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ABSTRACT
Cyanobacterial bloom formation in freshwaters, such as rivers, lakes and dams, is known to occur throughout the world.
The Vaalkop Dam, which serves as source to the Vaalkop drinking water treatment works (DWTW), is no exception.
Blooms of cyanobacteria occur annually in Vaalkop Dam as well as in dams from which Vaalkop is replenished during
low-rainfall periods. These blooms during the summer months are associated with the production of cyanotoxins and taste
and odour compounds such as geosmin and MIB. The Vaalkop DWTW uses a combination of conventional and advanced
water treatment processes to deal with the cyanobacteria and their related organic compounds in the source water. The
overall objectives of this study were to: (i) investigate the occurrence of algae (including cyanobacteria) and cyanotoxins in
the Vaalkop Damy; (ii) establish which environmental variables are responsible for the development and onset of algae, and
(iii) determine whether the Vaalkop DWTW is able to eliminate the influence that algae (including cyanobacteria) may have
on the drinking water. Multivariate statistical analyses revealed seasonal variation in algal assemblages in the raw water.
The risk of cyanobacteria bloom formation proved to be especially high during the summer months as the nutrients needed
for cyanobacterial growth are available and the temperature range is optimal, causing the production of geosmin, MIB and
microcystin. The presence of Ceratium hirundinella (O.F. Miiller) Dujardin, in the source water appears to exacerbate the
negative effect that cyanobacteria have on the drinking water treatment process. When Ceratium hirundinella is present, floc
formation is inhibited, causing more of the problematic algae to penetrate into the drinking water. Even though advanced
treatment options such as ozone and granular activated carbon filters are used at Vaalkop DWTW), the eftects of the organic

compounds produced by cyanobacteria are not entirely eliminated during the treatment process.

Keywords: potable water treatment, geosmin, MIB (2-methylisoborneol), microcystin, granular activated

carbon (GAC), ozone

INTRODUCTION

Human influences due to anthropogenic activities (which
include agricultural, social and economic activities) have
increased the rate of eutrophication of source waters due for
drinking water treatment (Strydom and King, 2009). Nutrient
enrichment (e.g. by ammonia, nitrates and phosphates) of water
bodies results in the stimulation of changes such as the increased
production of algae (including cyanobacteria), aquatic macro-
phytes, deterioration of water quality and other undesirable fac-
tors which render the water bodies unsuitable for use in drinking
water treatment (Hart, 2006). Extensive growth of cyanobacteria
in reservoirs or dams used as sources for potable water produc-
tion can create severe problems such as ineffective coagulation,
flocculation and sedimentation (Ewerts et al., 2013), clogging of
sand filters (Steynberg et al., 1998), penetration of algae into the
final treated water (Swanepoel, 2015), increase of organic load-
ing in water (Ferreira and Du Preez, 2012) and the production
and release of cyanotoxins as well as taste and odour compounds
(Oberholster et al., 2005; Du Preez and Van Baalen, 2006; Du
Preez et al., 2007; Swanepoel, 2015). These problems in the puri-
fication process may then lead to undesirable cyanotoxins as well
as taste and odour compounds in the drinking water. The cyano-
toxins produced by certain cyanobacteria, such as Microcystis
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aeruginosa ((Kutzing) Kitzingand), Cylindrospermopsis racibor-
skii ((Woloszynska) Seenayya & Subba Raju), Oscillatoria sim-
plicissima (Gomont) and Anabaena circinalis (Dolichospermum
sigmoideum (Nygaard) Wacklin, L.Hoffmann & Komarek), are
a human health risk (WHO, 1999) and therefore the removal
capacity for these cyanobacteria and especially the cyanotoxins
produced by them is of utmost importance to the consumers of
drinking water.

Cyanobacteria and cyanobacterial blooms are known to
occur widely in South Africa. Cylindrospermopsis sp. was iden-
tified as the causing of one of the major bloom events to have
occurred in the Orange River (Van Ginkel and Conradie, 2001).
Microcystis aeruginosa blooms are a regular occurrence in
the Hartbeespoort Dam (Van Ginkel, 2008), which also sup-
plies water to the Vaalkop Dam via the Roodekopjes Dam. The
Vaalkop Dam also receives water from the Bospoort Dam which,
prior to 2005, was known to be the greenest dam in its region
(Van der Walt et al., 2006). Since cyanobacteria require light for
growth, they are more likely to be found in surface waters, but
they may also be transported into groundwater (Falconer, 2005).

Cyanobacteria produce numerous types of cyanotoxins.

The cyanotoxins are produced and contained within growing
cyanobacterial cells. Generally, the release of cyanotoxins occurs
during cell death and lysis; however, some types of cyanobac-
teria release cyanotoxins during growth phases. Research into
the frequency and effects of these toxins is ongoing. However,

it is generally thought that microcystin-LR is the most frequent
and probably most toxic of the microcystins (Du Preez et al.,
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2007; Kankeu et al., 2008). Due to the human health effects of
these toxins, and the possible exposure of humans via potable
water, concentration standards or guideline levels for the detec-
tion of microcystins have been incorporated in the drinking
water regulations in Australia, New Zealand, Brazil, Canada and
the European Union, to name but a few. In South Africa, water
quality criteria are stipulated by the South African National
Standard: Drinking Water (SANS 241, 2015), which also stipu-
lates the guideline limits for cyanotoxin (total microcystins) in
potable water.

Cyanobacteria not only produce cyanotoxins but also taste
and odour compounds such as geosmin and 2-methylisobor-
neol (MIB). The following cyanobacteria genera are known to
produce taste and odour compounds as well as cyanotoxins:
Anabaena sp., Aphanizomenon sp., Lyngbya sp., Microcystis sp.,
Oscillatoria sp. and Phormidium sp. (WHO, 1999).

The ideal treatment for cyanobacteria would be the removal
of cyanobacterial cells without causing the release of toxins and
other organic compounds. Once toxins (especially neurotoxins)
are released, advanced treatment options are needed to remove
soluble toxins from the water (AWWA, 2004). Studies have been
done on the removal capabilities of various treatment processes.
Some of these processes are effective at removing the cyanobac-
teria, but not the extracellular cyanotoxins. Two of the typical
advanced treatment processes that are used are activated carbon
[powdered activated carbon (PAC) and/or granular activated
carbon (GAC)]; and ozone (Hitzfeld et al., 2000; Westrick, 2008).

Drinking water authorities are frequently faced with the
challenge of treating contaminated water. In many instances,
drinking water treatment works (DWTW) do not have skilled
personnel able to develop monitoring programmes and proto-
cols for cyanobacteria toxin levels in order to avoid exposure of
consumers (Van Ginkel, 2004; Newcombe et al., 2010). In view of
this skills challenge, and to assist the producers of potable water,
a management framework or guideline document has been
developed for drinking water suppliers in South Africa, describ-
ing how to pro-actively deal with cyanobacteria and their toxins
in water sources. This guideline document uses an alert level
framework to ensure safe drinking water for consumers in South
Africa and elsewhere (DWAF 2005; Du Preez et al., 2007).

The water abstracted from the Vaalkop Dam is treated at the
Vaalkop DWTW to produce drinking water. Especially during
summer, the water abstracted from the Vaalkop Dam contains
high concentrations of cyanobacteria as well as cyanotoxins that
need to be removed or treated by the DWTW during drinking
water purification.

The objectives of this study were to: (i) investigate the occur-
rence of algae (including cyanobacteria) and cyanotoxins in the
Vaalkop Dam at the point where the source water is abstracted
for drinking water purification; (ii) establish which environ-
mental variables play a role in the development and onset of
algal (including cyanobacterial) blooms in Vaalkop Dam, and
(iii) determine whether the Vaalkop DWTW, with its advanced
treatment processes, is able to eliminate the influence that algae
(including cyanobacteria) may have on the drinking water.

MATERIALS AND METHODS
Study area

The Vaalkop Dam is situated between Brits and Pilanesberg in
the North West Province of South Africa. The Vaalkop Dam is
located in Bushveld Basin Aquatic Ecoregion and lies on the
Elands River and Hex River, forming part of the Crocodile River
basin. It forms part of a nature reserve and, at full capacity, has a
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surface area of approximately 1 110 ha and a depth of 11.4 m at
the dam wall (Vaalkop Dam, 2012).

The dam is an attractive site for angling, boating and bird
watching. However, commercial farming is practised in the
vicinity of Vaalkop Dam and fertilizers may contribute to
eutrophication and the formation of algal blooms. Furthermore,
pesticides used by farmers in the vicinity of the dam may act as
endocrine disruptors (Venter, 2009). According to the Vaalkop
Dam: Species Diversity Report (Venter, 2009), the water quality
in the Hex River side of the dam is poor. The inflow of chem-
ically-enriched water through the channel from Roodekopjes
Dam also contributes to poor water quality in the Vaalkop Dam.
In South Africa there are practically no freshwater lakes, but
the high demand for water, and the erratic flow of most South
African rivers, has led to the creation of artificial lakes and dams
on all of the major rivers, in order to stabilise flow and therefore
guarantee year-round water supply. Exploitable water supplies
in South Africa include rivers, artificial lakes and dams, as well
as groundwater. Vaalkop Dam is used as source for the Vaalkop
DWTW located on the banks of the dam (Fig. 1).

Sampling at Vaalkop DWTW

Water purification at the Vaalkop DWTW involves the processes
as indicated in Fig. 2 (Magalies Water, 2009). All conventional
drinking water treatment processes are indicated with an
asterisk (¥).

Source water (raw water) samples were collected from the
Vaalkop Dam intake (which is 11.4 m deep at 100% capac-
ity) at 30 cm below the surface (GPS coordinates 25°18°32.0”S,
27°2834.5”E) and potable water samples were collected from the
Vaalkop DWTW after purification at a tap specially installed for
sampling (GPS coordinates: 25°18°33.747, S 27°29°10.56”E).

Physical, chemical and biological analyses of water samples

Sampling at the two selected sampling sites was undertaken twice
a month from October 2005 to June 2011. The analyses (physi-
cal, chemical and biological) were performed in the laboratories
of Rand Water Analytical Services (Laboratory number: T0046),
which is a laboratory accredited by SANAS (South African
National Accreditation System). The data used in this study
were all generated by SANAS-accredited methods. Metals were
all determined simultaneously with the multi-element ICPMS
(inductively coupled plasma mass spectrometry) method,
according to Standard Methods (APHA, 2013). The anions

NO, " and NO, " (both measured as mg-L" N) were determined
by ion chromatography by means of the Metrohm 761 Compact
IC-System according to Standard Methods (APHA, 2013).
Ammonium (NH,*, measured as mg:L"' N) and orthophosphate
(PO,*, measured as mg:L" P) were determined by an Aquakem
automated colorimetric analysis system, according to Standard
Methods (APHA, 2013). Alkalinity was determined by means
of titration according to Standard Methods (APHA, 2013).
Chlorophyll-665 (total photosynthetic pigments concentra-
tion) was determined spectrophotometrically according to
Swanepoel et al. (2008). Due to the fact that the chlorophyll-a
(Chl-a) concentration in drinking water is too low to determine
accurately (Swanepoel et al., 2008), the chlorophyll-665 method
is usually performed at DWTW to determine the extent of algal
penetration into drinking water. The chlorophyll-665 method,
originally described by Steynberg (1986), has a linear relation-
ship of ‘Chl-665 = Chl-a * 1.24 (R* = 0.75; P < 0.0001; r = 0.86)’
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to chlorophyll-a (Swanepoel, 2015). Phytoplankton samples
were preserved with Lugols solution and pressure deflated using
a specially designed mechanical hammer that exerts a pressure
of 49.5 kPa on the sample (Walsby 1971, 1994). The sample was
then homogenised at 13 000 r-min™ for + 15 s, after which 3 mL
of sample was pipetted into a sedimentation chamber. The sedi-
mentation chambers were then centrifuged for 10 min at 3 500
r-min’ to allow algal cells to settle to the bottom. After settling,
all algal cells were identified (using identification keys provided
by Prescott, 1951 and Ling and Tyler, 2000) and enumerated
with an inverted light microscope using the technique described
by Lund et al. (1958) and adapted for Rand Water by Swanepoel
et al. (2008). One of the eyepieces of the microscope contains a
Whipple grid to delineate the counting area (called a ‘field’). The
glass bottoms of the sedimentation chambers were examined in
‘fields’ covering most parts of the sedimentation chamber, while
counting all algal cells inside the ‘field’ The original sub-sample
volume that was transferred to the sedimentation chamber, the
area of the sedimentation chamber, and the area of a ‘field’ as
well as the number of ‘fields’ counted were used to calculate the
concentration of individual algae genera as cells per millilitre
(cells-mL"). Geosmin and 2-methylisoborneol (MIB) were
extracted using solid phase extraction and quantified by means
of the gas chromatography-mass spectrometry (GCMS) method
based on Standard Methods (APHA, 2013) and adapted for the
laboratory according to Swanepoel et al. (2008). The concentra-
tion of the cyanotoxin, microcystin (total microcystin), was
determined by means of the enzyme linked immuno sorbent
assay (ELISA) technique, also described by Swanepoel et al.,
(2008), using Envirologix ELISA kits (Envirologix, 2013).

Percentage removal of algae cells during drinking water
treatment

The percentage removal of algae during the drinking water treat-
ment process at Vaalkop during the study period was determined

using the following formula:

Total number of algae cells ., . - total number of algae cells (e waen

%Removal =
° Total number of algae cells,,, .

1
Statistical analysis

The results from the analyses were used in different multivari-
ate analyses, by making use of the software package CANOCO
version 4.55 for Windows. To determine the main environmental
drivers of cyanobacteria in the Vaalkop Dam, 5 years of physical,
chemical and biological data from Vaalkop Dam were used. Data
represents samples taken twice a month from October 2005 to
June 2011 at the Vaalkop intake tower.

Two principal component analyses (PCAs) were performed
with the raw water data. Firstly, all of the data were included in
the PCA, which enabled the identification of principal compo-
nents (representative of each corresponding group of variables).
Principal components were used and the rest of the variables
omitted in subsequent multivariate analyses, to reduce the
inflationary effect that variables have upon each other. Although
geosmin, microcystin and chlorophyll-665 cannot be regarded
as environmental variables, they were included in the PCA to
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Figure 1
A topographical map depicting the Vaalkop Dam in the Rustenburg area. (Dam wall coordinates: 25°18'32.0"S; 27°28'34.5"E.)
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determine their positions on the ordination diagram and to illus-
trate the effect of all of the environmental variables on the total
algae and their related organic compounds.

CCA’s (canonical correspondence analyses) were per-
formed on the environmental variables together with the log-
transformed algae data. Log transformation was done to obtain
the appropriate gradient length of the algae classes in the envi-
ronmental space. Two CCAs were performed to reflect (i) the
relationship between the major algal classes and environmental
variables and (ii) between the major algal genera and environ-
mental variables found in the raw water at Vaalkop during the
study period. This multivariate analysis method (CCA) was
used because of the great variation found in the algal genera
and classes data (Ter Braak and Prentice, 1988). The ordina-
tions of the PCAs and CCAs were graphically illustrated in
CanoDraw 4.1.4 for Windows (Ter Braak and Smilauer, 2002).

RESULTS AND DISCUSSION
Assessment of the raw water from the Vaalkop Dam

The Cyanophyceae occurring from the highest to the
lowest concentrations (total number of cells-mL" during
the study period) were Cylindrospermopsis raciborskii,
Oscillatoria simplicissima, Microcystis aeruginosa,
Anabaena circinalis and Pseudanabaena sp. The Dinophyceae
mostly consisted of Ceratium hirundinella (O.E Miiller)
Dujardin. The Bacillariophyceae mostly consisted of the
filamentous Aulacoseira granulata ((Ehrenberg) Simonsen),
the centric diatom, Cyclotella meneghiniana (Kiitzing), as
well as a variety of pennate diatoms. The Chlorophyceae
was the richest in species diversity and consisted of

(from the highest to the lowest total number of cells-mL"*
during the study period) Pediastrum simplex (Meyen),
Scenedesmus opoliensis (P.G.Richter), Pediastrum duplex
(Meyen), Scenedesmus acuminatus ((Lagerheim) Chodat),
Chlamydomonas incerta (Pascher), Pandorina morum
((O.E. Miiller) Bory), Scenedesmus quadricauda ((Turpin)
Brébisson), Coelastrum pseudomicroporum (Korshikov),
Monoraphidium circinale ((Nygaard) Nygaard), Oocystis
lacustris (Chodat), Monoraphidium arcuatum ((Korshikov)
Hindék), Coccomonas sp., Pediastrum tetras ((Ehrenberg)
Ralfs), Sphaerocystis sp. and Tetraedron mediocris (Hindak).

The Cryptophyceae mostly consisted of Cryptomonas spp.,
and the Euglenophyceae, Trachelomonas and Euglena spp.
Chrysophyceae (mostly only Mallomonas sp.) occurred very
infrequently and in low concentrations.

The percentage composition of algal classes in the source
(raw) water (Fig. 3) shows a distinctive seasonal trend, as
was expected. As in the case of other studies (Palmer, 1980;
Janse van Vuuren and Pieterse, 2005; Du Preez and Van Baalen,
2006; Swanepoel, 2015), Cyanophyceae is dominant during
the warmer summer and autumn months (November to May)
and alternated with dinoflagellates and diatoms and to a lesser
extent Cryptophyceae during the colder winter months (June
to August).

In the Appendix, a summary of the concentrations of all
of the environmental variables in the raw water that were used
during the data analysis is summarised in Table Al. The mini-
mum, maximum and average concentrations were determined
to give an overview of the ranges over which variables occur in
Vaalkop Dam.

The final principal components analysis (PCA) (after the
inflating veriables were removed, as described in the materials
and methods section) is displayed in Fig. 4.

In the PCA ordination of the principal components of the
RAW_VAALKOP data (Fig. 4), 35% of the variance in environ-
mental components could be explained on the first two canonical
axes (Table 1).

A negative relationship exists between microcystin and pH.
Microcystin is the most common cyanobacterial toxin found in
blooms from fresh and brackish water. Microcystin correlated
positively with DIN, indicating that the production of algal
toxins is stimulated with high concentrations of DIN (NO,~ +
NO, "+ NH,"). It is also possible that the positive correlation
between microcystin and DIN indicates that toxin-producing
cyanobacteria strains are favoured to develop during times of
high DIN concentrations. Nitrogen can occur in several forms
in surface water, namely, ammonium, nitrite, nitrate, urea and
nitrogen gas (Herrero et al., 2001). Most of the algae can utilise
the first four forms of nitrogen, but nitrogen gas can only be
utilised by certain species of cyanobacteria such as Anabaena sp.
(Walmsley, 2000). Nitrogen plays a secondary role to phosphate
in terms of sustaining cyanobacteria, but occurs at high levels
of eutrophication when nitrogen-fixing cyanobacteria such as
Anabaena sp. and Cylindrospermopsis sp. grow more vigorously

Powdered

Activated Carbon
(PAC)

Pre-chlorination*

Sand filtration* Ozonation

Post-

Activated Carbon

Filtration chlorination*

Lime addition*

Sludge disposal*

Chlor-amination*

Coagulation* Flocculation*

Dissolved air

1 1 *
Sedimentation flotation (DAF)

Figure 2
The Water Treatment Process of the Vaalkop DWTW (conventional treatment processes are indicated with asterisks)
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than other algal species (Korselman and Meuleman, 1996).
Thus high concentrations of nitrates will favour algae blooms
during eutrophication.

The PCA of the raw water samples from the Vaalkop Dam
(Fig. 4) indicated that during periods of high temperatures the
phosphate, manganese and geosmin concentrations are high.
Cyanobacteria can be controlled by controlling the phosphate
levels in the water. Thus, should the phosphate levels increase,
the magnitude of cyanobacterial blooms is likely to be greater
(Chorus and Bartram, 1999). Other sources of phosphate can
include agricultural fertilisers which, due to erosion from heavy
rainfall, are released from the sediments into surface water. It
can also be concluded from Fig. 4 that geosmin production, an
organic compound produced by cyanobacteria, is stimulated
with high temperatures and high phosphate concentrations but
has a negative correlation with chlorophyll-665. This indicates
that high chlorophyll concentrations are most probably due to
algal species not producing geosmin, such as the large-celled

Van Baalen, 2006; Swanepoel, 2015) that Cyanophyceae usually
form blooms during periods of high temperature. According

to Janse van Vuuren and Pieterse (2005), Cyanophyceae tend
to separate from other algal classes by preferring high water
temperatures (higher than 20°C) (Harding and Paxton, 2001)
and high turbidity. The Crysophyceae, Dinophyceae and
Bacillariophyceae (diatoms), on the other hand, tend to reach
higher concentrations in water with lower temperatures (less
than 15°C) (Pieterse and Janse van Vuuren, 1997), as they cor-
relate negatively with temperature (Fig. 5).

The positive relationship found between diatoms and silica
indicate that Bacillariophyceae (diatoms) will be stimulated
during high silica concentrations. Since Pieterse and Janse van
Vuuren (1997), found a negative relationship between silica
and diatoms, and attributed it to diatom utlisation, this posi-
tive correlation between Bacillariophyceae and silica possibly

dinoflagellate, Ceratium hirundinella.
Table 2 indicates that although the first two canonical axes TAFLE 1 .
(represented in Fig. 5) explained only a total of 13% of the vari- Results from the PCA analysis (Fig. 4) on all of the environ-
P thin th lg.ld p' If i Yl ined 89% of th . mental data containing only the principal components from
gnce within t ee.\ga ata itse jlt exp amne o of the variance RAW_VAALKOP (raw water: Vaalkop Dam) from mid-2005 to
in the algae-environment relationship. mid-2011
The most important environmental variables influencing the .
growth of algae are light, temperature and nutrient availability Axes L 2 3 4 | Total variance
(Janse van Vuuren and Pieterse, 2005). A positive relationship Eigenvalues 0.235 | 0.115 | 0.107 | 0.075 1.000
was found between temperature, turbidity, conductivity and Cumulative per-
Cyanophyceae, indicating that these organisms were favoured centage variance 235 | 350 | 457 | 532
by warm water conditions. It is known from many studies (e.g. of data
Palmer, 1980; Janse van Vuuren and Pieterse, 2005; Du Preez and Sum of all 1.000
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Figure 3

Seasonal succession of the algal classes in the source (raw) water of the Vaalkop Dam, for the study period. Note: Southern hemisphere summer months
range from November to January and winter months from June to August. White bars/gaps indicate zero algae detected in those samples.
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indicates an over-abundance of silica for the utilisation by
Bacillariophyceae in Vaalkop Dam.

Bacillariophyceae, Chlorophyceae, Cryptophyceae and
Euglenophyceae were usually present during high DIN and high
sulphate concentrations, and seem to result in low chlorophyll
concentrations. From Table 3 it is evident that the CCA analysis
was not statistically significant as judged on the basis of the
Monte Carlo Permutation test (499 random permutations).

Therefore the second CCA (Fig. 6) was performed to reflect
the relationship between the algal species and environmental
data found at sampling point RAW_VAALKOP from mid 2005
to mid 2011.

The first two canonical axes, represented in Fig. 6, explained
a total of 15% of the variance within the algal data, and a total
of 71% of the variance in the algae-environmental relationship
(Table 4).

From Fig. 6, a positive correlation was found between tem-
perature, silica and the algae species Anabaena sp., Ceratium sp.,
Pediastrum duplex, Pediastrum simplex and Oscillatoria sp. These
algal species seem to be related to low pH and low alkalinity
events. Cylindrospermopsis sp. showed a positive correlation
with high phosphates. Cylindrospermopsis may occur with other
cyanobacterium species, like Microcystis and Anabaena, when
they produce microcystin. Most of the algae species identi-
fied showed a negative correlation with turbidity. Turbidity
indicates the clarity of water and is mainly influenced by differ-
ent concentrations of particulate material such as silt or algae
in the water. During summer, the rainy season contributes to
an increase in particulate material in runoff into the river and
turbidity increases. High turbidity values will often suppress algal
growth by limiting underwater light availability (Pieterse and
Janse van Vuuren, 1997).

From Table 5, it is evident that this CCA analysis (Fig. 6) was
statistically significant (P < 0.05) as judged on the basis of the
Monte Carlo permutation test (499 random permutations). Thus,
there is a statistically significant relationship between the envi-
ronmental components and the algal species.

Assessment of the potable water from the Vaalkop Water
Treatment Plant

The number of algal cells in the Vaalkop Dam was reduced from
an average of 30 324 cells-mL" in the raw water, to an average of
222 cellssmL" in the potable water (Fig. 7) after treatment at the
Vaalkop DWTW.

The composition of algae in the potable water still reflects the
composition of algae groups in the raw water to a certain extent
(Fig. 7), where Cyanophyceae is still dominant in the potable
water during the warmer summer months with dinoflagellates
(Dinophyceae), diatoms (Bacillariophyceae) and green algae
(Chlorophyceae) dominant during the cooler seasons (refer
also to Fig. 3). Cryptophyceae and Chrysophyceae seem to have
been removed very well during the drinking water treatment
process, since they are practically absent in the drinking water,
even though they were present in low concentrations in the
source water.

Table A2 (Appendix) provides a summary (minimum, maxi-
mum and average) of the concentrations of all of the variables in
the potable water after treatment at the Vaalkop DWTW.

The maximum turbidity (9.8 NTU) was higher that the rec-
ommended guideline (< 5 NTU). Relatively high values occurred
within the summer and early autumn months (January - April).
The maximum manganese levels in the potable water were also
higher than the standards, where a chronic health level was
reached at the start of a period of high temperatures leading into
the mid-summer months, most probably due to mining activity
in the vicinity of the Vaalkop Dam. The measurements for colour
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Figure 4
Bi-plot PCA ordination diagram showing only the main environmental
variables (principal components) measured at RAW_VAALKOP (raw water:
Vaalkop Dam) from mid-2005 to mid-2011
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CCA ordination diagram showing principal environmental variables and
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mid-2005 to mid-2011
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TABLE 2

Results from the CCA analysis on the environmental vari-
ables and major algal classes (Fig. 5) from RAW_VAALKOP
(raw water: Vaalkop Dam) from mid-2005 to mid-2011

TABLE 3

Results of the Monte Carlo permutation test for the CCA
analysis on the principal components and the major
classes (Fig. 5) in Vaalkop Dam from mid-2005 to mid-2011

Results from the CCA analysis (Fig. 6) on the principal envi-
ronmental variables and algal species from RAW_VAALKOP
(raw water: Vaalkop Dam) from mid-2005 to mid-2011

TABLE 5

Total

Axes 1 2 3 4 | variance Test of significance of first canonical axis
Eigenvalues 0.116 | 0.063 0.015 0.005 1.391 Eigenvalues 0.116
Cur.nulatlve perc.entage 8.4 12.9 14.0 14.4 F-ratio 10.238
variance of species data

P-ratio 0.1080
Cumulative percentage Test of significance of first canonical axis
variance of environ- 58.0 89.4 97.0 99.5
mental relation Trace 0.201
Sum of all eigenvalues 1.391 F-ratio 1.181
Sum of all canonical
cigenvalues 0.201 P-ratio 0.2400

TABLE 4

Results of the Monte Carlo test for the CCA (Fig. 6) analysis
on the environmental data and algal species at RAW_VAAL-
KOP (raw water: Vaalkop Dam) from mid-2005 to mid-2011

eigenvalues

Axes 1 2 3 | g ol f signifi ffi ical axi
variance Testo signifnicance o rst canonical axis
Eigenvalues 0.0604 0.226 | 0.099 | 0.075 5.523 Eigenvalues 0.0604
Cumulative per- .
centage variance of 10.9 15.0 16.8 18.2 F-ratio 14009
species data P-ratio 0.0020
Cumulative percent- .. . .
age variance of envi- 5.0 71.4 80.0 | 86.4 Test of significance of first canonical axis
ronmental relation Trace 1.162
Sum of all
eigenvalues 5523 F-ratio 2.025
Sum of all canonical 1162 P-ratio 0.0040
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Figure 7

Seasonal succession of the algal classes in the potable water from the Vaalkop DWTW, for the study period. Note that white bars/gaps represent zero
algae detected in the sample, which indicate 100% removal of algal cells during treatment.
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also exceeded the maximum allowable limit of < 15 mg-L" Pt Co.
The rest of the variables all fell within the desired ranges of the
SANS 241 (2015) standards.

Figure 8 displays the percentage removal of algae from the
raw water to the potable water. The percentage removal at the
Vaalkop DWTW ranged from 56% to 100% removal. It is evident
that the presence of Ceratium hirundinella was the main cause of
poor removal (< 80%) during potable water treatment (Fig. 8).
This ineffective removal of algae cells when high concentrations
of Ceratium hirundinella cells occur in the source water has also
been observed by Ewerts et al., (2013). The large and motile
Ceratium hirundinella is known to interfere with coagulation and
flocculation by disrupting the attraction forces at work during
coagulation, (Ewerts et al., 2014), causing the flocs to become
unstable and ultimately facilitating that more algae and particu-
late matter avoid the sedimentation process. Although Ceratium
hirundinella is mostly dominant in the raw water during inci-
dents of poor percentage removal, it is usually not dominant
in the potable water (Fig. 8), indicating that Ceratium cells are
removed effectively but are the cause of smaller cells (e.g. cen-
tric diatoms, Cylindrospermopsis raciborskii, Merismopedia sp.,
Staurastrum tetracerum and others) penetrating into the potable
water (Figs 8 and 9).

The total number of algal cells in the raw and potable water
during the study period are displayed in Fig. 9. Note that the
potable water is displayed on the secondary Y-axis, at much
lower concentrations than in the raw water. High algal concen-
trations in the raw water (> 100 000 cells-mL™), usually result
in high algal concentrations (> 1 000 cells-mL") penetrating
into the potable water (Fig. 9). Algal concentrations in excess of
100 000 cells-mL" are usually due to Cylindrospermopsis raci-
borskii in the raw water at Vaalkop. When high concentrations
of Cylindrospermopsis raciborskii occur in the source water this
leads to high concentrations of Cylindrospermopsis raciborskii
penetrating into the drinking water. This is cause for concern
since Cylindrospermopsis raciborskii is known to produce cyano-
toxins (Du Preez and Van Baalen, 2007). Fortunately the Vaalkop
DWTW employs a variety of treatment options for the removal
and oxidation of cyanotoxins (Fig. 2), such as oxidation by ozone
(AWWA, 2004) and chlorine (Chorus and Bartram, 1999), as
well as adsorption by granular activated carbon filters (AWWA,
2004). The small-celled Merismopedia sp. (Fig. 9) also seem to be
penetrating when present in the source water, due to their very
small cells that enable them to avoid removal during drinking
water treatment.

The microcystin concentration (Fig. 10) in Vaalkop
raw water was mostly below 1 pg-L' with the exception of
31 January 2011. During this instance, not only high concentra-
tions of Cylindrospermosis raciborskii were detected, but also high
concentrations of Oscillatoria simplicissima, known to produce
microcystins (Du Preez and Van Baalen, 2006). Microcystin
(Fig. 10) seems to be removed or oxidised during the drink-
ing water treatment process at Vaalkop DWTW, most probably
due to oxidation by chlorine during the final disinfection stage
(Chorus and Bartram, 1999). All microcystin concentrations in
the potable water from Vaalkop Dam were below the allowable
1 pg-L! level as prescribed by SANS 241 (2015).

The taste and odour compounds, geosmin and MIB (2-meth-
ylisoborneol) (Figs 11 and 12) are not removed or oxidised
effectively, not even with all of the different drinking water treat-
ment processes employed at Vaalkop DWTW (Fig. 2). In some
instances the potable water shows concentrations of geosmin and
MIB higher than in the raw water, most probably due to the lyses
of cyanobacterial cells during the treatment process, causing the
release of these organic compounds into the drinking water and
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also because of re-circulation of filter backwash water concen-
trating organic compounds in the drinking water. Although
geosmin and MIB are not at all harmful to the health of consum-
ers, they are notorious for decreasing consumer confidence in
tap water (Zoschke et al., 2011), and in the drinking water treat-
ment industry may receive even more attention than cyanotoxins
(Swanepoel, 2015).

Geosmin was mostly below the Rand Water production
guideline of 30 ng-L" (Fig. 11), while MIB (Fig. 12) sporadically
exceeded this guideline in the raw and potable water during the
study period. Periodic occurrences of geosmin and MIB can be
observed in the Vaalkop Dam, where geosmin mostly occured
during the period September to December, while MIB mostly
occurred during the period December to March. This is most
probably due to the succession of cyanobacteria species produc-
ing the different organic compounds. In the case of the Vaalkop
Dam, geosmin seems to be produced mostly by Anabaena circi-
nalis, while the production of MIB is ascribed to the presence of
Oscillatoria simplicissima.

CONCLUSIONS

The seasonal variation data from the raw and potable water
samples at Vaalkop showed that Cyanophyceae occurred most
frequently during summer, and extending into the early autumn
months. A positive relationship was found between temperature
and Cyanophyceae, indicating that these organisms were favoured
by warm water conditions. Cyanophyceae tend to separate from
other algal classes by preferring high water temperatures and
becoming dominant in the raw and drinking waters at Vaalkop
DWTW during summer. Bacillariophyceae (diatoms), on the
other hand, tend to reach higher concentrations in water with
lower temperatures or winter to early spring months (< 15°C).
During winter months a variety of phytoplankton (other than
Cyanophyceae) were found to be dominant in the Vaalkop Dam.
During 2005-2008, Dinophyceae comprised the largest percentage
of these phytoplankton classes during winter. During 2009-2010
Chlorophyceae and Bacillariophyceae comprised the largest per-
centage in the raw water samples and Chlorophyceae comprised
the largest percentage of these phytoplankton classes during winter
in the potable water samples.

The most important environmental variables influencing
the growth of algae in Vaalkop Dam are light, temperature and
nutrient availability. The PCA of the raw water samples from the
Vaalkop Dam indicated that during periods of high temperatures,
the phosphate, manganese and geosmin concentrations are high.
Microcystin correlated positively with DIN, indicating that the
production of algal toxins is stimulated with high concentrations
of DIN (NO,, NO, and NH_"). It is also possible that the positive
correlation between microcystin and DIN indicates that toxin-
producing cyanobacteria strains are favoured to develop during
times of high DIN concentration.

When the results for the potable water were compared to those
for the raw water samples, it can be concluded that Cyanophyceae
still dominated in the potable water as in the case of the raw water
during the summer to early autumn months. When high concen-
trations of Cyanophyceae (> 100 000 cells-mL") occur in the raw
water, > 2 000 cells-mL" of the same or smaller Cyanophyceae
species (e.g. Cylindrospermopsis raciborskii and Merismopedia sp.)
penetrate into the drinking water.

The DWTW at Vaalkop was effective in removing algae
although it was not 100% at all times. The Vaalkop DWTW was
removing most algal cells during periods of moderate to low algal
biomass in the raw water; however the % removal was significantly
inhibited when Ceratium hirundinella was dominant in the source
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MIB (2-methylisoborneol) concentrations in the raw and potable water at Vaalkop DWTW

water. As found by other researchers, Ceratium hirundinella seem
to interfere with the coagulation and flocculation unit processes,
causing smaller-celled algae to penetrate into the drinking water.

Microcystin, produced by some of the Cyanophyceae spe-
cies occurring in Vaalkop, such as Microcystis aeruginosa,
Anabaena circinalis and Oscillatoria simplicissima, are satisfac-
torily removed or oxidized during the drinking water treatment
process. Geosmin and MIB, on the other hand, are not removed
during the drinking water treatment process at Vaalkop and even
seem to be increasing in the drinking water due to cell lyses and
re-circulation of filter backwash water.

RECOMMENDATIONS

The study indicated that high cyanobacteria concentrations and
continuing blooms could be expected in Vaalkop Dam when
favourable environmental conditions (nutrient loading and tem-
perature regime) occur. The risk of cyanobacteria bloom forma-
tion is especially high during the summer months as the nutri-
ents for cyanobacteria are available and the temperature range
is optimal. Geosmin, MIB and microcystin are also produced
during the summer months and therefore the management of the
Vaalkop DWTW should implement the necessary actions and
precautions to ensure that source water with high cyanobacteria
concentrations can effectively be treated to reduce the risk of
producing drinking water not complying with the potable water
quality guidelines and standards.

These actions and precautions may include:
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Manipulating the abstraction level from the Vaalkop Dam
(deeper abstraction reduces the cyanobacteria load entering
the DWTW)

Avoiding pre-chlorination during periods of high cyanobac-
teria concentrations in the source water, since pre-chlorin-
ation is known to lyse cyanobacterial cells resulting in the
release of organic compounds into the water

Avoiding the recirculation of the filter backwash water to
head of works

Optimizing the coagulation and flocculation unit processes
by regularly performing jar test experiments (changing the
coagulant chemical or the dose concentration)

Avoiding the use of organic coagulants, as these are usually
not as effective as inorganic coagulants (such as lime or lime-
silica) in removing algae and cyanobacteria

Optimizing the DAF process to ensure that algae and cyano-
bacterial cells are removed intact before cell lysis occurs and
organic compounds are released into the surrounding water

Removal of scums during DAF frequently and effectively
Removal of sedimentation sludge frequently and effectively

Optimizing of ozonation to ensure the effective oxidation of
cyanotoxins and taste and odour compounds

Optimizing the sand filtration process by regularly monitor-
ing turbidity levels in the filter backwash water and adjusting
the filtration process accordingly
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o Optimizing the filter backwash regime (changing to a double
instead of a single backwash cycle) to remove more algae and
organic material from the filter beds

o Keeping doors to the filterhouse closed at all times and
reducing the illumination to ensure that algae and cyanobac-
teria cannot grow in the filters

« Ensuring that the activated carbon in the GAC filters is acti-
vated and functioning properly

o Ensuring that the final chlorination step is monitored care-
fully and executed with precision since microcystins can be
oxidised by chlorine
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APPENDIX
TABLE A1
A summary of all the environmental variables for the raw water in Vaalkop Dam from mid-2005 to mid-2011
Concentrations
Environmental Variables - :
Minimum Maximum Average
Temperature (Temp, °C) 11.600 312 20.101
Turbidity (Turb, NTU) 0.237 56.2 7.738
pH 5.240 8.87 8.122
Dissolved Organic Carbon (DOC, mg-L") 0.168 11.23 6.462
Conductivity (Cond, mS-m™) 20.500 82.5 67.299
Iron (Fe, mg-L") <0.001* 0.836 0.025
Silica (Si, mg-L™) 0.275 5.924 3.007
Manganese (Mn, mg:L") <0.001* 0.506 0.041
Fluorine (F, mg-L") 0.113 0.985 0.448
Sulphur (S, mg-L") 13.394 36.023 25.764
Chloride (Cl, mg-L") 11.353 129.57 94.680
Calcium (Ca, mg-L") 13.189 53.39 35.891
Magnesium (Mg, mg-L™) 12.315 34.1 23.774
Sodium (Na, mg-L") 24.000 76.4 52.868
Potassium (K, mg-L™") 3.400 12.5 8.656
Copper (Cu, mg-L") <0.001* 0.054 0.008
Sulphate (SO; mg-L") 45.333 120.5 80.255
Dissolved Inorganic Nitrogen (DIN, mg-L!) <0.003* 1.9 0.378
Orthophosphate (PO,*, mg-L") <0.001* 4.0 0.045
Hardness (Hard, mg-L"' CaCO,) 109.434 270.3 187.439
Alkalinity (Alk, mg-L"* CaCO,) 3.220 169.4 113.729
Geosmin (ng-L") <1.000* 41.42 9.5
MIB (ng-L") <1.000* 183.35 22.90
Microcystin (ug-L™") <0.180* 1.54 0.218
Colour <1.000* 169 31.162
Chlorophyll-665 (total photosynthetic pigments) (Chl 665, ug-L") 2.147 149.8 36.136

*Method limit of detection - i.e. value therefore lower than the method able to quantify within a reasonable margin of error.
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TABLE A2

A summary of the characteristics from P_VAALKOP (potable water: Vaalkop Water Treatment Plant) from mid-2005 to mid-2011

Environmental Variables Concentrations W:)ter Quality standards (*SANS 241: 2015;
Min Max Avg Rand Water Production Specifications)

Turbidity (Turb, NTU) 0.13 9.8 0.8 *<5
pH 6.51 8.86 7.89 *>5t0<9.7
Conductivity (Cond, mS.m™) 20.5 84.5 69.85 *< 170
DOC 2.53 12.28 5.13 *<10
Iron (Fe, mg.L") <0.001** 0.086 0.01 *<0.3
Silica (Si, mg.L™) 0.306 6.77 2.94 -
Manganese (Mn, mg.L") <0.001** 0.391 0.009 *<0.1
Fluorine (E mg.L™") 0.049 0.928 0.45 *<1.5
Sulphur (S, mg.L") 13.692 44.45 25.86 -
Chloride (Cl, mg.L") 3.904 144.38 109.8 *< 300
Calcium (Ca, mg.L") 15.543 54.979 37.610 -
Magnesium (Mg, mg.L™") 12.905 37.842 24.128 -
Sodium (Na, mg.L") 24.479 77.441 54.095 *< 200
Sulphate (SO,*; mg.L") 9.979 118.664 80.984 *< 250
Potassium (K, mg.L") 3.362 12.202 8.861 -
Copper (Cu, mg.L") <0.001** 0.034 0.007 *<2
Dissolved Inorganic Nitrogen (DIN, mg.L") <0.003** 1.618 0.534 -
Orthophosphate (PO,, mg.L"") <0.001** 0.150 0.015 -
Hardness (Hard, mg.L'' CaCO,) 120.387 292.982 192.58 -
Alkalinity (Alk, mg.L" CaCO,) 60.96 156.16 105.33 -
Geosmin (ng.L") <1.000%* 50.22 9.2 30
MIB (ng.L") <1.000** 213.15 19.15 30
Microcystin (ug.L") <0.18** 0.56 0.184 *<1
Colour (mg.L" Pt Co) <1.000%* 44 5.37 *<15
Chlorophyll-665 (Chl 665, ug.L") <0.001** 0.4 0.05 <1

**Method limit of detection - i.e. value therefore lower than the method able to quantify within a reasonable margin of error.

**SANS241:2015 guideline
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