of green algae similar in appearancyanobacteriaThe major point of

visual differentiation is the bright green colouring of the green algae, compared with a moreasliviee-
green for cyanobacteria.

20



Chapter 3: Monitoring

Figure3-2 Examples of gren algal blooms common in slow flowing streams

Benthic cyanobacteria are usually submerged, and are difficult to monitor. Visual inspection is a very
important way to identify an issue with benthic cyanobacteria as they will often break free of theesittac
which they are attached, and float to the surfaéégure3-3 shows some examples of attached benthic
cyanobacteria and detached floating mats that may cause water quality issues.

Figure3-3 Benthic cyanobacteria attached to sediments and rock surfaces, and floating on the surface after breaking free from the
substrate

Another telttale sign of cyanobacterial blooms is their odour. Some cyanobacteria produce a distinctive
earthy/musty odour hat can often be smelt at some distance before the bloom/scum can be seen. Therefore
Al Aad dzaS¥dz (2 O2yRdz0G W2R2dzNJ adzNBSAt 1 yOSQ Ay O2yeao
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SAMPLING PROGRAMSIGN

The development oin appropriate sampling strategyill depend upon the primary objective of the

monitoring program. The objective will be determined by the immediate use of the water, which in turn
determines the level of confidence required in the monitoring results. For example if the water is bethg us
directly to supply consumers, i.e. is in service, then you will want a very high degree of confidence in the
monitoring result for any potential hazards from the occurrence of cyanobacteria. However if the reservoir is
not directly in service or is a Bbuwater storagethen you may have less need for a high degree of confidence
in the results. This objectivieased approach can be used to design a program based upon the level of
sampling effort which translates to resource needs and cost for the program.

For most purposes, the aim should be to obtain samples that are representative of the water body as a whole,
or the part of a water body that is in usegenear the water treatment plant offtakeOnce the aim of the
monitoring program is establishedehrequired level of sampling effort described as high, moderate or low, is
determined by combinations of the following components:

Type of access required for sample collection
Sample type or the method used to collect a sample
Number of samples collecteat any one time
Frequency of sampling

These components, which are giverTiable3-2 are discussedn more detail below.

| ACCESS FOR SAMPLELEQTION

Cyanobacteria ted to be extremely patchy in distribution, both vertically and horizontaityin the water

body. Vertical patchiness results from the development of a stratified water column in warm calm weather,
allowing buoyant cyanobacteria to maintain their positianthe surface for extended periods. Horizontal
patchiness is common for most phytoplankton, but can be particularly pronounced in cyanobacteria due to the
effect of prevailing winds, which cause accumulation downwind along shorelines of reservoirdsribeiver
reaches.

5SLIIK AYyGSaINIGSR al YLX Ay3a Ay 2LISy 61 SN LINPPARSATI Ay
cyanobacterial population in a water body and is therefore the preferred option. Open watinid-stream

sampling is normlly undertakenfrom a boat, but can also be achieved in some circumstances from a bridge

over a river, or from an open water structure such as a reservoir offtake platform. For drinking water supplies,
sampling the appropriate depth next to, or from, theater offtake tower is recommended. Due to the

resources required for open water sampling.(boat and two people), it is often reserved for high priority

public health surveillance.

If open water sampling is not possible, the second option for momigpdrinking water supplies is to sample

FNRY NBASNB2ANKkEF]1S aK2NBtAySa 2N NAGSNDIylaod {dzOK at
cyanobacterial population due to the bias in spatial distribution discussed above and the limited choice of
suitablelocations. In choosing a location for sampling the likely effects of the prevailing winds and water

currents should be taken into account.

Benthic cyanobacteria are also known to cause problems associated with quetitly so sampling of the
sediments ad attached growth, and therefore a different approach to sampling, may be required
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SAMPLE COLLECTION MBEDS

The methodsusedfor sample collection willependon whether the sites require access by boat, shore or
platform and will include integratedater column (hosepipe) sampling, discrete depth (grab) sampling, grab
sampling from an extension pole, sediment sampling by grab or corer for benthic cyanobacteria and sampling
from a pipeline. Different methods are used to collect samples for cyanohakkéentification, for toxin

analysis or for assessing benthic cyanobacteria. In addition different techniques may e us#ect these
samples from a boat, from depth, from the shoreline or a pipeline.

It is important to be aware of the safety issumvolved in sampling for cyanobacteria, whether from the shore
or a boat. Samplers should be fully trained and aware of all aspects of sampling including

B Potential environmental hazard®.g.submerged logs and branches, mosquitoes, crocodiles, UV
radiation)

B Location and use of safety equipmentdglife vests, hats, sunscreen)
B Sandard safety procedures for use of equipment and vehicles

B The requirement for current qualifications to drive appropriate vehicles, e.grazfl 4wheekdrive
vehiclespikes, tractors or boats

B Qualifications in advanced first aid

Once training has occurred, hazards or risks involved with field sampling must be identified and documented
on a site and samplingspecific basis.

SAMPLES FOR BENTEYANOBACTERIAL SURSVE

In some instances it may be necessary to collect benthic samples for identification of cyanobacteria,
particularly if high levels of taste and odour compounds are detected but few, or no, cyanobacteria are present
in water samples. In most cases benthimgdes are not collected routinely and are generally for qualitative
analysis onlyThe most convenient way to sample benthic cyanobacteria is from any mats that have become
detached from the substrate and are floating on the surface. In the absence thfloanats arepresentative
assessment of numbers and distribution of benthic cyanobacterifficult. Samples should be collected from

a number of transects throughout or around the perimeter of a reservoir. Particular attentioridbepaid

to shallov protected bays and any areas where benthic mats have been obsirtied past Samples at

varying depths mabe requireddown to approximately 5 metres, although this will depend upon light

attenuation in the water bodySamples can be collected using &y 6 KA O & YLJX SNJ adzOK | &
rigid plastic corer (e.g. PVC or polycarbonate pipe). A transect in a shallow, protected bay should be chosen to
sample. Duplicate samples of sediment at varying depths are collected either by grab or hasepgraptied

into a container with a fitted lid. If large quantities of sediment are collected, a subsample can be taken and
stored in a smaller specimen jafisual observations of the sediment surface etsoprovide very useful

information on the distibution of benthic cyanobacteria. More detailed surveys can be conducted using
underwater cameras or divers. This requires access to relatively sophisticated expertise and resources.

Benthic cyanobacteria may also be found attached to dam walls or offtaletures. Cyanobacteria attached
to these structures can be scraped off, most easily when water levels drop.
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.WATER SAMPLES FORNCYBACTERIAL IDENTATION AND COUNTING

RESERVOIRMER SAMPLING BY BOA

The preferred method for sampling a reservoiriver is by boat, which should always be stationary while
sampling proceedsThe sampling station®r locationsjn a reservoir should preferably be chosen randomly

within several defined sectors, representing the entire water body. For boat samplingséhef permanent

moorings with marker buoys placed in each of the sectors is the most practical approach and makes open
water sampling easier, especially in windy weather. Having permanent sampling sites also gives consistency
which enables the comparism@f results at each site over a given time framét i not possible to place

permanent marker buoys in a water bodygkbal positioning systen5P $should be used to ensure the
consistency of sampling points over time. One way to introduce randonwiess boat sampling is to move
sampling station moorings within sectors on a yearly basis. For monitoring rivers, randomness of sampling sites
is less critical due to instream flow.

SURFACE GRAB SAMMHRSM SHORELINE

Sampling from a bank or shoreline @nparatively simple, but introduces a risk of excessive bias of samples
FNRY LI GOKe &K2NBf AYySLIS ® Oairyail SN2 1ayP 8 S Wdze3 B 6 KSNB
at the end of an extendable pole of 25metres length. This procedurg depicted irFigure3-4. Alternatively,

a spear sampler as described %3] is a useful sampling device for collecting an integrated depth water

sample when standingn the bank or shoreline. It is also important to note that in usinigegithe pole or

spear sampler, scum accumulations near to the shoreline will not be sampled. A separate dip sample of any
accumulations may be needed for toxin analysis.

Figure3-4 Taking grab samples from the shoreline with an extension pole.

SAMPLES FOR TOXIMAXSIS

QUALITATIVE

Qualitative toxin analysis is done by mouse bioassay and is usually carried out either whesoptosticated
techniques are unavailable, or the identity of the toxin is initially unknowns@bamples are generally
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collected from dense accumulations of scum along shorelines and riverbanks if these are present.
Alternatively, cells may be concenteat by either trailing a phytoplankton net (Z®um nylon mesh) from a
boat or from the shoreline, or by collecting a large volume of water that can be concedtrathe laboratory.
Figure3-5 shows sampling from a shoreline with a fietv sampler to concentrate the cyanobacteria.

Figure3-5 Net sampling is a simple method for concentrating cyanobacteria for further analysis

The volume of sample required depends upon the concentration of scum or cyanobacteria collected. Up to 2
litres of sample may be required if cyanobacterial concentratemeslow, or if species present are small

enough to pass through a phytoplankton net and samples therefore need concentration by other means such
as filtration or centrifugation.

This test should be used as a screening tool only. If a mouse bioassag positive, quantitative methods are
then required to determine the type of toxin, and concentrations present.

QUANTITATIVE

Quantitative toxin analysis is performed using a variety of methods suited to the type of sample and toxin
present (see following stions). Samples are collected in the same manner as those taken for phytoplankton
identification and enumeration and the volume of sample required is dependent upon the type of analysis to
be used. In general, at least 500 mL of water should be collected.

SAMPLING FREQUENCY

C2NJ Y2YAG2NRAY3I (GNByYyRa Ay Oely20FOGSNAIf FodzyRIyOSs Iy
population, representing the entire water body. This can be achieved by collecting a suite of discrete samples
from different samging sites, which are counted separately and then may be averaged. As an alternative to
undertaking separate counts on samples collected at several sites, samples may be pooled or composited.
These samples are collected at three or more individual sitdgooled into one container. The stdample

for counting is then taken from the container after its contents have been thoroughly mixed. If composite
samples are made, the individual samples must be of equal volume to prevent bias. An alternative tg poolin
samples in the field is to send discrete samples to a laboratory, where they can{sarspled, pooled and
analysed. Using this process, a portion of the original discrete sample can be retained for further analyses if
required. The trade off from compsiting is a decrease in statistical power for subsequent data analysis against
a threefold or greater reduction in counting costs.
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The number of sampling sites in a water body is chosen to determine the spatial variability of the

cyanobacterial populatioand will also be influenced by time and cost considerations. It is recommended that
a minimum of three sites be used when cyanobacterial counts exceed 2,000 célisrrbbth open water
sampling and shoreline samplingr sampling should be undertakenarding to the appropriate
cyanobacteria incident management plan (see ChapteF6)) lakes and reservoirs the sampling stations
should be at least 100 m apart (where possible), while for rivers replicate samples should represent different

WL N Sferda \@her2sampling from a boat, replicate samples should preferably be taken at the

downstream end firstto avoidr@ | Y LI A y 3

iKS
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The appropriate frequency of sampling will be dictated by a number of factors including the cabégesy

the current alert level statuésee Chapter ) the cost of monitoring, the season and the growth rate of the
cyanobacteria. Apart from cost, the underlying consideration in operations monitoring is the possible health
consequences of missing anrlyadiagnosis of a problenCyanobacterial @wth rates are generally related to
seasonal conditions and previous studies have shown that cyanobacteria in the field can exhibit growth rates
from 0.1:0.4 d* (equivalent to population doubling times of nepd week to less than two days respectively).
¢tKSaS SadAYFiSR INRGGK NrGSa
cyanobacteria starting from an initial count of either 100 or 1,000 cellsfirablé3-1). Historical data should
be used as an indicator of likely rates of increase in cyanobacterial numbers.
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Table3-1 Cyanobacterial concentrations that can be achieved from an actively growing population by applying two different growth
rates and initial starting concentrations.

Initial 0 Rate-Populatio anobacteriaConcentratio
C(ch:lg;rﬂ;) 4 SR ETE e at 3 days at 7 days at 14 days at 28 days
100 6.93 (1=0.1)- slow 200 400 1500
100 1.73 (1=0.4)- fast 800 6400
1000 6.93- slow 2000 4000 >15000
1000 1.73- fast 3500 16000 >250000

Based on this assessment, it is recommentied sampling for high risk/high security supplies (i.e. drinking

supplies) should occur on at least a weekly basis and probably-tvdekly when cyanobacterial couot

>2,000 cells nitis reachedlt is important to understand that frequency esdmpling is determined by the
need to detect real changes in population numbers and significant upward trends in growth, data collected will
inform changes to treatment plant operations, and the application of cyanobacteria management plans,

discussed inl@pter 6.

For supplies where the public health risk is deemed to be low (i.e. low cell counts-Bupply reservoirs),
fortnightly sampling may be adequate, but caution is advised given the rate at which the cyanobacterial
population may increase.

The timing of sampling for buoyant cyanobacteria can be important during calm, stratified periods especially if
depth integrated samples are not collected. Buoyant cyanobacteria tend to accumulate near or at the water
surface overnight, which can result in areoestimation of cell concentration in surface samples collected

early in the morning or an undeastimate in those collected at depth at the same time. Temporary surface
scums may be observed early in the morning, but they tend to disperse as windssmareé may even be

mixed back into the water column during the day. Thus, a sample that is less biased by scum formation is, on
average, more likely to be obtained later in the day. If the option exists, it is preferable to delay sampling to
later in the day, but whatever time is chosen it is best to adhere to the same sampling times for each location

on each sampling occasion if possible.
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SAMPLINGEPLICADN

At some point, analytical results from a monitoring program may be compared with a fixed sdasdar
internally by a drinking water provider, or externally by a regulatory ageBegause crossing a regulatory
thresholdoften involves significant consequences, it is critical that water providers understand the degree of
statistical uncertainty thats associated with an analytical res@llecting single samples has the lowest short
term cost.However it is impossible to characterize the uncertainty associated with a given sampling event.
Moving to duplicate sampling allows characterization of tineertainty. Triplicate sampling in turn permits a
Y2NB LINBOA&AS SadAYridsS 2F (GKS O2yFARSYyOS Ay isSHDI f
result, it is recommended that, budgets permitting, some degree of replication be praatithd sampling of
critical analytesA popular compromise is to collect replicate samples at some fraction, such as 30%, of all
sampling eventsWith careful record keeping, it will be possible to develop a feeling for the statistical
uncertainty associatt with the sampling and analysis of a given analyte.
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Table3-2 Recommendations for design of a monitoring and sampling programcigsnobacteria based upon the required purpose of the monitoring and type of water body. The scale of sampling effort and

procedures for monitoring are determined by the purpose for the monitoring

Purpose of
monitoring

Confidence Water body type

required

Sampling
effort

Access required for
sampling

Sample type
(method)"

Number of
sample$

Frequency of
sampling’

from results

required

Public health Reservoirs & Supply offtake Discrete sample at
surveillance of lakes and offtake depth Both offtake Weekly or 2x
drinking supplies: | Very High High Open water by boat and location and weekly
in direct service Integrated depth multiple open
water sites
Rivers and weir Mid-stream by boat; | Integrated depth
pools from bridge or weir
Public health Reservoirs & Supply offtake Discrete sample at
surveillance of High lakes Moderate location offtake depth
drinking supplies: and/or and/or Multiple sites Weekly or 2x
bulk water storage Open water by boat| integrated depth weekly
/ not in service
Rivers and weir Mid-stream by boat; | Integrated depth
pools from bridge or weir
Public health Reservoirs & Shoreline Surface Sample
surveillance of Moderate lakes Low Limited number of Weekly or
recreational water sites fortnightly
bodies & non Rivers and weir River bank Surface Sample
potable domestic pools
supplies

1. Integrated depth samples are collected with a flexible or rigid hosepipe, degimjalepending on mixing depth; surface or depth samples are collected with a closing bottle
sampler (van Dorn or Niskin sampler); shoreline or bank samples collected with a 2m sampling rod which holds a botti®lat the

2. Multiple sites should be a minimum of 100m apart (except in smaller water bodies such as farm dams), including one fftakeh®altiple samples can also be pooled and one
composite sample obtained. River monitoring should include upstream sites for early warning. Samples from recreationshauteb® collected adjacent to the water contact
area.

3. Frequency of sampling determined by a number of factors including the category of use, the current alert level status, the cost of moniterssgsitn and the growth rate of
the cyanobacteria being tracked. Sampling should be programmed at the same time of day for atich.|¥isual inspection for surface scums should be done in calm conditions,
early in the morning
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TRANSPORT AND STORAE SAMPLES

SAMPLES FOWANOBACTERIMXENTIFICATION ANMNUMERATION

{FYLf Sa aKz2dz R 6S LINBaSNWSR | a az22y | a LlaairotsS
preservative Hotzel & Croomé¢53] detail the recipe ad instructions for the preparation of this iodine

solution. It is sometimes useful to retain a portion of sample in a live (unpreserved) state as cyanobacteria are
often easier to identify in this way. This may be the case when awaer bodyis being smpled or a new

problem occurs in an existing site. To ensure reasonably rapidaaumnd time for reporting results of

monitoring, samples should be received at the analytical laboratory used for cyanobacterial counting within 24
hours of collection. Ifeceived on the same day as collection, the receiving laboratory may assume
responsibility for preservation of samples. In remote rural areas, it is sometimes advantageous to avoid
sampling on Thursdays and Fridays so that samples do not remain in a coumeil sorting depot over the
weekend.

The preserved cyanobacterial samples are reasonably stable as long as they are stored in the dark. If samples
are unlikely to be examined microscopically for some time, they should be stored in amber glass htitles w

an airtight seal or PET plastic (soft drink) bottles. Polyethylene (fruit juice) bottles tend to absorb iodine very
quickly into the plastic and should not be used for long term storage. Live samples will begin to degrade
quickly especially if there arhigh concentrations of cyanobacteria present. These samples should be
refrigerated and examined as soon as possible after collection.

SAMPLES FOR TOXINAAKSIS

Careful handling of samples is extremely important to ensure an accurate determinatiorirof tox
concentration. Microcystin and cylindrospermopsin toxins are degraded microbiallyo a lesser extent
photochemically (e. in light). Samples should be transported in dark cold conditions and kept refrigerated and
in the dak prior to analysisSamples should be analysed as soon as possible or preserved in an appropriate
manner[54).

ANALYSIEOR CYANOBACTERIAANMEIR TOXINS

| CYANOBACTERIA

Cyanobacteri@oncentrationsare determineddirectly, throughmicroscopic examination and enumeratioor
indirectly, through the measurement of the concentrations of constituent pigments such as chloraatmg|
phycocyaninResults are usually given as cells'rfur a genus/species with an estimated confidence limit.
However, cell numbers alone cannot repeat true biomass because of considerable-sigle variation among
algal speciedf, for instance, anixture ofMicrocystissp. andEuglenasp.is presentin asample the cell count
of Microcystissp.may be highethan that ofEuglenasp.However, ashie Microcystiscells are smaller they
may contribute a lower biomagkan the larger cells dtuglenasp.Cell volume (biovolume) determination is
one of several common methods used to estimate biomass of algae in aquatic systems.

In the event of a riskat water quality posed by the presence of cyanobacteria, information required by the
water manager includes:

B |dentification of the cyanobacteria to species levBhis information is necessary to determiifi¢ghe
cyanobacteria have the potential to be toxic, and the type of cyanotoxins that are likely to be
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produced. The latter information can be used to determine the degree of risk associated with the
presence of the cyanobacteria in the inlet to the tream plant, andthe analytical technique
appropriate for determining toxin levels

B The concentration of cyanobacteigalhe concentration of cells, either as number per mL, or
biovolume, can be used to estimate the potential concentration of cyanotoxireptés the raw
water by using a table similar ftable 24, (Chapter 2, or in the implementation of the cyanobacteria
incident management plan€hapter §.

DIRECT CELL COUNTANG® IDENTIFICATION

Direct cell counting involves flooding a transparent chambith a known volume of sampl&he chamber is
placed under an inverted microscope, and the cyanobacteria are visually identified and counted by the
microscopistThe results are usually expressed in terms of cells per unit volanwther widely used de
counting procedure involves the filtration of a known sample volume onto a nitrocellulose Titierfilter is
mounted with immersion oil on a microscope sligégaced under a microscope and the cyanobacteria are
visually identified and counted by thmicroscopistOnce the analysis is complete, the cell numbers can then
be converted to biovolume if required for the application of the incident management plamaspter 6.

An extra level of quantification can be added to the procedure through the fidgibal cameras inserted into
the light path of the microscopémages collected with the camera can be processed with commercially
available image analysis softwgeg. Soft Imaging SystenranalySIS)rhe use of images and software has
two advantagesl) an extra level of documentation, and 2) easing the quantification of cyanobacterial biomass
when the dominant species is filamentodde primary advantage of direct counting is that quantification and
identification occur simultaneouslihe primarydisadvantage of the procedure is that it is laborious and must
be performed by highly trained and experienced analy&tsa compromise, direct cell counting may be
performed in conjunction with, and as a check on, faster and cheaper indirect methodséaaure the
concentrations of cyanobacterial pigmentsowever, digital counting methods are not routinely used as a
monitoring tool due to the errors involved when analyzing cyanobacteria with a complex three dimensional
geometry (eg. spiral filaments oAnabaena

Visual tawnomic identificationto species level (g. Microcystis aruginosa, Anabaena circinglieequires an
experienced, skilled analyst. Differentiation between toxic and-toxic strainsof the same species, which is
very important from a water quality management perspective, is not possible from visual identifidaigome

3-6 shows a range of togiand nortoxic strains ofAnabaena circinaljsllustrating the difficulties in identifying
cyanobacteria accurately. Expert visual microscopic identification of cyanobacaerize supplementedr
confirmedby molecular biology method3hese methods wolve the extraction of DNARNA or proteinfom
cyanobacteriaThe extracted material can be amplified and sequenced, and the sequences can be compared
against published genetic databadesconfirm the identity of the cyanobacteria, often to speciesld5, 56,

57).

Genetic techniquesan also be used to determine the presence of toxic cyanobacteria within a bloom. The
genes responsible for the production of the major toxins have now been identified and it has been found that,
in the majority of sampleghe presence of the gene is an indicator of toxicity of cyanobact&8gbp, 60, 61].

With the rapid advancement of techniques such as-teaé PCR and microarray technology, these methods
may eventually prove to be a quick, effective way to determineideatification and toxicity of a bloom in the
field, or in the laboratory with a rapid turaround time p2]. As only approximately 50% blooms of potentially
toxic cyanobacterigrove to be toxic, this could have important implications for the managemétreatment

and the implementation of cyanobacteria incident management plans.
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Figure3-6 Different strains of the same cyanobacterium\nabaena circinalisseveral of which are toxicThis figure illustrates the
difficulties inherent in microscopic identification fiothe determination of toxicity

PRECISION OF CELUKRTNG

Gounting precision is an indication of variability about the mean value when repeated measurements (counts)
are male. The precision is a function of the number of organisms counted, their spatial distribution in the
counting chamber and the variability of cells within a colony or trichome of the populd#lany types of
cyanobacteria form trichomes and the numberadmponent cells may vary from two toore thantwo

thousand.In the case of colony forming cyanobactdha precision or reliability of the count is determined by
the total number of units (colonies or trichomes) directly counted, not by the total nurabeells counted

Obtaining reliable estimates of abundance for the colonial cyanobactddiaorocystiscan beparticularly
difficult due to the tendency of several species to form dense three dimensional aggregates ¢frobllsms
also arise when couimg filamentous cyanobacteria such Aghanizomenon, Cylindrospermopsis, Arthrospira
(Spirulina), Planktolyngbya, Limnothaind Planktothrix,where cells in trichomes are poorly definéeigure

3-7). More information about the counting and identification of a range of cyanobacteria can be found in
these reference$s3, 63].

31



Chapter 3: Monitoring

Figure3-7 Uncertainty ofenumeration of cyanobacterias largely attributable to the clumped distribution of cells in colonies and
filaments

The counting precision can be defined as the ratithefstandard error to the meafor replicated counts and
assumes a Poisson distribution of counting units (cells, colonies or trichomes) in the counting cf@thider
acceptable level of precision for cyanobactédauntingis considered to be in the range 620-30%. A

precision oft 30% enables a doubling of a population in successive samples to be detected while a precision of
+20% will enable a statistically sificant change to be detected. This level of precision can only be obtained if
high analytical effort is employed in the laboratory.

.MEASUREMENT OF PIGWIECONCENTRATIONS

ChlorophyHais a pigment present in cyanobacteria and eukaryotic algagcocyanirs a pigment specific to
cyanobacteria. These pigments can be asadyeither by filtration and extraction of the pigments from the
cells followed by measurement in a fluorometarspectrophotometerin vitro), or by bypassing the filtration
and extractbn steps and anasing the water sample directly in the fluorometen {vivg. ChlorophyHa has
excitation and emission maxima of 436 and 680 nm, respectiRélycocyanin has excitation and emission
maxima of 630 and 660 nm, respectivelie turnaroundtime on thein vitro method is approximately 24
hours because extraction is generally allowed to proceed overnRggults from thén vivofluorescence
methods are instantaneou&everalcompaniegnanufacturein vivofluorescence instruments with flow
through sample cells for retime fluorescence measurementhese instruments can be installed at various
locations in a water treatment facility, or suspended in probes from boats or buoys in a resArveaent
publication has described the utilisatiarf a flowthrough fluorescence probe to aid in the implementation of
a cyanobacteria incident management framewosk|[ There are two major disadvantages of using flbev-
through instruments to capture redgime datacompared within vitro measurement mghods. Thein vitro
methods are significantly more sensitiviehe increased sensitivity can, in turn, lead to earlier detection of
changes in cyanobacterial concentrations. iheitro methods also relate the observed fluorescence in
unknown samples to th fluorescencer absorbancef known standard compounds, yielding at least semi
guantitative concentration estimates$n vivoand flowthrough measurements do not permit identification or
direct quantification of the compounds responsible for fluorescence
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These methods do not allow the identification of cyanobacteria and cannot be used to replace the
identification and enumeration methods. Rather they can be used as a low level monitoring tool in conjunction
with the above methods.

CYANOTOXINS

Whenpotentially toxic cyanobacteria have been identified in a water sgumean analysiss required to
determineif the cyanobacteria is, in fact, a toxic strain, and if so what concentration of cyanotoxin is likely to
reach the treatment plant inlet water.

There is an increasing range of analytical methods available for the detection and quantification of

cyanotoxins, and they vary in their manner of detection, the information they providdeasd of

sophistication §6]. For a complete overview and revigw¥ Y SG K2 Ra LJX S &S NBFSNI G2 GKS
Analytical Methods for the Detection and Quantification of Cyanotoxins in Relation to Australian Drinking

2 | i SNJ D dzB7R todethef Bith & mote recent international revid®8]. Acomprehensive dicussion of

the range of celbased screening assays used to detect cyanotoxins is given in CRC for Water Quality and

Treatment Research Report 680]. A list of aalytical methods commonly used for cyanotoxin detection and

analysisan be found imrable3-3.

Thetechniquesavailablefor cyanotoxin analysisclude immunological or biochemical screening techniques

based on enzyménked immunosorbent assays (ELISA) and enzyme activity (protein phosphatase inhibition,
PPI) assays respectively, to quantitative chromatographic techniques based on high pedetigai
chromatography (HPLC) and more sophisticated (and expensive) liquid chromatograpbgpectrometry

(LGMS LCMS/MS. Animal bioassays (mouse tests), and in some cases assays based on isolated cell lines, are
also available for screening thetée range of toxins.

The method most commonly used to monitor microcystins is high performance liquid chromatography with
photo diode array detection or mass spectral detection (HPD@ or HPL-IS). The analytical methods
available for saxitoxins are gtnuously evolving and are based upon either high performance liquid
chromatography and fluorescence detection or mass spectral detection FBL& LIS/MS).

Internationally the only technique recognised by tAssociation of Official Analytical ChetaiAOAC) for
analysing saxitoxins from shellfish (where they are commonly found) other than mouse bioassay is a technique
based upon liquid chromatography with peelumn derivatisationq(], although this technique is not yet

widely used for analysis ofanobacterial material. The method recommended for cylindrospermopsin is liquid
chromatography with tandem mass spectrometry-dS/MS), although this toxin can also be analysed using a
HPLC method similar to microcystin. The method usually applied fartalysis of anatoxia ishydrophilic
interaction liquid chromatographgoupled with mass spectrometry (HILNGS).

While the ELISA and PPI assays are so sensitive that the more concentrated scum samples may require
dilution, most instrumental techniquegquire a preconcentration step prior to quantification.

Another important aspect of the analysis of cyanotoxins is the percentage of the toxin that is found within the
cell. Cyanotoxins can be in the dissolved state, after release from the cyanobaatevithin the cell, or
intracellular. The percentage of the toxin in each state will depend on the species, the state of health, and the
period in the growth cyclef the cyanobacteria. For example, a healMigrocystis aerginosacell during the
exponential growth phase will probably contain aroundM®% of the toxin in the intracellular form while

during bloom collapse most of the toxin might be released into the dissolved state. In contrast
cylindrospermopsin can be up to 1%0extracellular even in a healthy cell. This has important implications for
risk mitigation through water treatment processes (Chapter 5) and should be an integral part of the monitoring
program if high concentrations of toxic cyanobacteria are likelynterthe treatment plant.
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A summary of analytical techniques that are available for different classes of toxins, their detection limit and
other issues to consider when using them are givehahle3-3.

For the techniques described Trable3-3 the detection limits may vary depending upon standards available
and instrumentation ued. The availability of certified standards for toxin analysis is an issue worldwide and
can impact on the accuracy and dependability of the results from some of these techniques.

A range of other methodssed for screening and analysis in@dsdeuroblasbma cytotoxicity assay, saxiphilin
and singlerun HPLC methods for saxitoxins gmdtein synthesis inhibition assays for cylindrospermopsin.
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Table3-3 Analytical methods commonly usefibr cyanotoxin detection and analysig\bbreviations: HPLE high performance liquid chromatography; Lddiquid chromatography; PDA photodiode array; M,
mass spectrometry; PPIAprotein phosphatase inhibition assa)ELISA enzymelinked immunasorbent assay HILIG hydrophilic interaction liquid chromatography

ANALYTICAL METHOD

DETECTION LIMI

DESCRIPTION

6>3Jk[ 0

Microcystins HPLG; PDA 0.5 e Detection of microcystins by HPLC/PDA provides a spectrureeifaaated analyte and
LCGMS < 1.0 for individual attains a detection limit of considerably less than 1 pg/L for individual microcystins wit
microcystins appropriate concentration and cleanup procedures.
¢ LCGMS is the method of choice, if available, for the measurement of toxins in drinking
water
PPIA 0.1 e Useful as a screening tool, relatively simple to use, highly sensitive, with low detectior
limits relative to guideline values.
ELISA 0.05 e Detection of microcystins by ELISA provides sgmntitative results
Mouse bioassay N/A e Qualitative, screening assay
Nodularin HPLQ PDA 0.5 e Same as for microcystind PLC/PDA)
LCMS <1.0 ¢ commerciallyavailable protein phosphatase and ELISA assays for detecting microcyst
PPIA 0.1 are also useful for screening for nodularin.
ELISA 0.05
Mouse bioassay N/A e Qualitative screening assay
Cylindrospermopsin HPLG; PDA Around 1.0 e  Cylindrospermopsin can be detected using LC/MS/MS (without the sample requiring
LCMS, LeMS/MS extraction/reconcentration step)
ELISA s Semiquantitative screening assay capable of detecting low toxin concentrations
0.05 pg/L ¢ Qualitative screening assay
Mouse bioassay
Anatoxina HILIC/MS/MS <0.5ug/lL ¢  Sample concentration by SPE carbographs eluting with methanol /formic acid

Saxitoxins (paralytic
shellfish poisongt { t Q&

(HPLC) with postolumn
derivatisation and fluorescence
detection

ELISA

Mouse bioassay

Depends upon the
variant

0.02 pg/L

Detection limits of saxitoxins (from Australian neurotoXiccircinaliy have been
determined using HPLC with pasilumn derivatisation and fluorescent detection and
without sample concentration.

Semiquantitative screening assay. Has advantage of deteaif low levels STX. Poor
cross reactivity to some analogues.

Qualitative screening assay
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MEASUREMENT OF PARRAMRS INFLUENCINE&E T ROWTH OF CYANOBRRIA

TEMPERATURE

Cyanobacterial growth rateare temperature dependenfThere is significant potential for growth above abouf@5

and maximum growth rates are attained by most cyanobacteria at temperatures ab8@ervever gowth can
alsooccur at low temperaturef71]. It has been suggested that these temperature optimatdgher than for green
algae and diatomsand this allows cyanobacteria to dominate water bodies in warmer temperatti®geverthere

is an argument that the belief that cyanobacteria prefer high temperatures is based mainly upon results from field
studies where high temperatures are usually associated with thermal stratification, whiclbenthe more important
variablefavouring the growth of cyanobacterif72]. As a result, perational monitoring should include measurement
of temperature at different defhsto allow the determination of the degree of stratification of a water bodyisT
should occur duringoutine sampling buthermistor stringsare available that can be deployed remotely, collect data
at much more frequent intervals and relay this dateck to the operator. These systems can be coupled to
meteorological stations to measure wind, solar insolation, temperature and humidity to gather the data required for
hydrodynamic modelling. When used with phytoplankton cell counts and nutrient datafbenation of reservoir
hydrodynamics is very usefuligentifyingthe conditions that gave rise to increases in cyanobacterial abundance.

PHOSPHORUS

Phosphorugs an essential and limiting ingredient for cyanobacterial growtid its levels are impant for

determining potential risks associated with toxic cyanobacteria (Chapter 2). Phosphatas an essential target
variable in any longerm reservoir management plan to reduce the probability of future bloom formatsze

Chapter 2 for more deif. Phosphorus in water sources is in the form of phosphate, and it can be measured as total
phosphorus, odissolved phosphatdilterable, orsoluble reactive phosphatedetermined from filtered samples)

|SECHI DEPTH

The amount of light received by agobacteria in a water bodyg influenced byurbidity, stratification, colour and
ultraviolet transmission (determined by the types and concentration of the natural organic matéiialJight

conditions in a given water body determine the extent to whikbe physiological properties of cyanobacteria will be

of advantage in their competition against other phytoplankton. Light penetration into a water body is also important
for growth of benthic cyanobacterjshe greater the light penetration the deepeebthic cyanobacteria can grow.

Generally, the zone in which photosynthesis can occur is termed the euphotic zone. By definition, the euphotic zone
extends from the surface to the depth at which 1 % of the surfagte intensity is measuredrhe euphotic zone can

be estimated by measuring the transmittance of the water wit#accHilisk and multiplying the Secchi depth

reading by a factor of approximately® Those cyanobacteria that can regulate their buoyancy via gas vesicles are
ableto overcome these problems by moving to water depths with optimal light conditions.

PH AND DISSOLVED GEN

The measurement of pH and dissolved oxygen in a reservoir can yield indirect indications of cyanobacterial presence.
During daylight hots, the orgaisms photosyntheses consume dissolved carbon dioxide and produce oxygéren
cyanobacterial concentrations are high enough, this process can cause diurnal variations in pH and dissolved oxygen.

36



Chapter 3: Monitoring

TURBIDITY

Turbidity measures the tendency of a water sdenfp scatter lightthe higher the turbidity, theyreater the degree of

light scattering.This water quality characteristic is positively correlated with the concentration of suspended particles,
including, potentially, cyanobacteriRegular measuremeraf source water turbidity will allow for the establishment

of site specific relationships with other indicators of cyanobacterial bloom formation, potentially leading to the
development of early warning indicators.

PARTICLES

Particles are defined as organic or inorganic solid matter suspended in bulk Waéér concentrations can be
measured directly by instruments that correlate the degree of light obscuration to the sizawamber of particles
present in a samplélhe principal advantage of particle counters versus turbidimeters is that the former are capable
of generating detailed size distribution data
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CHAPTER MANAGEMENTRAND CONTROL IN SOURWATERS

BACKGROUND

In this chaptemwe discuss management strategies that can be applied within the water body for the control of
cyanobacteria, assuming that, where possible, efforts have been undertaken to address any external nutrient inputs
from the catchment (Chapter 2).

There are a nuilmer of techniques to control or minimise the growth of cyanobacteria in reservoirs. They are
represented by a range of:

B Physical controls
B Chemical controls
B Biological controls

In essencgmanagement strategies focus on either controlling factors that erfee growth or damaging or
destroying the cyanobacteria. Management strategies have been recently comprehensively summarised and reviewed
by Cookest al.[73].

A summary of measures that can be applied in lakes and rivers for the management of cyanalisgieen imable
4-1. The most commonly utilised techniques are described in more detail in the following sections.

Table4-1 Techniquedor the management of cyanobacteria.

Control method Technique

Physical

Artificial destratification, aeration, mixing

Dilution to decrease retention time

Scaping of sediments to remove benthic algae
Drawdown andlesiccation to remove benthic algae
Sediment removal to reduce nutrient release

Chemical

{ SRAYSyYy( aOibihdidjagehts oA (K t
Algicides, algistats

Coagulation

Hypolimnetic oxygenation

Biological

Virus, bacterial infection
Biomanipulation, increasing grazing or competition for available li
and nutrients
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PHYSICAL CONTROLS

MIXINGTECHNIQUES

A major problem in reservoirs experiencing periods of warm stable conditions is the warming of the upper layer of
water; one effectof this is the reduction in the mixing of the water column, resulting in stratificaee Chaptetf).

During stratification the water stratum adjoining the bottom sediments, the hypolimnion, becomes depleted of
oxygen andcontaminantssuch as ammonighosphorus, iron and manganese can be released from the sediment in a
soluble form. This increase in nutrient levels can lead to the uncontrolled growth of cyanobacteria. Species such
Microcystisand Anabaenaare susceptible to this effect as they exhibitoyancy due to internal gas vacuoles, and can
migrate vertically within the water column, taking advantage of both the light near the surface and increased nutrient
levels near the sediment of the water body. Mixing of the water column will disrupt ghavwiour and limit the
accessibility of nutrients, and thus limit cyanobacterial growth. It may also introduce oxygen to the hypolimnion,
preventing further release of nutrients, and possibly increasing the oxidising conditions sufficiently to induce
precpitation of the nutrients back to the sediments. In some cases this can prevent the formation of surface scums of
toxic cyanobacteria. The mixing regime may also provide more favourable conditions for growth of competing
organisms such atiatoms Artificial mixing has been shown to be effective in many situategs. [74, 75, 76).

The two most commonly used methodsattificial destratificationare bubble plume aerators and mechanical mixers.

AERATORS

Bubble plume aerators operate by pumping air through a diffuser hose near the bottom of the reservoir. As the small
bubbles rise to the surface they entrain watarda risingplume develops. This plumeill rise to the surface and then

the water willplunge backto the level of equivalent densityAnintrusion willthen propagatehorizontally away from

the aerator plumeat that depth. As the intrusion moves through the reservoir there is return flow above and below
the intrusion and these circulation cettause mixindpetween the surfacdéayerand thedeeper water othypolimnion.

An illustration of this effect is given Fgure4-1a).

The efficiency of a bubble plunie determined by the depth of the water column, the degree of stratification and the

air flow rate. The number of plumes, plume interaction and the feasible length of aerator hose required to destratify a
particular water body must also be considered @rator design. As a general rule, bubble plumes are more efficient

in deeper water columns. In shallow water columns (<5.0m depth) the individual air flow rates of the plumes must be
very small to maintain efficiency.

| MECHANICAL MIXERS

Mechanical mixerare usually surfacenounted and pump water from the surface layer downwards towards the
hypolimnion, or draw water from the bottom to the surface. This produces a simple mixing effect that is illustrated in
Figure4-1b).

Both types of destratifiers have been shownix the surface layerslose to the mixing device bareas of the water

body further away from the immediate influence of the mixing may remain stedtéind provide a suitable

environment for cyanobacterial growth. One approach to consider is the use of both mixing techniques in the same
water body, where the aerator generates baswde circulation cells and the mixer targets the surface stratification
outside the direct influence of the aerator plume. This has been used with some success at the Myponga Reservoir in
South Australia.
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Figure4-1 Flow and circulation fields created by a bubble plume aera&gand a surfaceanounted mechanical mixeb) in reservoirs

For the successful application of artificial destratificatiba water body must be sufficiently deep for efficient mixing
of at least80% of the volume. If a larger percentage of the water lies in shallow regions cyanobacteria may
accumulate and multiply in these favourable stratified conditiofigd.[lt is therefore important to apply the
appropriate mixing processes for a particularterabody.Schladow 78] describes in detail a method for the design of
destratification systems for water bodies impacted by cyanobacteria blooms.

Figure4-2 shows theimplementation of mechanical mixing and aeration at Myponga Reservoir, South Australia.
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Figure4-2 Mechanical mixer (left) and aerator (right) at Myponga Reservoir

Destratification is normally employed during late spring, summer and autumn depending upon the amount of surface
water heating experienced during those periods. Historical records of temperature would give a guide to when
destratifiers should be used. Rdgutemperature profiles will provide information on how well mixed the reservoir is.
The most sophisticated destratification systems automatically adjust the compressor flow rate based upon data from
on-line thermistor strings.

MANIPULATION OF RR/ELOVS

Low flow conditions in rivers can lead to stratification and cyanobacterial growth. In regulated rivers the magnitude
and timing of discharge can be manipulated to disrupt stratification every few days thereby controlling cyanobacterial
growth. Bormans ad Webster 79] reported the development of criteria for flow manipulation that may result in
destratification sufficient to disrupt cyanobacterial growth. Clegslyfficient water must be available for the

application of this management strategy and caiesation should also be given to the impact of a variation of flows

on other aquatic organisms.

OTHER PHYSICAL MEDBO

As many problem cyanobactera@n form scums at the surfaed a water body, oibpill skimmers have been used to
remove the cyanobactéa, usually to sewer or landfilFigure4-3 shows the use of a skimmer to remove surface scum

in a recreational lake in South Australtgkins et a[80] reported the effective use of coagulation with polyaluminium
chloride combined with the removal of surface scum with an oil spill skimmer to treat a severe cyanobacteria bloom in
the Swan River in Perth, Australia.
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Figure4-3 The use of a skimmer to remove surface scum in a recreational lake in South Australia. Toxic material was collected asediispo
sewer

Benthic cyanobacteria can be treated using physical methods such as reservoir drawalmmed bydesiccation

and/or scraping to remove the layer of algae attached to sediments or rocks. However, these methods may not have
the desired outcome. A recent study has shown that benthic cyanobacteria can be tolerant to desicHtiand

scrapng or other physical removal cagienerate turbidity and localised spikes in odour compounid®xins,which

may be an issue depending upon the proximity of the supply offtake.

Figured-4 shows the exposure of benthic cyanobacteria after didown of a reservoir aimed at control by
desiccation.

Figure4-4 Benthic cyanobacteria exposed after reservoir draw down

If a ligh nutrient level is due to sediment release it is possible to physically remove sediments. However this is a
labour intensive process with implications for short term water quality, and should only be applied if external nutrient
input has been significaly reduced.
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CHEMICAL CONTROLS

CHEMICAL CONTROLNRFTRIENTS

HYPOLIMNETI@XYGENATION

The main aim of hypolimnetic oxygenation is to increase the oxygen concentration in the hypolimnion to prevent or
reduce the release of nutrients from the sedimemthout disrupting the existing stratification of the water body. In

this way the nutrient levels in the upper layers of the water body may become limiting to cyanobacterial growth.
Technigues used to achieve hypolimnetic oxygenation include airlift pusigEs stream oxygenation and direct

oxygen injection§2]. These techniques are relatively expensive, so an extensive understanding of lake
hydrodynamics, sediment nutrient release rates and the internal and external contributions to the total nutrient load
is necessary to determine whether this would be thesineffective management option.

PHOSPHORUS PRECIPION AND CAPPING

Precipitation of phosphorus from the water body to the sedimeartd treating the sediment to prevent phosphorus
release, sometimesalled sediment capping, are two methods that have been applied with mixed success.

Reports in the literature show that precipitation of phosphorus can be accomplished with aluminium sulphate, ferric
chloride, ferric sulphate, clay particles and lime. €ffectiveness of these treatments is highly dependent on the
hydrodynamics, water quality and chemistry of the system as the phosphorus can become resuspended or/and
resolubilised, depending on the turbulence of the water and the oxidising conditiongimeaediments.

Treatments to prevent phosphorus release by applying a layer on the top of the sediment to adsorb or precipitate the
nutrient have included oxidation to insoluble iron compounds or adsorption onto zeolites, bauxite refinery residuals,
lanthanum modified bentonite claylay particles andalcite. Once again, the chemistry and other conditions can

have an important effect on the success of these methdds [

The use of commercial products for this purpose has recently become more widespheabest known product is a
fIyGKFEydzy Y2RATASR o0Syid2yAidsS Ofle oWtKz2aft 2tieicayands KA OK
maintain it under most conditionsncountered in aquatic system®&3]. Limited published results seem to indicate

that Phoslock is effective under a range of environmental conditiecisdingunder reducing conditions. Issues to
consider are dose rateand longevity of treatment depending upon local water chemistry conditions.

CHEMICAL CONTROLANOBACTERIA

COAGULANTS

Coagulants can be used to facilitate the sedimentation of the cyanobacteria cells to the floor of the water body.
Unable to accesgght, the cells do not continue to multiply, and eventually die. Some coagulants that may be used to
coagulate cells include aluminium sulphate, ferric salts (chloride or sulphate), lime, or a combination of lime and metal
coagulants. Although it has beeaported that cells can be coagulated without damage, over a period of time the
coagulated cells will become stressed and unhealthy, break open, or lyse, and release cyanobacterial meg&djolites [
Therefore, unless the coagulated cells are removed froemtater body, this process will increase the dissolved

toxins present in the water.
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ALGICIDES

Algicides are compounds applied to the water body to kill cyanobacteria. As the injured or dead cells will rapidly lyse
and release cyanotoxins into the watéhjs method is most often used at the early stages of a bloom, where numbers
are low, and the toxic compounds released into the water can be removed effectively during the treatment process
(see Chapter 5, removal of dissolved to¥imss with the applicadn of any chemical to water destined for human
consumption, there are a number of issues to be considered, including:

B Calculation of the required concentration to ensure the destruction of the cyanobacteria, with minimal
residual of the chemical

Effectiveapplication in terms of location and mode of dosingy(&om a boat, aerial spraying)

The effect of dosing a potent chemical on the existing ecosystem in the water body

Accumulation of the algicide in sediments

Implications in the treatment plant of redual algicide (. copper is coagulated in conventional treatment
and may contaminate waste streams)

A list of chemicals that have been utilised as algicides is showabie4-2 , along with key referencewhich describe
their properties and effectiveness.

Table4-2 Algicides, their formulations and key references (aft&5])

Compound Formulation References
Coppersulphate CuSQ5H,0 86, 87,88,89
Copper Il alkanolamine Cu alkanolamine.3}® ™" 90
Copperethylenediamine [Cu(HNCHCHNH,),(H,0)] 'sQ 90
complex
Coppertriethanolamine Cu N(CKCHOH}.H,O 90
complex
Copper citrate Cu[(COOCH,C(OH)COQ] 91,92
Potassium permanganate KMnQ, 9394
Chlorine Chb 93
Lime Ca(OH) 95
Barley straw 96, 97

COPPER BASED ALM&ESGID

Copper based compounds are often used for chemical control of cyanobacteria. It is believed that the oxidative
potential of the copper ion at high concentrations causes the cell membrangptare thuslysing anddestroyingthe
cyanobacteria cell. The efftiveness of copper as an algicide is determined by a combination of factors. Chemical
parameters such as pH, alkalinity and dissolved organic carbon (DOC) of the receiving water control copper speciation
and complexation, which affects copper toxicithefmal stratification affects the distribution of copper after

application, which may then affect contact with the algae.

It is important to note the environmental impacts that copper dosing may have. Copper is known to be toxie to non
target organisms sth as zooplankton, other invertebrates and fiS8][ It is also a bactericide, and may result in the
destruction of various beneficial bacteria, including those that participate in the degradation of the cyanotoxins, once
they are released. It is also knowo accumulate in lake sediments and treatment plant slu®$2100. In many

countries there are national or local regulations to control the use of algicides due to their adverse environmental
impacts.
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Copper sulphate is the most commonly used of the @rggased algicideslable4-3 shows the relative toxicity of
copper sulphate to several species of cyanobacteria.

Table4-3 Relative toxicity of copper sulphate to cyanobacteria. Modified after Palm&8g][

Very Susceptible Susceptible Resistant
Cyanobacteria Anabaena, Cylindrospermum, Nostoc,
Microcystis (Anacystis) Planktothrix Phormidium
Aphanizomenon, (Oscillatoria),
Gomphosphaeria, Plectonema
Rivularia

A range of methods is available for copper sulphate dosing. The commonly used method involves applying dry
granular copper sulphate alongside or behind powerboats. Copper sulphate can also be dosed by conventional aerial
application similar to other agrittural chemicals. The method of application of copper sulphate may have important
effects on copper dispersal and ultimately the toxicity and success of treatment. It is important to try to achieve the
best possible coverage of the reservoir surface armdamnissing shallow, difficult to accegsnes where

cyanobacteria can accumulatéigure4-5 a-c) shows copper sulphatéosingby boat

Copper sulphate can also be used to manage benthic cyanobacteria once reserveitaivavinas occurredHigure
4-5d)).
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Figure4-5 Copper sulphate dosing of a reservoir-¢rand benthic cyanobacteria after reservoir drasiown d)

The toxiccomponent of copper sulphate is the cupric ion 2('():uAfter dosing the effective concentration of the active
component will depend on the water quality parameters mentioned above. For examﬁl*ecdmplexes readily with
natural organic material present iall water bodies, which renders it much less effective as an algicide.
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The problem of the reduced effectiveness of copper sulphate treatment in hard alkaline water has long been
recognised §8]. Chelated copper algicides were developed to overcome the problems of the complexation and loss by
precipitation of toxic copper under these circumstances. Examples of copper chelate algicides include copper
ethanolamine copper ethylenediamine and coppecitrate (Table4-2). The chemical properties and application rates

for these algicides are given by Humbetgl.[90]. These chelated algicides are available as liquid formulations, and

in some cases a granular form is also manufactured.

Copper citrate has been used as an algicide in ti$e P1]. It is available either as a commercial preparativ®l] or
by simultaneously dosing copper sulphate and citric &4l |t is claimed that the use of citric acid as a chelating
agent enhances the solubility of copper allowing it to remain in solution longer under alkaline condid&hs [

The chelated copper compads are often more expensive than copper sulphate; however they may be more
effective as they maintain ¢lin solution longer than copper sulphate. As with any chemical, the efficiency is highly
dependent on the mode of application and the water quatinditions. Unfortunately, despite the relatively
widespread use of chelated copper algicides the effect of water chemistry on their efficacy is poorly understood.

OTHERLGICIDES

Potassium permanganaté survey of North American utilitiés the 198®, indicated that a small number used
potassium permanganate as an algicide in reservol Fitzgerald94] found that the dose range required to
control algae and cyanobacteria was in the rangé&Ing .

Chlorine Chlorine is used mainly for control of algae in water treatment works but has also been employed in
reservoir situations§7]. The effective dose rates would obviously be dependent on the chlorine demand of the water,
but most algae are reportedly controlled bigses of free chlorine between 0.25 and 2.0 rﬁqaj].

Hydrogen peroxideHydrogen peroxide has been shown to selectively damage cyanobacteria over othenpanto
species such as green algd@3. Recently a range of stabilised hydrogen peroxide compounds have been developed
in the US specifically to provide an alternative to overcome the environmental isssesiated with copper algicides
Several manufacturerhave now had these formulations added to the list of USEPA registered pesticides as algicides
for use in drinking water reservoirs. The formulati@montainsolid granules of sodium carbonate peroxyhydrate

which are directly applied to a water body res#ag sodium carbonate and hydrogen peroxide. The hydrogen peroxide
then degrades further into hydroxyl free radicals which are claimed to cause oxidativege to cell membranes and

to cell physiological processes.

ISSUES ASSOCIATEDHM.GICIDES AND OHER CHEMICAL CONTROLS

Before applying chemical controls against toxic cyanobacteria it is important to be fully aware of both the
environmental and practical problems with their use.

The most commonly used algicideopper sulphate has a significant ecogical impact. It should be used only in
dedicated water supply reservoirs, and even then it is an unsatisfactorytéongsolution. In many countries there

are national or local environmental regulations which prohibit or limit the use of algicidesodheit adverse
environmental impact. This should be taken into consideration when developing management strategies for water
sources.

As mentioned earlier, the disruption to the cell walls produced by algicides leads to the rapid release of the
intracelldar cyanobacterial metabolites. This can result in the diffusion of algal toxins throughout the water body
within hours. Additional measures must then be applied within the treatment plant to remove these dissolved
metabolites(See Chapter 5, removal ofsdblved cyanotoxinsif possile, after algicide treatment, the reservoir
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should be isolated for a period to allow the toxins and odours to degrade. This is particularly important if the
treatment is applied during bloom conditions. Unfortunately, itificult to advocate a minimum withholding period
prior to recommencing use of the water body as the degradation of the toxin will depend upon local condi¢ions (i
temperature, microbial activity), howevércould be in excess of 14 daydfl]. A range of microorganisms have been
shown to very effectively degrade several of the major cyanotoxins, including microcystins and cylindrospermopsin
[105, 106]. However the time taken for total toxin degradation varies widely frord 8lays to weeks or months
depending upon the circumstancgs07]. Thereforeit is recommended that monitoring be undertaken to determine
the amount of toxin remaining in the waterbody after treatment with an algicide.

Generally, microcystins are known to degrade readily in a feys tlaseveral weeld.05, 108]. Cylindrospermopsin

has been shown to persist in the waterbody for extended periods and its degradation is dependent upon thegresenc
in the reservoir of the microorganisms with the necessary enzymes for cylindrospermopsin degrt@&on

However, in water bodies where the cylindrospermopsifound regularlydegradation has been shown to occur
relatively rapidly{109.

Saxitoxins have not been shown to be degraded by bactiegiefore, if a toxic bloom ofAnabaena circinalis dosed
it may be necessary to have water treatment strategimsdissolved toxin removal [L(. In addition although
saxitoxin appearto be nonbiodegradble,it can undergo biotransformations involving conversion from less toxic
forms to more toxic variantgl11].

BIOLOGICACONTROS

Cyanobacterial growth can beoderated by manipulation of the existing ecosystem in a reservoir or lake. Important
aims can be to:

B Increase the numbers of organisms that graze on the cyanobacteria
B Increase competition for nutrients tontiit the growth of cyanobacteria

Biomanipulatort & 2F i Sy RSAONAOGSR Fa SAGKSWR2eyZ( Ay OMBE & & WRdzE NK

| INCREASING GRAZINREBSURE

The introduction of measures to encourage the growth of zooplankton and benthic fauna that feed on cyanobacteria
can be effective itimiting cyanobacterial proliferation. Methods reported in the literature include:

E Removal of fish that feed on zooplankton and other benthic fauna, or introduction of predators to
these fish.
B Development of refuges to encourage the growth of the bendfimiganisms77]

VENHANCIN(G‘,OI\/IPETITION BY INTROIING MACROPHYTES

In relatively shallow water bodies with moderate phosphorus concentrations thedaction of macrophytes can

limit available phosphorus and therefore limit cyanobacterial growth. When other measures are also taken such as the
control of fish types and numbers, the introduction of macrophytes to a water body may result in improwbéditur

and lower cyanobacteria growtfTT]. Figure4-6 shows the introdudbn of water plants into a heavily contaminated

water body in an effort to reduce nutrient levels and improve water quality.
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Figure4-6 Introduction of water plants into a heavily contaminated water body an effort to reduce nutrient levels and improve water quality

|OTHER BIOLOGICAL ATEGIES

The potential of microorganisms such as bacteria, viruses, protozoa and fungi to control cyanobacteria has been
studied on a laboratory scale. Although successifua small scale, the full scale use of such measures has not been
attempted due to a range of problems such as the difficaftgulturing large numbers of microorganisms, and the
ability of the cyanobacteria to become immune to infecti@][

ISSUES ASSOCIATEDHMMPLEMENTATION

Biomanipulation is a very difficult management practice to implement, as many interacting factors influence the
ecology of a watebody. The deliberate modification of the biodiversity of the system may have unintended
consequences for other organisms and water quality parameters. In addition, the ongoing implementation of such a
strategy will require constant monitoring and adjustngeas it is likely that the system will tend to readjust to the
original biological structurer[/].

ALTERNATIVE METHODS

BARLEY STRAW

The use of decomposing baylstraw for the control of algae and cyanobacteria has been the subject of considerable
interestand WS &G A Il GA2Y &P6y/OQ 512 (118.3 abSratdiyf skidied ame suggested algistatic effects

on both green algae and cyanobacteria. Several causes have been suggested for the observed effects, including the
produdion of antibiotics by the fungal flora responsible for the decomposition, or the release of phenolic compounds
such as ferulic acid ar- coumaric acid from the decomposition of straw cell wadlg [While reservoir trials with

barley straw appeared to confirm these laboratory observatidris3[114] other trials resultedn no observable effect

[115, 116].

Because of its affordability and ease of use barley straw is used in many reservoirs and dams in the United Kingdom
with positive results. A fact sheet prepared by the Centre for Hydrology and Ecology, Natural EnviroeseantiR

Council and the Centre for Aquatic Plant Management in the UK details the application and mechanism of the effect of
barley straw for the control of algae in a range of water bodid<]
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Although some water authorities have applied this method thuéhe low cost and appeal as a natural treatment,
Chorus and Mur{7] do not recommend its use due to the possibility of the production of unknown compounds
(possibly toxic, or odougproducing) and consumption of dissolved oxygen during the decomposition process.

ULTRASOUND

Ultrasound has been the focus of several studies. It has been found to limit the growth of cyanobdadigras[well

as causing sedimentatiodue to disruption of the gas vesicldd f] depending on the energy and length of time of
application. The observed effects are also dependent on the species of cyanobat2€}iarhe application of

ultrasound was reported to successfully reduce pheliferation of cyanobacteria in a treated pond compared with a
similar pond that was not exposedid1]. The study of ultrasound as a method of control for cyanobacteria is still in its
infancy, and the technical hurdles involved in the application oftdtdknology in a large water body are clear

however further work may reveal it to be an effective, rdmemical control strategy.
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CHAPTER SREATMENT OPTIONS

If toxichlooms occur despite management strategies, there are three options to minimise toxin levels in water
supplied to consumers;

B Use of an alternative supply uncontaminated by cyanobacterial toxins
B Offtake manipulation to prevent the intake of cyanobacterialém their toxins into the water supply system

B Water treatment to remove cyanobacterial cells and/or their toxins

The main focus of this section is the removal of cyanobacterial cells and the cyanotoxins they produce. However, for
many treatment plants airfst control step can be the manipulation of the offtake from the source water to minimise
cyanobacteria entering the treatment facility.

OFFTAKE MANIPULATION

Due to the buoyancy regulation of some cyanobacteria, they are usually found in a particutaraege within a

water body. A comprehensive monitoring program, as described in Chapter 3, will provide this information. If the
treatment plant has the ability to extract water from several depths, often the most concentrated area of the
cyanobacteria lmom can be avoided. However, the conditions that favour the growth of cyanobacteria (thermal
stratification, anoxic hypolimnion) will also favour release of iron and manganese from the sediments, so care should
be taken to adjust the height of the offtake avoid both high cyanobacterial numbers, and elevated manganese and
iron levels. Often the two water quality goals will be difficult to manage simultaneously.

CYANOBACTERIAL CEEMOVAL

A healthy cyanobacterial cell can have high levels of torintaste and odour compoundsconfined within its walls.

For example, foMicrocystisaeruginosamore than 95% of the toxin can be contained within healthy cells, whereas
the number would be around 50% or less @ylindrospermopsisciborskii Therefore, lgh cell numbers can result in
high total toxin concentration. The most effective way to deal with high total toxin concentrations is to remove the
cells, intact and without damage. Any damage may lead to toxin leakage, and an increase in the dissolved toxi
concentration entering the treatment plant. Dissolved toxin is not removed by conventional treatment technologies,
and the aim should be to minimise the levels entering the treatment plant.

Removal of intact cells and associated intracellular toxin Ehbe the primary aim in the treatment of cyanobacteria.
As most water treatment processes are designed to remove particulate material as the primary focus, this first step
requires only the optimisation of existing particulate removal processes, as svafl awareness of how some of

these processes may lead to cell damage, and leaking of the toxins into the dissolved state.

| PREOXIDATION

Pre-oxidation is not recommended in the presence of potentifdlyic cyanobacteria. Chemical oxidation can have a
range of effects on cyanobacteria cells, from minor damage to cell walls to cell death and 3&is\[though it has

been reported in the literature that oxidation at the inlet of the treatment plant can improve the coagulation of algal
cells through a numbesf mechanisms,1[23 the risk of damaging the cells and releasing toxin into the dissolved state
is high. If preoxidation must be applied in the presence of cyanobacterial cells the levels of oxidant should be
sufficient to meet the demand of the water ilugling cells, and result in a residual sufficient for destruction of
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dissolved toxins if these are susceptible to removal by the particular oxidant (see following sections on removal of
dissolved toxins). If insufficient oxidant is applied there is aafi$kigh levels of dissolved toxamd organic carbon
entering the treatment plant and adversely influencing subsequent removal processes. However, this effect will
depend on the oxidant and its reactivity with the particular cyanobacteria. For exampétreork by Heet al.[124]

has shown that potassium permanganate, applied at a concentration necessary s awatierate levels of
manganese, did not damageabaena circinalisells, and therefore did not result in release of geosmin and
saxitoxins into the dissolved state. If pogidation is deemed necessary, it is recommended that laboratory tests be
carried out to determine the effect, if any, on the cyanobacteria presetié inlet to the plant.

MICROSTRAINING

Microstraining is a technique that can be used to remove fine particles including algae and cyanobacteria.
Microstrainersseparatesolids from raw water by passage through a fabric of either fine steel mesh oicptagth.
Depending on the size of aperture in the fabric, it behaves either as a filter to remove coarse turbidity, zooplankton,
algae etc. or as a fine screen to remove larger particles. A microstrainer consists of a horizontally melowbd,
rotating drum with sides of fabric. One end is sealed and the other allows water in and screenings out. Water is fed
into the centre and flows out through the sides. The top of the drum remains above the water level and is
continuously cleaned by wer jets on the outside. The screenings are collected in a trough suspended towards the
top of the drum interior. They are sieved, the solids disposed of and the water returned to the inlet.

Microstraining is used to remove mineral and biological sdtmi® surface water. It is normally used as fireatment

before slow sand filtration or coagulation processes but for very good quality waters it can be used as a sole treatment
prior to disinfection. Microstraining can successfully remove filamentoususticellular algaebut will be less

efficient for small, unicellular species.

| RIVERBANKLOWSAND ANDBIOLOGICAEILTRATION

Riverbank filtration is a simple and effective treatment process which is widely used in some parts of the wtatd. Wa
is abstracted from rivers by using bores (wells) close by, effectively filtering the raw water through the riverbank
usually consisting of sand, gravel or stones. Particulates including algae and cyanobacteria are removed by this
filtration process. May soluble contaminants are also removed by adsorption or by biological processes taking place
in the biofilm on the sanifyravel grain surfaces, mainly in the first feantimetresof infiltration. In this process

dissolved toxins can also be remoJd@5]. Bank filtration covers a wide range afnditions,with travel times

between the river and the well of a few hours to several months. In case of short travel times the processes involved
are comparable to those ocaoing in slow sand filters.

GENERAL COIR&ERATIONS

Slow sand filtratior(SSFis capable of providing a high degree of removal of algal cells (>99%) and associated
cyanotoxin. Biological activity within slow sand filters may also provide some removal of extracellular toxin. Algal
growth in the waer above slow sand filters is a common problem, and has implications in relation to cyanotoxins,
depending on the predominant algal species.

In general, good performance of slow sand filtration depends on the following factors:

1) Feed water quality
Thequality of water going on to slow sand filters is crucial to performance. Generally, turbidity above 10 NTU
can lead to reduced run times. In addition, high algal concentrations in the raw water can result in excessive
algal growthabovethe sand, causing rapid blockage and short run lengths. These problems can be alleviated

51



Chapter 5: Treatment options

or prevented by predreatment (e.g. roughing filters, microstrainers), or by covering of the filters where this is
practical.

2) Filtration rate
Headloss across the beaahd the rate of headloss buidp (filter blockage) both increase with increasing
filtration rate. Performance of slow sand filtration is best when the filtration rate is constant, avoiding sudden
large changes in filtration rate (+ 20%) to prevent detexiion in filtrate quality.

3) Sand skimming
Groups of filters should be skimmed in rotation, such that at any time a minimum number of filters are out of
operation, thereby preventing excessive loading to the other filters. Skimming involves removing the
Schmutzdecke layer and the uppermost 1 to 2 centimetres of sand, manually or, more commonly now, using
mechanical scrapers. The bed depth should not be allowed to decrease to less tmantBe3depth is then
returned to between 1 and 1.B1 using cleaned sahnfrom storage.

4) Restart after sand skimming
A ripening period of several days is required before good performance is restored after skimming. Longer
periods may be necessary after resanding or at low water temperatures. To prevent excessive penetration of
solids into newly skimmed or resanded beds, the filtration rate should be gradually increased over a period of
3 or 4days, starting at a low rate of less than 0.1 m/hour. The filtrate produced during the first few days after
restart may need to be dischged to waste or returned to the inlet of the other filters

Specific information relating to removal of cyanotoxins by slow sand filtration is scarce, partly because laboratory
scale tests are not appropriate since they cannot easily simulate the biolggiciive Schmutzdecke layer.

Bank filtration covers a wide range of settings with travel times between the river and the well of just a few hours to
several months. In case of short travel times the removal is similar to that described for SSF, teohglugdecke is
usually not formed along the river bank duedbear stress of the flowing river watey regular skimming is therefore

not necessary. In this setting most intcellular toxins will be removed from the source water. In case of longer travel
times (several days to months) additional degradation of egettular toxin is possible. Mixing with ambient landside
groundwater in the drinking water well will result in further reduction of concentrations.

| CONVENTIONAL TREATNVE

The response of cyabacteria to coagulants and other chemicals used during the coagulation/flocculation process
depends strongly on the type of organism and its form {ndividual cells, filamentous etc, s&hapter ). As a result,
specific guidelines for coagulation aret possible. However, general tips for optimum removal of cyanobacteria will
be helpful as a first treatment step.

If optimisation of coagulation is maintained for the normal parametarsldingturbidity, dissolved organic carbon
remova) under the caditions of high numbers afyanobacteria, optimum removal of cells, and therefore

intracellular toxin, will be achieved 26]. Evidence in the literature is conflicting regarding the most effective

coagulant, polyelectrolytes, etc, so optimising the expfimocesses should be the first response. Evidence is also
conflicting in terms of damage to the cells during the coagulation process. Whether there is some damage during the
process appears to be dependent on the health of the cells, and the stage gndivth of the bloom. In a natural

bloom there will probably be cells in all stages of growth. However, an optimised coagulation process will provide a
very effective first barrier to toxic algae in the treatment plarigure5-1 shows anAnabaenacircinalisfilament

encased in an alum floc. The darker areas are the powdered activated carbon particles usadue dissolved

toxins and tasteand odourcompounds
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Figure5-1 Anabaenafilament encased in an alum floc. Dark areas are powdered activated carbon particles used to remove dissatesidad
odours and cyanotoxins

Dissolved air flotation (DAF) is very effeetfor the removal of cyanobacterial cells, particularly for those species with
gas vacuoles that may render them more difficult to settle. The same advice for the optimisation of the process
applies for the DAF process.

COAGULATION AND FOODCATIOKEENRAL CONSIDERATIONS

Optimisation of the coagulation process is important under all conditions, but it is particularly relevant during a toxic
cyanobacteria bloomAchieving good chemical coagulation and flocculation relies on the following:

B Selection othe most approprate coagulant and pH conditions

B Good control of coagulant dose and pH to maintain optimum conditions particularly during the initial mixing
stage. Underdosing of coagulant or inadequate pH control produces poor floc, whilst overdosingéscrea
the quantity of solids for removal and can, in some circumstances, produce large weak floc that can be
difficult to remove efficiently

B Good mixing at the point of chemical dosing to ensure rapid intimateamtitetween water and coagulant

B Optimisationof flocculation: where mechanical flocculation is used, optimum paddle speeds need to be
determined based on performance df¢ subsequent treatment process

B Avoidance of excessive floc shear after flocculation, which could result from turbulence atpigérbends
or constrictions, and from higflow velocity (above 0.3 m/s)

B Laboratory jar tests are used to select the best combination of coagulation chemicals and pH, which should
be \erified carefully on the plant

An additional consideration for cyanotios is the risk of cell lysis with a high degree of mixing on coagulant addition.
Where very high intensity of mixirig generallyapplied, a compromise may lvequiredbetween the requirements
for effective coagulation and the potential for cell lysis aydnotoxin release.

Polyelectrolytes are often used in conjunction with metal ion coagulants, primarily as flocculant aids to produce floc
which is more easily removed by subsequent clarification or filtration. These are normally added shortlyeafter
coagulant, to provide a lag time for primary floc particles to form. This lag time can be critical to good performance,
particularly under cold water conditions, and ideally needs to be established onaysiite basis.
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.SLUDGE AND BACKWABEPOSAL

Once confined in sludge of any type, cyanobactarégy lose viability die, and release dissolved toxin into the
surrounding water127]. This can occur within one day of treatment and can result in very high dissolved toxin
concentrations in the sludge supwtant. Similarly, algal cells carried onto sand filters, in flocs or individually, will
rapidly lose viabilityTherefore if possible, all sludge and sludge supernatant should be isolated from the plant until
the toxins have degraded sufficiently. Micystins are readily biodegradabl®&2g] so this process should takedl
weeks. Cylindrospernpsin appears to be slower to degradi2p] and the biological degradation of saxitoxins and
anatoxins has not yet been widely studied. However, the saxitoxins arerktebe stabldor prolonged periods in
source water, so caution is recommended.

During a bloom where some cells are carried through to the filters, backwash frequency will probably increase. This is
desirable to reduce the risk of dissolved toxin relehseo the filtered water. Operators should be aware of the
possibility of toxic algae in the backwash water, and consequent risk of elevated dissolved toxin levels.

MEMBRANE FILTRATION

Membrane processes are becoming an increasingly viable optiongfatntient of both small supplies and larger
sources at risk of microbiological contamination (€gyptosporidiuri Membranes used in water treatment can be
classified as:

B Microfiltration (MF) membranes for removal of fine particulate material abowenlin size, such as
Cryptosporidiunand some bacteria

B Ultrafiltration (UF) membranes for removal of colloidal particles of less tham®andhigh molecular
weight organics

B Nanofiltration (NFnembranes for removal of lower molecular weight organics, cotod divalent ins such
as calcium and sulphate

B Reverse osmosis (R@Embranes for desalination of seawater or brackish water

Generally cyanobacterial cells and/or filaments or colonies can be expecteditoimon in size or larger. Therefore
membraneswith a pore size smaller than this will remove cyanobacterial déligire5-2 is a representation of the
removal efficiency of various filtration processes. Asftgare shows, in general, micrand ultrafiltration

membranes could be expected to remove cyanobacterial cells effectively. In reality, pore size distributions will vary
between manufacturers, so specific information should be sought regarding pose Silearly the efficiency of

removal will also depend on the integrity of the membranes. Processes such as nanofiltration and reverse osmosis
membrane filtration will have a preatment step designed to remove particulates and dissolved organic carbon to
minimise fouling of the membranes. Therefore, if the fmeatment processes are working effectively only dissolved
toxin could be expected to challenge these membranes. In the case of-rai@talltra filtration, healthy

cyanobacterial cells may be camtrated at or near the membrane surface. The extent of damage to the cells will
depend on the flux through the membranes, pressure and the time period between backwashes and removal of the
waste streams]3(. As with coagulation, optimisation of the proses is recommended, with frequent backwashing,
and isolation of the backwash water from the plant due to the risk of the cells releasing dissolved toxiarndltra

micro- filtration membranes cannot be expected to remove dissolved toxins released froragtatcells on the
membrane surface. In practice, some removal has been noted. As this is most likédytdeedsorption of the toxins
onto the membrane surface, it would be expected to vary between membrane materials, and to decrease significantly
with time as the adsorption sites are occupied by the toxin molecules.
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Submerged membrane systems may offer advantages over pressurised systems for waters with high cyanobacterial
concentrationsassubmerged membranes avoid pumping of the water prior to the membrand,the pressures

applied are much lesfence the potential for cell lysisreduced. However, this benefit may be offset by greater
accumulation otyandacterial cells in the membre tanksof submerged systems. This accumulation might be
reduced operationally by draining down the tanks more frequently at times of cyanotoxin risk.

For pressurised systems, potential for cell lysis may be greater for crossflow systems than fendiegeration,
particularly if accumulation of bacterial cells in the recycle stream is allowed to occur.
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Figure5-2 Efficiency of various filtration processes
CYANOTOXIN REMOVAL

Even if treatment is aimed a&moving cells intact with their intracellular toxins, there is the possibility that dissolved
toxins may be present. Thus it is always prudent to send samples for chemical analysiddamtimeost likely to be
present. This knowledge will come fronhistory of observation and monitoring as describedimapter 3 It is likely

that the analysis will take at least 24 hours, so it is desirable to initiate treatment measures to remove the maximum
level of the toxin most likely to be present.

Processes toemove dissolved microcontaminantacluding cyanobacterial toxingom drinking water are strongly
influenced by the properties of the target compound. More details on the structures of cyanobacterial toxins are given
in Chapter 1.

As mentioned earlierconventional treatments such as coagulation etc, are not effective for the removal of dissolved
cyanotoxins. The three categories of water treatment processes that can be applied for the effective removal of
dissolved toxins are:

B Physicaprocessesuchasremoval using activated carbon, membranes
B Chemicaprocessesuch axidation with chlorine, ozone and potassium permanganate

E  Biologicaprocessesuch adiltration through sand or granular activated carbon (GAC) supporting a healthy biofilm
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PHYSICARROCESSES

ACTIVATED CARBON

Activated carbon is a porous material with a very high surface area. The internal surface provides the sites for the
target contaminants such as algal toxins to adsorb. Activated carbon is used extensively in water treatment for
adsorption of organic contaminants, particularly pesticides, volatiggnic compounds;yanotoxins, and taste and
odour compounds, often resulting from algal activity

Activated carbon is available in two forms, granular activated carbon (GAC) andneodvedtivated carbon (PAC).
Powdered activated carbon can be added before coagulation, during chemical addition, or during the settling stage,
prior to sand filtration. It is removed from the watenmeshed in floduring the coagulatiomnd sedimentation

process, in the former cases, and through filtration, in the latter. As the name implies, PAC is in particulate form, with
a particle size typically between 10 and 400 in diameterPAC is dosed as a slurry into the water, and is removed by
subsequent teatment processes. Its use is therefore restricted to works with existing coagulation and rapid gravity
filtration, or it may be applied upstream of a membrane proc€s of the advantages of PAC is that it can be applied

for short periods, when problemarise, then stopped when it is no longer required. With problems that may arise only
periodically such as algal toxins, this can be a great cost advartatisadvantage with PAC is that it cannot be

reused and is disposed to waste with the theent sludge or backwash water.

Granular activated carbon is usegtensively in many countrider the removal of micropollutants such as pesticides,
industrial chemicals and tastes and odaurke particle size is larger than that of PAC, usually between 0.2.8nd

mm. Granular activated carbon is generally used as a final polishing step, after conventional treatment and before
disinfection It can also be used as a replacement medium for sand and/or anthracite in primary filters. The
advantages of GAC are thaprovides a constant barrier against unexpected episodes of tastes and odours or toxins,
and the large mass of carbon provides a very large surface area. The disadvantage is that it has a limited lifetime, and
must be replaced or regenerated when its garhance is no longer sufficient to provide high quality drinking water.
Filtration through GA® often used in conjunction with ozone. When used in conjunction with ozone it is sometimes
called BAGyr biological activated carbomdowever, this ian bemisleadingas all GAC filters function as biological

filters within a few weeks to months of commissioning.

POWDERED ACTIVATRAREBON

APPLICATIOQF PAC FOR OPTIMUERFORMANCE

One disadvantage with PAC is that the contact time is usually too low to utilise the total adsorption capacity of the
carbon.Dosing of PAC immediately beform during,coagulation may reduce its effectiveness by incorporation into

the floc, and should b avoided if possibld®AC can also be applied after coagulation. The advantage of this placement
is that a significant proportion of the competing compounds, the natural organic material (NOM), has been removed
during the coagulation process. The disadege is that the contact time, where the PAC is mixed efficiently through
the water, is greatly reduced. There is some evidence that a layer of PAC on top of the conventional filters may
provide some additional removal. This has not been shown conclu$brdlye removal of toxins so could not be
recommended as an effective barri@enerally, the most suitable place for dosing FApstream of coagulation in

a separate PAC contact basin, or in a pipeline where there is some distance between the sdaragfiake and the
treatment plant.
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The type of treatment process can also influence PAC performance. Accumulation of PAC in floc blanket clarifiers and
filters may give benefits of extending the contact time and PAC concentration. Contact time @el3AS relatively
short, although long flocculation times could be beneficial.

For a particular site, laboratory tests should be carried out to help evaluate the best position for PAC dosing by
simulatingthe treatment stream, as well as identifying saabte PAC type and dose

PACTYPE ANDOSE REQUIREMENTS

Natural organic material plays a large role in controlling the removal of microcontaminants using activated carbon.
NOM is present in all water sourcesmatich higher concentrations than the target cpound. For example, a
concentration of Sug ™" of toxin entering a treatment plant would be considered quite high, whereas a concentration
of 5 mg [ of dissolved organic carbon (DOC) in surface water would be moderate. In this situation the conagntratio
of NOM @pproximately 2 x DOQ)31] is 2000 times that of the target compoumdhe toxin. ClearlyNOM o offers very

high competition foradsorption sites on the activated carbon. The difficulty in providing guidelines for the dosing of
PAC for the removailf any compound is the overriding influence of the competing NOM. Every water source will have
NOM of different concentration and character, and these factors are controlled bgpé#eific conditios such as
vegetation, soil type and climatic conditionss a result, only broad guidelines can be given and, as with the choice of
activated carbon, it is suggestéuat doses are determined on a sipecific basis.

The dose recommendations given in the following sections are reliant on operator knowletiigeinéoming toxin
concentration.In practice toxin analysis undertaken in a qualified laboratory may have a turnaround time of several
days. An effective monitoring program as recommende@liapter 3 together with the application of an Alert Levels
Framework described ilChapter §should allow water quality managers to estimate the maximum toxin
concentration that could be expected to enter the plant. It is prudent to dose assuming the highest probable
concentration, then adjust the PAC appropriatelyem actual concentrations are known.

MICROCYSTINS

Microcystins are relatively large molecules compared with the other toxins. From molecular modelling the size can be
approximated to around-2 nm,although it is very difficult to estimate theydrodynamic size of a charged molecule

in solution. The charged groups, carboxylic acid groups and arginine amino acids, are hydrophilic (water soluble)
groups, whereas the microcystins also have sections that are hydrophobic. In adiffiéionicrocystiis are in the size

range of a large proportion of the NOM competing for adsorption sites on the carbon. The influences on the removal
of microcystins by activated carbon are therefore quite complex.

The best activated carbon for the microcystin toxinsgoad quality carbon with a high volume of pores in the size
range > 1 nm. This type of carbon will also display good kinetic properties. Mostlvesed chemically activated

carbons have the desired properties. However, these carbons can be quite exgearsil some coabr woodbased
steamactivated carbons also have a reasonably high proportion of larger pores. In the case of microcystins, it is
desirable to test several carbons, along with a good quality wwekd carbon, to determine the best orm fa

particular water quality. If it is not possible to compare carbons for the adsorption of microcystins, the tannin number
test, or even the adsorption of DOC, would serve as a good surrogate testing procedure. Once the tests have been
completed, it isadvisable to do a cost analysis of the carbons to determine which is the best value for.iiRoney
example, a more expensive carboraybe the most cost effective if much lower doses are required.

Table5-1 gives some general recommendations for required doses of PAC when a good quality appropriate carbon is
used for the removal of four of the microcystinge extent of removal by PAC, and therefore the required Péged

varies enormously for the microcystins. If microcystins are present in source water, and activated carbon is to be a
major process for their removal, it is necessary to determine the variants of microcystins present. Although mLR is the
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most common narocystin worldwide, it seldom occurs without other variants also present in the water. It is not
uncommon in Australia to find a bloom producing a mix of 50:50 mLR and mLA. Microcystin LA is as toxic as LR, but is
considerably more difficult to remove ungj PAC. In contrast, mRR is readily removed by PAC, but is considerably less
toxic. There are many other microcystins that may be present in source water, but there is no information on the
removal of these compounds by PAC.

The presence of a mixture ofstms does not appear to affect the doses, therefore, for a mixture of mLR and mLA at 1
ng L each for example, add the doses for each toxin individually.

SAXITOXINS

Saxitoxins are smaller molecules than microcystins, and can be expected to adsmddlar pores. As a result of this,
carbons with a large volume of pores < 1nm are more effective for these toxins. Good qualitysstidaated wood,
coconut or coabased carbons are usually the best. The comparison of activated carbons specifidaiyréanoval

of saxitoxins is probably not an option for most water authorities due to the high cost of the analysis. However, as a
general rule, carbons that are effective for the removal of tastes and odour compounds MIB and geosmin are also
effective forsaxitoxins. When no other test is available, carbons with a high iodine number or surface area 01000 m
g or higher may be suitable.

Similar to microcystins, the different variants of the saxitoxins adsorb to different extents on PAC. Fortunately in this
case, the most toxic are generally those in the lowest concentration and are removed more reagilgeral a dose

of 20 to 30 mg_‘1 and a contact time of approximately 60 minute@suld be recommended for an inlet concentration

of 10 ug Lt STXequivalentsand a finished wategoal concentration 0&3 g L

CYLINDROSPERMOPSIN

There are very limited data available describing the agal of cylindrospermopsin by activated carbon. The molecular
weight of the molecul¢415 g mo'il) indicates that it would be removed by carbons similar to those recommended for
saxitoxins. However, laboratory results have shown that carbons possesdireg hidgumes of larger pores are the

most effective, suggesting the molecule has a larger hydrodynamic diameter than indicated by its molecular weight
[132. Thus it appears that the carbons that are effective for microcystins are also effective for cyjemnopsin.

From the limited information available, PAC dosemommended to achieve a target ofugy L™ for
cylindrospermopsin would be 120 mg [ for an inlet concentration 2 ng L and 2630 for an inlet concentration of
3-4ng L.

ANATOXIM

The imited data that exisfor anatoxina removal by PAC suggests that similar removals to that of mLR can be
expected 133.

Table5-1 gives a summary of the general recommendations for PAC application.
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Table5-1 General recommendations for PAC applicatisnsource water wih a DOC of 5 mg'lor less and contact time 60 minutes *

Inlet PAC dose Type of PAC
concentration (mg
(ng L)
microcystins mLR 1-2 12-15 Wood-based, chemically
2-4 1525 activated, or high mesopore coa
mLA 1-2 30-50 steamactivated
2-4 NR**
mYR 1-2 1015
2-4 1520
mRR 1-2 8-10
2-4 1015
cylindrospermopsin 1-2 10-20 As above
2-4 20-30
saxitoxin 5-10 STXeq 3035 Coal wood or coconut, steam
activated

*These doses were estimated from laborat@xperimentsusing the most effective PAThe actual doses
required will depend strongly on water qualiyd effectiveness of activated carbdBiteand PAGpecific
testing is recommended

**NR-not recommended

GRANULAR ACTIVATEAIRBON

APPLICATION OF GAC

GAC is used in fixdeed adsorbers, either by conversion of existing rapid gravity filters, or more usually in purpose
built vessels. Flow through the GAC is usually downwards, although upflow designs and fluidised bedaraatses
available

DuringGAC filtration, lhe bed becomes progressively saturated with organics frdet to outlet, forming an

adsorption front within the bed, which movesogressivelyver time. When the adsorption front reaches the bottom
of the bed, the concentration of orgéss in the water leaving the bed increases, producing the characteristic
breakthrough curve. The time taken for breakthroughoccurdepends upon the type of GAC used, the concentration
and type of organics, and the empty bed contact time (EBCT). Adtggbfradsorption (or low velocity of flow)
produces a shallow adsorption front, which in turn leads to a sharp breakthrough curve. This is illustrated in

Figure5-3 for the presence of one organic contaminanthere the yaxis is the concentration of the contaminant in

the outlet from the filter represented as fraction of inlet concentration (§J/@nd the xaxis is the number of bed

volumes treatedIn this casea decision to regenerate or replace the GAC would be made on the goal concentration of
the contaminantDepending on the acceptable concentration range, this may be when the contaminant is first
detected (C/G>0) or a percentage removial acleved(e.g. C/G>0.5) In reality the situation is far more complex. The
major organic component present in the water will be NOM. Where the GAC is used for the minimisation of
disinfection byproducts, the breakthrough of DOC (or the surrogate UV absa@doah254 nm) would be of most

concern and this might look similar tBigure 53. The decision to replace or regenerate the GAC is therefore relatively
straightforward based on the required DOC concentration or removal. However, when the primary treaitmen
objective is the removal of cyanotoxirtkeir transient nature will usually not permit the trending of adsorption as
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shown inFigure 53, and many studies have shown that DOC is a poor predictor of GAC performance for the removal
of other organics. Ingrticular, toxins and taste and odour compounds will usually still be effectively removed by GAC
while DOC breakthrough is up to 90%, or /@9 [L34]. Therefore care should be taken when deciding on the water
quality criteria that will drive the replacemé or regeneration of the GAC when the primary goal is toxin removal. A
suggestion for a simple qualitative monitoring test that may aid in the decision to replace or regenerate GAC is given
in the following section.

When thewater quality criteria for effient from the filter are exceededSAC is regenerated thermafhgactivated)

or replaced Thermal reactivation requires removal of the GAC from the adsorber and transport to the regeneration
facility. The GAC is then heated in a special furnace to pseiyely higher temperatures. During the heating phases

the following occur: drying of the GAC and desorption of volatile organics; carbonisation-gblatite organics to

F2NY WOKI NI} alAyFRA OR AlyAl2fyt 8 F G KS WO Kebshidiabif the OdiréziNdbré Sructdr@ ig i NP f
to be maintained and excessive loss of carbon avoided.

Deep adsorption Shallow adsorption
front from low front from high
rate of rate of adsorption
adsorption
Shallow breakthrough curve Steep breakthrough curve

Figure5-3 Effect of the adsorption front on the shape of the breakthrough curve
Factors which affect the performance of Gi€removal of orgait compounds are:

Capacity of a particular carbon for theganic compound(s) in question
Contact time ketween the water and the carbon

concentration of the organic compound indHeed, and the desired removal

Presence oNOMwhich wil compete foradsorption sites

All GAC adsorbers develop biological characteristics to a greater or lesser extent, particularly when treating surface
waters at higher water temperature. Biological characteristics can be enhanced {oz@nation and longer EBCTSs,
and can providesomeadvantagesuch as

B Removal of biodegradable organics produces a more biologically stable water to reduce the potential for
detrimental biological growth ithe distribution system

60



Chapter 5: Treatment options

Enhanced removal and extended bed life, even for apparemtisactory organics (e.g. pesticides) because of
biodegradation of adsorbed compounds

Potential for ammonia removal

removal of biodegradable ozonation 4pyoducts such as aldehydes and ketones, (even at relatively short
EBCT).

Benefits from biological eftis will diminish at water temperatures below tor EBCT below 10 minut&he
disadvantage of biological activity is extensive biomass growth in thewdedh increases the need for backwashing.
This may reduce the life of the GAC, or result in in@dastrition due to physical breakdown of the particles.

TYPES OF GAC

As with PAC, the ability of the adsorbent to remove the toxins depends on the raw materials, method and extent of
FOUGAGIGAZYZ | Nry3aS 27F 2 {KS NysicazbhBrac@rsticO Befontla paiitiGuNAGAC 5 O a
chosen, a comparative test can be undertaken to determine the most effective GAC for the particular toxin, or the
mixture of toxins for which a plant must be prepared.

LIFETIME OF GAC

The service life ofte bed is dependent on the capacity of the carbon ysleel empty bed contact time (EBGAr)any
physical breakdown caused by frequent backwashing.

There are a number of tests designed to predict breakthrough of microcontaminants on GAC, and someludtbese
been reasonably successful when used for microcontaminants that are present in the water constantly. However,
there are two main reasons why these tests should be treated with caution when applied for the prediction of toxin
breakthrough:

1.

Transient néure of the problemToxins are rarely constantly present in source water; the problem is of a
transient nature, often appearing regularly in a particular season each year. In most cases the life of the GAC
is controlled by the adsorption of the wide rangkorganic compounds in NOM, which is present yeamd.

A shortterm laboratory test to determine the removal capacity for toxins will not give an accurate estimate

of the length of time GAC can be expected to remove occasional episodes of the comtEmina

Biological degradatiorMicrocystins and cylindrospermopsin are readily biodegradable under certain
conditions. If a GAC filter is consistently degrading the toxins, the lifetime could be indefinite. Or, more likely,
the GAC filter may initially allosome breakthrough of the compounds, and then the biological function of
0KS TALGSNEONBERZ diGdeE Ay y2 G2EAya RSGSOGSR Ay
biological filter may lose the ability to degrade the compounds, almvabreakthrough during the following

toxic challenge

Recent research by the Australian Water Quality Ceimti®@outh Australifias shown that the less problematic, low
toxicity saxitoxins can be converted to the more toxic variants during biologicakyctivan anthracite biofilter. This
leads to the disturbing possibility that the water can be rendered more toxic after dual media filtration in a
conventional plant135.

Although it is very difficult taccuratel.JINBS R A @fétime & SACHor theemoval of toxins, it is recommended

that a filter be tested, or monitored, for removal, if this is to be a major barrier to algal toxins entering the distmibutio
system. This type of testing can give an estimate of the ability of theaGth€ timeto remove thetoxins,but cannot
predicthow much longeit will effectively remove the@mpounds.
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Although the use of GAC for toxin removal is very comglexe general suggestions can be given based on pilot and
laboratory scale studies for microcystins asakitoxins. No data exists for the long term removal of
cylindrospermopsin by GAC. Recommendations for microcystins could also be applied for cylindrospermopsin until
more information is available.

MICROCYSTIMSID CYLINDROSPERMOPS

Reports of length afime until breakthrough vary for microcystins, but would be expected to be between 3 and 12
months from commissioning if the filter is challenged with the toxins on an intermittent basis.

SAXITOXINS

Saxitoxins appear to be removecll by GAC, and goodmeovals (up to 75% removal of toxicity) have been reported
after 12 months of running laboratory scale GAC coluriB§][

ANATOXIM

Similar to AC, the limited data that exi$br anatoxina removal by GAC suggests that similar removals to that of mLR
can beexpected 133].

For more detailed information on GAC specifications, testing and filtration process design, refer to BEST PRACTICE
GUIDANCE FOR MANAGEMENTOB®Y¢ h - Lb{ Lb 2! ¢9w {!tt[LO9{®d 9! LINR2SOi
RNAY1AYy3a ¢ (SOCHROB00IOND - L/ ¢ 9+YMm

MEMBRANE FILTRATION

Membranes are physical filtration barriers, and the main factor influencing removal of microcontaminants is the size
or hydrodynamic diameter, of the compound compared with the pore size distribution of the membrane. Other

factors, such as electrostatic interactions anduldupof NOM and particles on the membrane (membrane fouling)

can also alter the permeability tfie membranes to particular compounds. However these factors are very difficult to
predict, and cannot be taken into account for cyanotoxin remadviglure5-2 showsthe approximate ranges of pore

size of common membranes, and molecular weight and size of the compounds and particles they can reject. According
to Figure5-2, microg/stins should be rejected bgverse osmosidRO membranes and nanofiltratio(NF)membranes

with a pore size distribution in the lower range. Saxitoxins, anatoxins and cylindrospermopsin could also be expected
to be removed by RO. However, accordinghisfigure, even RO membranes may allow the smaller toxin molecules

to permeate the membrane. The crucial issues are the pore size distribution of the particular membrane, which should
be available from the manufacturer, and the integrity of the membrane. As meadi@arlier, membranes contain a

range of pores, and larger pores could allow the molecules to permeate.

VCHEI\/IICAE’ROCESSES

Most oxidants used in water treatment have the ability to react with cyanobacterial toxins to varying degrees and this
depends onype of oxidant, dose and the structure of the toxin.

CHLORINE

Chlorine is an oxidant which will react with many organic compounds, including algal toxins and NOM. The most
reactive form of chlorine is hypochlorous acid (HOCI), which is in equilibriuntheitiypochlorite ion (OGlin
solution. The chemical equation is given below.
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HOCk= H" + OClI

The concentration of hypochlorous acid is dependent on the pH of the water. An example of the relative
concentrations of the two major forms of chlorine on@moderate range of pH is givenTiable5-2. It can be seen
that a small change in pH can result in a large change in the concentration of the most reactive éoeforénthe
reaction of chlorine with any compound will be dependent on pH.

Table5-2 Ratio of HOCI to OGind concentrations of the species at different pH. Initzdncentration 5.4 mgtas Gl

HOCI:OCI 32:1 10:1 3.2:1 11 0.32:1 0.1:1 0.03:1

HOCI (mg 1) 3.9 3.6 2.9 2.0 1.1 0.4 0.1
‘oCl (mg ) 0.1 0.4 1.1 2.0 2.9 3.6 3.9

Chlorine reacts rapidly with a range of molecules, depending on their molecular structure and susceptibility to
oxidation. In the presence of NOM, the concentration of chlorine decreases rapidly as a result of reaction with the
complex organic mixture comiging NOM. When chlorinis usedfor the removal of algal toxins a competitive effect

is produced between the different types of NOM and the toxins. Some molecules, or structures within molecules are
more reactive than others and the rates of reactionween chlorine and organic compounds will depend on their
structure. The result of these effects is a large variation in rate and extent of chlorine decay in different Waters.

NOM is a complex mixture of organic molecules of unknown character it igliféicylt to predict the competitive

effect between the reaction of chlorine with NOM and the toxins. To thieinto account the concept of chlorine
exposure, or CT (concentration x time) is introduced to help describe the reaction of the available chlorine with
microcontaminants such as toxins. The CT value is the area under a plot of chlorine residual vs time, and describes t
amount of free chlorine to which the solution has been exposed. A description of the CT concept for disinfection can
be found in the Australian Drinking Water Guideling37.

MICROCYSTINS

Microcystins are fairly reactive with chlorinEhey have @onjugated double bond in their structure which is
susceptible to chlorine, as well as reactive amino acid groups. As these amino acid groups vary with the type of
microcystins, the toxins themselves vary in their reactivi§g]. Of the four most common roiocystins, the ease of
oxidation by chlorine is given by:

MYR>mRR>mLR>mLA.

As a general rule the oxidation of all microcystins to below the guideline value will be achieved under the conditions
outlined in the general recommendations section, belbabaatory work has shown little effect of temperature on
the chlorination of microcystins.

SAXITOXINS

Saxitoxins are not as reactive with chlorine as microcystins as their structures do not contain very reactive sites.
However, recent work has shown that otihe is an effective process in the mibtrrier approach to saxitoxin
removal, with CT values of 20 mg mihdroducing up to 90% removal at pH between 6.5 and 823
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CYLINDROSPERMOPSIN

The limited data available on the chlorinatiof cylindrospermopsin suggesis more susceptible to chlorination
than microcysting139. The conditions outlined above for the chlorination of microcystins are alsocadi for
cylindrospermopsin.

ANATOXIM

Anatoxina is not susceptible to chlorinatiod33.

GENERAL RECOMMENDOAS

Oxidation conditions for microcystins, s@xins and cylindrospermopsin
F pH<8
E Residual >0.5 mg'lafter 30 minutes contact

B Chlorine dose > 3 mg'L

CT values in the order of 20 mg mih L

Destruction of the toxins could be expected to range between almost 100% for cylindrospermopsin amak¢he
susceptible microcystins to approximately 70% for saxitoxins.

CHLORINE DIOXIDE

Not effective with doses used in drinking water treatméba(.

CHLORAMINES

Chloramine is a much weaker oxidant than either chlorine or ozone, and only very high doses and long contact times
have been shown to have any effect on microcystin concentrdtidd]. The limiteddata available for the other
toxinsindicate that chloramintion could not be considered as an effective barrier for the toxins.

OZONEAND @ONE/PEROXIDE

Ozone, like chlorine, is an oxidant. It is extremely reactive and, also like chlorine, is present in water in more than one
form. The ozone molecule (structure thiree oxygen atoms ;) reacts with organic molecules present in the water.

It also breaks down spontaneously, astecomposes, to produce hydroxyl radicals. This is a very reactive chemical
species, and it is not discriminating in the structures it eit& The formation of hydroxyl radicals is dependent on pH,
and predominates at pH>8. The decomposition of ozone, formation of hydroxyl radicals, and the reactions of both
species with NOM can be described as a chain reaction where NOM plays a part as itiator and inhibitor in

the formation of hydroxyftadicals 142]. Forozonation the alkalinity of the water is also important, as the carbonate
ion plays a strong role inhibiting the formation of the hydroxyl radicals. Therefore, while high ajkaitér may
maintain an ozone residual for longer, this is at the expense of the formation of hydroxyl radicals, the most reactive
species. When ozone is used in combination with hydrogen pergkiddéormation of hydroxyl radicals is increased,
and therdore the oxidsing potential of the treatment is increased.
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MICROCYSTINS

As mentioned above, microcystins have structures present in the molecule that are susceptible to oxidation, therefore
the ozone molecule will react with them. In addition, the hydiasadical would be expected to react strongly with

the microcystins 143]. There isa competitive effect with NOM, always at higher concentration than the tosing,

there will be some sites present in NOM that are as reactive as those on the micrangsticule.

Similar to chlorine, the reduction in the concentration of microcystins will also depend on the initial dose, but it
appears from laboratory and pilot scale work that the maintenance of a residual of 0.3 fogdt least 5 minutes

will resultin the reduction of microcystins to below detection (by HPLC) in most waters. Water with DOC higher than 5
mg L may require higher doses.

SAXITOXINS

As mentioned above, saxitoxins are not as susceptible to oxidation as the microcystins, and are hotewaxied

by ozonation [L44]. An increasen pH, with a consequent increase in hydroxyl radical formation may result in higher
levels of removal, but this has not been proven in the laboratory or pilot plant. Conditions suggested for microcystin,
above, cald be expected to reduce the concentration of saxitoxins by no more than 20%, according to laboratory
scale experiments.

CYLINDROSPERMOPSIN

The limited data existing on the ozonation of cylindrospermopsin suggests that the conditions recommended for
microcystin will also apply for the removal oflindrospermopsini44).

ANATOXIM

Application of ozone as for microcystins will result in significant oxidation of anaadgun].

GENERAL RECOMMENDANS

OXIDATION CONDITION3R MICROCYSTJIRSIATOXIM AND CYINDROSPERMOPSIN
E pH>7

B Residual >0.3 mg'ifor at least 5 minutes contact

B CT values in the order of 1.0 mg mihHave been shown to be effective

SAXITOXINS

Ozonation not recommended as a major treatment barrier

| POTASSIUM PERMANGAEA

Potassiunpermanganate has been shown to reduce the concentration of microcyetidanatoxina considerably
[146] andmay also be effective for the reduction of cylindrospermog4i/]. If potassium permanganate application
is practised to control manganeseshoud be maintained in the presence of these toxins. Unfortunately the data
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currently availablere not sufficient to allow recommendations for dose requirements or to allow potassium
permanganateo be considereds an effective barrier.

UV AND UVHYDROGENEROXIDE

Ultraviolet irradiation is apableof degrading microcystiR and cylindrospermopsin, but only at impractically high
doses or in the presence of a catalgsth as titanium dioxide pto a lesser extentcyanobacterial pigmentsl{ig,

149. As withozone, the presence of hydrogen peroxide promotes the formation of hydroxyl radicals, and increases
the oxidizing potential of the UV treatment.

'HYDROGEN PEROXIDE

Not effective on its own. In combination with ozone or UV it produces hydroxyl radicalarthaery strong oxidising
agents. Insufficient inforiation exists to recommend doses.

BIOLOGICAL PROCESSES

Microcystin variants and cylindrospermopsin show great potential for significant biological removal, even at flow rates
approaching those encountered rapid sand filters]50. All GAC filters function as biological filters after a few

weeks of commissioning so also have the potential of eliminating toxins that are susceptible to biological degradation.
Figure5-4 shows the abundant and diverse biofilm present on sand from a rapid sand filter in a conventional
treatment plant. This filter has been functioning as an effective biofilter for the removal of tastedmd

compounds for many years.

Figure5-4 Scanning electron micrograph of biofilm on a sand partialerh the rapid sand filter at Morgan Water Filtration plant, South Australia

Only particular strains afertain microorganisms are capable of degrading algal toxins, and sufficient numbers must

be present on the biological filters to result in biological removal. In addition, both microcystins and

OBf AYRNRBALISNNY2LIAAY RAALIX | & tokin eatérd th fillelkandivihén the Bidfiltn Begiyls tod K S (i
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origin of the lag phase, and the ability to eliminate it is essential beforedidbremoval can be confidently relied

upon as an effective barrier against these toxins. If the presence of toxins in sand filters is a common occurrence, it is
possible that some biological removal will take place. However, fijpee chlorination ispractised as a means of
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reducing particle counts, it is very unlikely that sufficient biological activity will be maintained for toxin removal. As a
result of these issues, biological filtration canwotrentlybe considered an effective barrier to cyaorins. However,

slow sand filtration and bank infiltration, prastid in some European countries, are processes where very long contact
times and high biological activity result in excellent removal of taste and odour compounds and microd&jins [
There is also good preliminary evidence that these processes will be effective for cylindrospermopsin removal.
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CHAPTER BNCIDENT MANAGEMENTANS

BACKGROUND

In many countries the national standard for drinking water quality does not require any monitoring of cyanotoxins.

The consequence is that many drinking water ut#iti® not havesufficientlyskilled staff to monitor for

cyanobacteria or their toxins and the monitoring of these variald@st included in the routine water quality

monitoring programsSeveral years ago the clear risk assetlatith this lack of praess lel to thedevelopment and
implementation ofincident management plandMPs), based on alert level frameworks (ALFs), in several countries
regularly affected by toxic cyanobacteria, particlifgkustralia and South Africa. These plans endhbilekingwater

suppliers to deal proactively withotentially toxiccyanobacterian a drinking water source, thus managing the

incident and mitigating any risk to consumers. The plans identify a series of actions to be taken in response to various
indicators of tle progress of a potentially toxic cyanobacterial bladhhese actions include the identification and
optimisation of processes that can reduce the potential of cyanotoxins reathéngonsume® a G F LJX | & 6 Sf f
required communication steps (witkey sakeholders includinghe appropriate health authoritand consumers).

TheAlert Levels Framewoiik a monitoring and management action sequence that drinking water utilities catouse
provide a graduated response to the onset and progress of a cyanotsditbom in source watehe alert levels

are defined by the value of a parameter directly associated with cyanobadteziadingcell number, cell biovolume

or chlorophylta concentrationEach value representslavel of risk to drinking water anttherefore resulsin an

associated level of response, from increased monitoring, to notification of the relevant health authorities, to cessation
of potable water supply.

OVERVIEW ORHEDEVELOPMENT OF ALERVELS FRAMEWGRK

There have been a number fsthmeworks developed over the past two decades designed to aid in the management
of episodes of toxic cyanobacteria in drinking water. ftiacipleson which the various frameworks are based
includethe monitoring of cyanobacteria either directly or ingiitly, supported by cyanotoxin monitoring.

SELECTION AND APROION OF THE APPROYIFE ALERT LEVELAMRWORK FOR
DRINKING WATER PR@IOWN

The first step in the selection of the most approprifit@meworkis an assessment of the specific drinking wattdity

capacity (resourcesnfrastructure and personneikill) to undertake the various monitoring and analysis activities. This

is a desktop study whereby the requirements of each of the proposed approaches are assessed against the capacity of
the drinking water utility.Once an ALF has been chosen it can thembdifiedto suit the capabilities and

requirements of each individual water source/treatment plant combinatiéfter the selectiorand modification of

the ALFthe drinking water utility developpersonalisedaction plans IMPs, whicltan be implemented to providena
appropriate and effectiveesponse to thgresence otyanobacterian a drinking water source

Threerecently developedilert Levels Frameworkshich were based on those listedthre previous sectionare
presentedbelowfor possible selection by a drinking water utility
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ALERT LEVELS FRAMBRW®@SING CYANOBAQREERELL COUNTS ASGIGERNEWCOMBE
ET AL. 2009)151]

This framework follows the development of a potentially toxic @feacterial bloom through a monitoring program

with associated actions in Alert Levels. The actions accompanying each level include additional sampling and testing,
operational options, consultation with health authorities and other agencies, and customlemadia releases. The
sequence of alert levels is based upon initial detection of cyanobacteria at the Detection Level, progressing to
moderate cyanobacterial numbers at Level 1, where notification, additional sampling and assessment of toxicity may
occur. For the next stage at Level 2 the higher nalhbers can indicate the potential for the occurrence of toxins

above guideline concentrations. Alert Level 2 represents the point where the operators and health autiaaiies

decide to issue a health wamg or notice in relation to suitability of the water for consumption. This would follow a

full health assessment and depend upon circumstances such as availabiljpedioanance of water treatment and
consumption patternsThe sequence can then escal&ieAlert Level 3 for very high cyanobacterial biomass in raw
water. This level represents the situation where the potential risk of adverse health effects is significantly increased if
treatment is unavailable or ineffective. Alert Levgland 2 ideallyaquire an assessment of toxicity and toxins in raw
water and assessment of both the drinking water and the performance of the treatment system for toxin removal.

The threshold definitions for ik Alert Levels and the recommended associated actions are summari3edblies-1,
and aflow chart for the implementation of the Alert Levels Framewisrgivenin Figure6-1.
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Table6-1 Threshold definitions for a general Alert Levels Framework for management of toxic cyanobacteria in drinkitey

Derivation- Background intention

Threshold Definition
These apply to a sample location in source

water immediately adjacent to the water

Recommended Actions

supply intake®"

Detection LOW ALERT >500 & < 2,000 celismL* cyanobacteria Have another look
Level (Individual species or combined total of any U  Regular monitoring where a known toxin producs
Detection cyanobacteria) is dominant in the total biomass
U  Weekly sampling and cell counts
Cyanobacteria detected at low levels U0 Regulawisual inspection of water surface for
scums adjacent to offtakes
Alert Level 1 MEDIUM ALERT >2,000”& < 6,500 cellsnL? Talk to the health regulators
Microcystis aeruginosa 0 Notify agencies as appropriate
Potential for these cell numbers or -or- the total biovolume of all cyanobacteria 0 Increase sampling frequency to 2x weekly at
equivalent biovolume to give risetoa 0.2 mn? L and < 0.6 mrL*® where a known offtake and at representative locations in reservg
toxin concentration that is 1/3 to 1/2 the toxin producer is dominant in the total to establish population growth and spatial
potential the drinking water guideline  biovolume. variability in source water
concentration for microcystin. U  Establish the representativeness(ivariability) of
Trigger value for thievel can be adjusted for the offtake sample over time
local conditions (see text) U  Decide on requirement for toxicity assessment o
toxin monitoring
Cyanobacteria detected at levels that indicatt
that the population is established, and high tc
very numbers may occur in localised patches
due to wind action
Alert Level 2 HIGH ALERT >6,500 cellsnL* Assess the sigiifance of the hazard in relation to the

Potential for these cell numbers or
equivalent biovolume to give rise to a
toxin concentration that is around or
greater than the drinking water guidelin

Microcystis aeruginosa

-or- the total biovolume of all cyanobacteria
0.6 mni L*“where a known toxin producer i¢
dominant in the total biovolume.

guidelines
U  Advice from health authorities on risk to public
health,i.e. health risk assessment considering
toxin monitoring data, sample type and variability
effectiveness of available treatment
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concentration for microcystin. Established bloom of cyanobacteria with the U  Considerequirement for advice to consumers if
Assumes microcystin toxicity is the wor potential for toxin concentration to exceed supply is unfiltered
case for potential toxicityn any guideline if the population is toxic and if the 0  Continue monitoring as per Level 1
unknown sample or population of available treatment is ineffective. U0  Toxin monitoring of water supply (finished water
cyanobacteria. This applies whether or may be required, dependent upon advice from th
not the cyanobacteria present are relevant health authority
known toxinproducers.
Alert Level 3 VERY HIGH ALERT >65,000 cellsnl* Assess potential risk immediately if you have not already
Microcystis aeruginosa done so
-or- the total biovolume of altyanobacterig> U  Immediate notification of health authorities if this
Potential for these cell numbers or 6 mnv Lt © has not already occurred at Level 1 or 2
equivalent biovolume to give rise to a U  Requires advice to consumers if the supply is
toxin concentration that is greater than In circumstances without water treatment, or unfiltered
10x the drinking water guideline ineffective treatment, there may be an U0  Toxicity assessment or toxin measurerhen
concentration for microcystin. elevated risk of adverse human health source water and drinking water supply if not
outcomes if alternative water supplies or already carried out
contingency advanced water treatment is not U Continue monitoring of cyanobacterial populatior
implemented. in source water as per Level 1

U In absence of treatment and subject to health ris
assessment this level may require alternative
contingency water supply

U Continue toxin monitoring after cell numbers
significantly decline (eg for 3 successive zero
results)

1) The cell numbers that define the Alert Levels are from samples that are taken from the source water location adjacestriea@s possible to, the water supply offtake
(i.e. intake point). It must be noted that if this location is at depth, there is potential for higher cell numbers atftee @t this or other sites in the source water.

2) The variability around a cell countsult of 2,000 cellmL?is likely to ben the range 1,0003,000 cellsnL?,

3) This is based upon a likely precision 658% for counting colonial cyanobacteria suchvisrocystis aeruginosat such low cell densities.

4) These biovolume valuesearounded up to express the value to one significant figure, e.g. 0.17 to 031 @57 to 0.6 mmL™

5) This biovolume (> 0.6 mird") (rounded up from 0.57) is approximately equivalent to those numbehs.aferuginosdor Level 2

6) This biovolumé& 6 mm’ L") (rounded up from 5.7) is approximately equivalent to those numbehd.aferuginoségor Level 3
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Detection of problem by: - Visual examination of raw water sample and/or
- Scum reported on waterbody and/or
- Taste & odour customer complaint

Actions:
- Sample taken for microscopic examination of the source water

No significant numbers
of cyanobacteria
detected: Reassess at a
predetermined frequency
(e.g. fortnightly)

DETECTION LEVEL: Low Alert
>500 & <2,000 cells mL™
individual species or combined total

Actions : Have another look
»( - Regular monlt_onng
- Weekly sampling and cell counts
- Reqular visual inspection of water surface for scums adjacent to offtake

Actions: Implement integrated management response

- Notify agencies as appropriate (e.g. health authorities)

- Increase sampling frequency to 2x weekly at offtake and at representative locations in
reservoir to establish population growth and spatial variability in source water

- Decide on the need for and type of toxicity assessment or toxin monitoring

ALERT LEVEL 2: High Alert
>6,500 cells mL™ Microcystis aeruginosa or
total biovolume of >0.6 mm3L™
where known toxin producer is dominant
or follow local knowledge

Actions: Assess the significance of the hazard with respect to the local guidelines for toxins
(e.g. the Australian Drinking Water Guidelines)
- Advice from health authorities on risk to public health, i.e. health risk assessment considering toxin
monitoring data, sample type and variability, effectiveness of treatment
- Consider requirement for advice to consumers if supply is unfiltered
- Continue monitoring as per Level 1

- Toxin monitoring of water supply (finished water) may be required, depending upon advice from the
health authority

Actions: Assess potential risk immediately if you have not already done so.

- Further notification of health authorities for advice on health risk for this supply

- May require advice to consumers if the supply is unfiltered

- Toxicity assessment or toxin measurement in source water/drinking water supply if not already carried out

- Continue monitoring of cyanobacterial population in source water as per Level 1

- In the absence of treatment and subject to health risk assessment may require alternative contingency
water supply

- Continue toxin monitoring after cell numbers decline significantly (e.g. for 3 successive zero results)

Figure6-1 Flow chart of the Alert Levels Framework for management of cyanobacteria in drinking water
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ALERT LEVELS FRAMRW®@SING CYANOBAQAERDENTIFICATIONIA ENUMERATION
AS PRIMARY TRIERE DU PREEZ AND VAN BEN 200§ [152]

ThisAlert Levels Framewor®@ 2 y aA dGa 2F @I NRA2dza adlk3Sa 2F FOGA2Y | £ SNI 3
[ S@St 1 't SNI [ S@St wm T1.Betwed ik rodtirk @hSnitoring level and eScNaictiohn SPSt o
alert there are the primaryrigger (cyanobacterial identification and enumeration), secondaigger (Cyanotoxin

concentration) and tertiaryrigger (mouse test bioassay), which activate the next level and which allow for

G Y2 @SYS y-ipéor stepddwd)Letween the routine monitoring levand the action alerts.

When cyanobacteria are detected at low concentrations during the routine cyanobacterial and algal monitoring
GAONBSYAY3I0 LINBIANIYZ Iy FESNI A& NI-AZBSRIBPYRKSEKSABASNIFO!
During theVigilance Levethere is an increase in the frequency of the monitoring activities, as well as an increase
in the visual observation for cyanobacterial scum formatibiert Level is activated on the basis of a

cyanobacterial cell concentran (>2000 cyanobacteria celml_'l). At this alert level the actions focus on an

increase in monitoring activities to include cyanotoxin analysis and the mouse bioassay, and communication and
information transfer between the main rolplayers of the Response Qmittee. Alert Level 2s activated when

the cyanobacterial cell coeatration exceeds 10000cellsmL™* (primary trigger), the presence of cyanotoxins at a
concentration higher than 0.8g Lt microcystins (secondary triggefjhe main actions during thiAlert Level

include treatment optimisations, continuation of the monitoring program (daily monitoring of cyanobacteria and
cyanotoxins), mouse test bioassays and Response Committee meetings (responsible for situation assessment,
consideration of actiong;ommunication etg. Alert Level 3s activated when the cyanotoxin concentration is

higher than2.5ug L microcystins or when the mouse test is positiVle main actions during this Alert Level are

the continued optimisation of the treatmergrocessdaily analyses for cyanobacteria and cyanotoxins as well as
performance ofthe mouse testThe Response Committee meets or communicates on a daily basis to ensure that
any executive decisions made are implemented, while the appropriate crisis communiisat@mied out between
governmenal departments and the affected consumers.

Thismodel also stipulates that alternative drinking water should be supplied when the microcystin concentration
in the drinking wateis between 2.5 and fig L™ for eight conseutive days oexceedss pg L™ for two consecutive
days An important action that is incorporated in this model is the closure of an incident by the Response
Committee once it has ended and the water quality has improved to Alert Level 1 or the Vigiéauete

Figure6-2 shows the flow diagram depicting alert levels and actions required for this framework.

ALERT LEVELS FRAMRW@SING CHLOROPHACOONCENTRATION ASETPRIMARY
TRIGGERU PREEZ AND VAN BEN 2005 [152]

For this ALEhe primarytrigger ischlorophylta concentration,while thesecondary and tertiaryriggersare the
same as foR) the du Preez and van Baalen framework descridledve These frameworks are the same in
principle, but differ in minor actions taken, especially in the lower Alert LeVhls.framework is not as specific as
the cyanobacterial idetification and enumeratioframework and acts more as a screening tool for the source
water. The chlorophya framework may involve the outsourcing of samples for phytoplankton analysis at
specified times.

The flow diagram describing this framework isegiin the figure belowKigure6-3).
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Figure6-2 Alert Levels Framework using cyanobacterial concentration as primary trigger
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