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ABSTRACT

South Africa’s freshwater quality and quantity isctining and consequently impacting on the
ecological health of these ecosystems, due to asec agricultural, urban and industrial
developments. The River Health Programme (RHP)deagyned for monitoring and assessing the
ecological health of freshwater ecosystems in Sd\tita, in order to effectively manage these
aquatic resources. The RHP utilises biologicaldattirs such as in-stream biota as a structured and
sensitive tool for assessing ecosystem health.oAth the RHP has been widely implemented
across South Africa, no attempts have been madgpiore microbial ecology as a tool that could
be included as one of the RHP indices. This stusBduselected microbial responses and water

physico-chemical parameters to assess the curiget guality status of the Buffalo River.

This study showed that water quality impairmentsngounded in the urban regions of King
William’s Town and Zwelitsha and also downstreamtlué Bridle Drift Dam. The results also
showed that the lower and the upper catchmentdhefBuffalo River were not significantly
different in terms of water physico-chemistry angnambiology, as indicated by low stress levels of
an NMDS plot. Though similarities were recordednssn impacted and reference sites, the results
strongly showed that known impacted sites recotbdegoorest water physico-chemistry, including
the Yellowwoods River. However, the Laing Dam pded a buffer effect on contributions of the
Yellowwoods River into the Buffalo River. Multivate analysis showed that microbial cell counts
were not influenced by water physico-chemical clesngvhilst microbial activity from the water
and biofilm habitats showed significant correlatlemels to water physico-chemical changes. This
study demonstrated that further investigations towaxploitation of microbial activity responses
to water physico-chemical quality changes shouldchannelled towards the development of

microbiological assessment index for inclusionha RHP.
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CHAPTER 1: INTRODUCTION

1. Introduction to water resource management

The world’s population growth has tripled since Werld War 1l (Chamie, 2004) and doubled over
the past two centuries, with developing countrigpeeiencing more growth than developed
countries (Postel, 2000; Joseph and McGinley, 2008 growth has significantly impacted our
way of life and the environment (Chamie, 2004),hwitcreased food demand, which in turn is
exerting pressure on already stressed natural wedeurces (Postel, 2000). Water scarcity and the
fast decline of aquatic biodiversity are indicatofsneffective implementation of water protection
policies (Rapporet al, 1995; Rapport, 1999). Freshwater is the most esseatjuirement for life
and yet comprises only <1% of the Earth’'s surfaegew(Johnsomt al., 2001). Sustainable and
optimal use of natural resources is imperative ng aountry due to its concomitant economic
implications such as industrial and population gtowfrastructure and development demands
(Howarth and Farber, 2002; Department of EnvirortiadeAffairs and Tourism (DEAT), 2005).
According to Palmer and Jang (2002) and Palmail (2005) it is essential that people be informed
about goods and services provided by freshwatesysbems. Humans utilize the services provided
by aquatic ecosystems for food crops in agricujtakens, medicinal products, ornamental products
(such as aquarium fish), implementation of biolagicontrol of insects and weeds of aquatic
ecosystems in order to better manage them, andasicigly for recreational purposes. According to
the Food and Agriculture Organization (FAO, 200B)and fisheries contributes approximately
12% of all fish used for human consumption. Theicadpural industry accounts for 70% of
freshwater withdrawn from the ecosystem for itscpices such as irrigation (Lanza, 1997).
Approximately 62% of the 70% withdrawn from ecosyss is used in agriculture (FAO, 2008).
About 35% of agricultural water is lost through peeation and leakages (Postel, 1995; Lanza,
1996). Irrigated agricultural produce contributdsoat 40% of the world’s food crops (World
Meteorological Organization (WMO), 1997). Urbaniratand industrial development also increase
the water demand through household supplies, feodegsing, mining, industrial cooling systems
and power generation (DEAT, 2005) with hydropowentabuting about 20% of the world’s
energy supply (Gleick, 2006).

Approximately 12% of living animals are freshwatrosystem inhabitants, with the majority
solely depending on freshwater ecosystems for thaivival (Abramovitz, 1996). Despite the

importance of freshwater ecosystems, increasinigFapbgenic activities are continually degrading
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and changing freshwater ecosystems around the .gilblhe World Resources Institute (WRI)
reported that 2.3 billion people live in areas veherater demand is met by abstraction from river
basins that are under serious water stress, amnthelper capitawater availability is below 1700
m® (WRI, 2008). South Africa is currently below théstimation with annual water availability of
around 1100 rhper capita(DEAT, 2005). Water stress is caused by a comioinaif a growing
human population, industrial and agricultural depehents (Johnsoet al, 2001), and the resulting
construction of dams, and excessive groundwateraeian from drilled wells (Postel, 2000).
According to Revengat al. (2000), the number of large dams in river basirth \weights of over

15 meters has increased worldwide from 5700 in X6501000 at present. This has resulted in flow
and habitat destruction of up to 60% of the majgerr basins. A vital function provided by
freshwater ecosystems is habitat provision forrgeladiversity of species (Revengtal, 2000).
Freshwater biodiversity is essential for maintagnecosystems’ functions and services, such as
primary productivity, nutrient recycling, freshwatend waste purification (Revenga al, 2000;
Palmer et al, 2005). Since freshwater ecosystems are pivotalhen greservation of aquatic
biodiversity, activities such as these mentionedvablead to over exploitation of ecosystems,
which results to significant decreases in flow, itsiltlestruction and decreases in biodiversity thus
resulting in shifts in the ecological balance ie thffected areas (WMO, 1997; Revergaal,
2000). Hunsaker and Levind995) reported that transformations of the landsca.g. due to
erosion and agricultural activities (DEAT, 2005hdahydrological pattern changes to streams and
rivers e.g. due construction of dams, weirs, bradged mining with watercourses (DEAT, 2005)
are major contributors of freshwater ecosystemrdesbn. Such alterations result in species
biodiversity modifications, leading to ecologicayseem changes such as tolerant species
domination and environmental water chemistry changPaniel et al, 2002). Freshwater
ecosystems are already experiencing intense phyaltsration, habitat loss and degradation.
Overexploitation and the elimination of sensitiygesies and introduction of non-native species
collectively play a role in the decline of the thester ecosystems (Revengal, 2000; DEAT,
2005; Camarget al, 2007). For sustainable and optimal use of goodssandces derived from
freshwater ecosystems, their protection throughr@p@ate management is important (Reveerga
al., 2000; Palmeet al, 2005).

The Assessment Program and the Millennium Ecosyséasessment are two international
frameworks designed to address issues such asdasiapplied research in water stressed basins
(California Environmental Protection Agency (CEPA007). They provide knowledge about
stream flows for biodiversity maintenance purposesgestigating maximum threshold loads for
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common pollutants and also relations of land uséyirologic functions (CEPA, 2007). Water
quality and flow were reported to have declined 96 between 1990 and 2000 in Africa
(Vorosmarty and Askew, 2001). Hence, research tdsvanplementation of such frameworks are
required to understand the water resource systamges in regions such as the Southern African
Development Community, which is experiencing sesiowater scarcity (Postel, 2000; Adelegan,
2004). Sustainability of water physico-chemistrydaquantity provision whilst preserving
freshwater reliability to provide goods and sersite a challenge spanning science, technology,
policy, and politics and it requires an interdidicipry approach (Postel, 2000).

1.1 Importance in managing freshwater ecosystems

Degradation and loss of freshwater species biosityecan be attributed to adverse changes to
environmental water quality, mainly as a resulpollution of anthropogenic origin (Revengaal,
2000). In most developing countries approximatdlyc9of wastewaters are discharged into rivers
and streams with partial or no treatment (Ashtdi7, thus resulting in most of the freshwaters
from polluted ecosystems being regarded as unfinefor industrial activities requiring poor
quality water (WMO, 1997). Major contamination @ftaral water resources has been attributed to
pollutants from discharge of untreated human eacfeim sewage treatment works (STW) and
field sewer effluents, and effluents from severiffiecent industrial activities such as mining and
tanning and extensive agricultural activities sumé irrigation and pest and weed control
(Shiklomanov, 1997).

Implementation of the appropriate management @di@ a solution to ecosystem preservation (van
Wyk et al, 2006). Environmental water quality preservation tmos regarded as an important
component of ecosystems’ “goods and services” {&itcand Rasmussen, 1999; Palne¢ral,
2005). Implementation and enforcement of the coamgk policies for waste disposal in
ecosystems is necessary to ensure their sustaiaatl®ptimal benefits (Adelegan, 2004; CEPA,
2007).

1.2 Rationale

South Africa’s water physico-chemistry and quantig declining and consequently impacting
negatively on the ecological health of freshwatysystems, due to increased agricultural, urban
and industrial developments (Ashton, 2002; 200@mpmanret al. (1999) and Yunget al. (1999)
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reported that release of waste waters from urbaniradustrial settings into freshwater ecosystems
is currently one of the major waste disposal meshanatl, together with diffuse runoff mainly from
agriculture, significantly contribute to freshwatmosystem pollution. South Africa is no exception
and this has resulted in most rivers in South Afraften receiving discharges of partially or
untreated wastewaters as effluent from wastewadathents works and runoff from agricultural
irrigation schemes (Ashton, 2002; 2007).

Changes in water physico-chemistry contribute twerss systematic changes in freshwater
ecosystems (Postel, 2000; Danietsal, 2002). Changes in freshwater physical water parenset
such as turbidity, total suspended solids (TSS)tangperature, or changes in chemical parameters
such as pH, salinity, elevated concentrations @fganic and organic nutrients, decreased dissolved
oxygen, inorganic salts, such as magnesium sulphate toxic substances, such as cyanide and
lead, carry serious threats to ecosystems (Daltaks Zay, 2004; Palmeet al, 2004a; 2005).
Turbidity of > 5 Nephelometric Turbidity Units (NT)Ueduces primary production in waters as a
result of increased light scattering. Temperatsara driving force of life and biological interaat®
(DWAF, 1996d), whilst pH plays important roles inamtaining conducive conditions for
biochemical and metabolic reactions to take pl&alés and Day, 2004). Electrical conductivity
estimates total dissolved solids in water and edus assess salinity effects on most aquatic fauna
and flora (Nielseret al, 2003). Elevated nutrient concentrations are asgtwith physical and
chemical parameter changes that can stimulateutation, i.e. uncontrolled growth of algae and
aquatic plants, which results in increased dissblweygen consumption leading to its subsequent
depletion in surface waters (Campbell, 1992; Sreithal, 1999; Cloern, 2001; Foxon, 2005).
Elevated nutrient loads also enhance organic matemomposition, leading to depletion of
dissolved oxygen and production of toxic anaerqgiiocess products (Campbell, 1992; Cloern,
2001). Eutrophication is one of the major threatglobal freshwater ecosystems (Campbell, 1992;
Cloern, 2001; Trousellieet al, 2004) and South African ecosystems are increasiaficted by
this (DWAF, 2003; Rossouwt al, 2008). Increased nutrient loads also contributsnaalification

of normal microbial community activity through emeagng microbial growth, including some non-
native and tolerant microbes (Paeflal, 2003; Logue and Lindstrém, 2008). Lack or reaburcof
dissolved oxygen favours anaerobic processes,ngddithe generation of anaerobic products that
carry threats to aquatic life even when producesimall amounts, e.g. bacterial sulphate reduction,
which leads to production of acidic, toxic sulphi@aerlet al, 2003; Chen, 2004; Alonso and



Camargo, 2008). Such production can be enhancedhiddyer temperature, which stimulates

microbial growth and activity (Het al, 2008).

The River Health Programme (RHP) was designed fonitoring and assessing the ecological
health of the freshwater riverine ecosystems intlSd\frica in order to achieve effective and
sustainable management of these resources. TheuRli$es standardised biological indicators to
assess ecosystem changes within freshwater resoyiekhoutet al, 1996). Its proper
implementation in South Africa is essential, coasigg the country’s current water scarcity
situation together with the projected increasedriitvater demand of approximately 50% by 2030
(Walmsley and Silberhauer, 1999). The RHP is d toi@al which can be used in the implementation
of integrated water resources management. An iatedrapproach to water resources management
is essential, in order to achieve the protectiofreghwater ecosystems while still offering adegquat
goods and services to sustain life (Merrey, 20@Hneret al, 2005; Burke, 2007).

The RHP has been implemented in parts of Soutle&fincluding the Buffalo River in the Eastern
Cape (WRC, 2002; RHP, 2003; Coastal and Environate®ervices (CES), 2004; Eastern Cape
State of the Environment, 2004; RHP, 2004; RHP 6200sing reference and monitoring points to
assess present ecological health conditions (ktyal, 1996). Major water physico-chemistry
impairments have been reported in the Buffalo Roe to anthropogenic activities (O’'Keeté

al., 1996; RHP, 2004; Maseti, 2005) such as stream fistruction through impoundments
(Palmer and O’Keeffe, 1989; Davies and Day, 199&charging wastewater into the river and
over-exploitation of the system’s resources (RHR4). Such activities can lead to loss of species
biodiversity (Davies and Day, 1998; Meigh al, 1999; Rouault and Richard, 2003). Palmer and
O’Keeffe (1989) reported that impoundments of théf@o River contribute to water temperature
changes which can lead to species diversity reslustand increased water plant and algal growth
(DWAF, 1996; Davies and Day, 1998). The RHP in Buwdfalo River utilised different indicator
organisms (e.g. macroinvertebrates and fish), wagtr physico-chemistry and quantity, riparian
vegetation, geomorphology and habitat assessmBiP,(2004) to evaluate the ecological health
of this river. Currently, the RHP does not inclugie assessment of microbial biodiversity in
response to freshwater water physico-chemistry agodntity changes. The exclusion of
microbiology in the program limits the knowledge oficrobial biology in the rivers thus

constraining the cognition of impacts on microleablogy as a result of e.g. diffuse runoff and
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wastewater effluent discharges. The Buffalo Riveceives wastewater from STWs and diffuse
sources, both containing faecal coliform bacte@&geffe et al, 1996), and thus the RHP would

benefit from the inclusion of microbiology as as@ssment index.

Microbial biodiversity and activity changes in resige to freshwater water physico-chemistry and
quantity experienced by the Buffalo River have beén assessed. This information is crucial as
microorganisms play important roles in freshwateosystems at multiple trophic levels, such as
primary production and nutrient fixing processesa\ies and Day, 1998; Logue and Lindstrém,
2008). It is also important to acknowledge thaSouth Africa there is still a back-log of sanitatio
provision and access to potable water supplies €Dhl, 2002). Therefore, many communities in
rural areas and informal settlements, including ynanthe Buffalo River catchment, rely on raw
river water for their daily water requirements (@&ffe et al, 1996). Thus, water used by
consumers is often contaminated by faecal contamsniaom point and non-point sources (@bi
al., 2002).

Much research on aquatic biology has taken placéhén Buffalo River (Ninham Shand and
Partners, 1982; Hill and O'Keeffe, 1992; Palreeral, 1993; 1996; O’Keeffeet al, 1996; CES,
2004; Maseti, 2005). The studies which have be@duwcted in the Buffalo River excluded to date
microbial assessment, thus limiting informationtbe microbial ecology and associated function
processes in this catchment. Microorganisms caniphulrapidly in response to environmental
changes i.e. alterations of water physico-chemiatigt habitats (Paedt al, 2003; Logue and
Lindstrom, 2008). Such effects can disrupt natacivities of biological processes of aquatic
microbes (Paerét al, 2003), and even induce ecotoxicological procesaéé&mgo and Camargo,
2008). Knowledge of microbial diversity and abuncamhus carry great potential for inclusion in
water physico-chemistry assessments. Such studidd provide insight into microbial responses
to water physico-chemical changes (Paarlal, 2003), location/habitats variations (Logue and
Lindstrom, 2008) and abundance (Forretyal, 2004; Verstraete, 2007) and could potentially
contribute to an understanding of ecological health

It is vital for the protection of freshwater ecasyss that the levels of different types of pollatio
are known. This study therefore includes a detadledcription of each site together with any



activities that are taking place upstream of itjohhmay have an impact on the site. This will
provide an understanding of the source and idewfitpossible pollutants (Garcia-Armisen and
Servais2007). It is well recognised that it is importanmtiiave bacterial indicators for evaluation of
microbiological water quality (Skrabet al, 2004; Garcia-Armisen and Serva#)07). The most
prominent bacteria that have been used as indgatofaecal pollution include faecal coliforms,
Escherichia coliand intestinal enterococci. The presence of thesderia in water indicates
possible faecal contamination and a risk of thecoamtant presence of pathogenic microorganisms
(Garcia-Armisen and Servai2Q07; Ashboltet al, 2001). The abundance of indicator organisms is
assumed to correlate with the density of pathogemicroorganisms (Servaist al, 2007).
However, analyzing pathogenic microorganisms alkimés the understanding of the poor water
physico-chemistry impacts to humans only, thuswekol the role of microorganisms in assessing
the ecological health status of freshwater ecosystd hus, broadening the study to investigating

microbial abundance and activity dynamics in rikasins is required.

Some microorganisms grow suspended in water (Bartaal, 2004). However, depending on the
organic matter availability (Mombeat al, 2000), microorganisms can form a matrix called ibigf
which attaches to surfaces (Bartran al, 2004). Hence, this study assessed microorganisms
inhabiting the water column and biofilm at selecs@ds in several reaches of the Buffalo River and
some contributing tributaries, in order to assegsahial cell growth counts and activity. The aim

is to understand microbial responses to water paysihemical changes along the catchment. At the
end of the study, it is envisaged that new knowded§ possible correlations of water physico-
chemistry with and microbial abundance and actimigre obtained and relevant recommendations
towards the potential development of a microbialei to assess freshwater ecosystems will be

made.

1.3 Aim and Objectives

1.3.1 Overall aim
This study will focus on monitoring microbial biagirsity responses to water physico-chemical

changes in the Buffalo River catchment (EasterreCap



1.3.2 Objectives

« To determine the present environmental water pbyshemistry status of the

Buffalo River catchment using selected physico-abahparameters.

« To determine microbial biodiversity by undertakimgicrobial cell counts and
specific selected microbiological activity from waicolumn and biofilm attached to

stones.

 To investigate any possible correlations betweenir@mmental water physico-
chemistry and microbial biodiversity in the BuffaRver.

* To make recommendations for the potential to ineludicrobial responses as
indicators in water physico-chemistry assessments.

1.4  Synopsis of the research project

Possible correlations between water physico-chdmitnges and microbial activity in the Buffalo
River catchment were investigated by assessingryatesico-chemistry using selected parameters,
testing for microbial activity and finally analygjrthe data for any possible associations between
microbial responses and water physico-chemistrye Tollowing chemical parameters were
monitored monthly for one year using standard latwy techniques: concentrations of nitrate,
nitrite, ammonia, sulphates and phosphate, tempdiakalinity) and total hardness. Physical
parameters such as temperature, pH, dissolved oxygebidity and electrical conductivity were
tested on site using portable electrodes overdheeeriod. Data were sampled from the left and
right hand sides of the river banks inorder to gagewhether there were any statistical difference
between the sides of the river banks. This was #&ds@ssess if microbial response differed
according to their locations within the site orlwgpecific regions. Data differences from the left
and right sides of the river were analysed togethidr seasonal changes responses using analysis
of variance (ANOVA) (StatSoft, 2004). Present watprality state assessment for selected
parameters was performed using the Present Ecalo§tate (PES) method (Kleynhags al,
2005; Kleynhans and Louw, 2007). Data variabiligtvieeen sites was determined using Primer 6
principal component analysis (Clarke and Gorley¥)12@006).



For microbial responses, established culture metii@arrityet al, 1984, 2005) were performed to
assess microbial cell counts and activities thatrapresentative of nutrient fixing processes such
as:

* Reductions of sulphate and nitrate and nitrogeatifox which symbolize the possibility of the
occurrence of the following groups:
0 Actobacterspp. andAcetobactespp. which can fix nitrogen and reduce sulphates.
0 Rhizobiumspp. which can also be responsible for nitrogeatiin.
o Nitrobacterspp.performs nitrification, the process that oxidizésite to nitrate.
o Pseudomonaspp. and Klebsiellaspp. which perform the denitrification process through
reduction of nitrate to nitrite during nitrogendixon.
Sulphur oxidizers which precipitate sulphates tiplsur will present the possible presence of
the Thiobacillusspp.
» Phosphate accumulating organisms (PAO) suchcasetobactesspp. are responsible for taking

up phosphate in water and accumulating it in thgstems.

In the context of this study, microbial cell coum&ans colony counts per 100 ml of the sample
plated onto agar plates, whilst microbial activigfers to inoculating the sample into broth medium
and assessing the resultant positive or negatiwatsdy either colour change or the addition of a
relevant indicator. Standard microbiology testseygerformed to establish microbial activity at the
selected sites, thus enabling the understandingoef microbial biodiversity responds to water
physico-chemical changes. Differences between watdrbiofilm samples within sites were also
assessed. Data were then analysed for differeretegen the left and right sides of the river.
Seasonal changes in all data were assessed usi@yANMultivariate analyses for the microbial
response data were performed using a Primer 6 NanerMulti-Dimensional Scaling to assess
microbial cell growth and activity within sites. awere presented as 2D plots. Correlations
between environmental water physico-chemistry amahial response data were examined using
Primer 6 Spearman Relate method (Clarke and G&@3/] ; 2006).

1.5 Thesis structure

Chapter 1: This chapter provides the overall structure and @f the study. It introduces the major
issues facing freshwater ecosystems initially gtodal scale, then it narrows down to Africa and
finally to South Africa. This chapter also entdlte rationale and motivation of the study, coupled



by aims and objectives. A synopsis of the subject @ summary of the work presented are also
included. Finally, it provides the study outlinetie form of thesis structure, which provides ihsig

into organisation of this thesis.

Chapter 2: This chapter presenta literature review on South African freshwateroreses
management and the protocols designed to moniwmaanage water resources. It highlights the
existing tools used in the management of wateruress and the knowledge gap. This chapter also
details microbial ecology understanding and itepoal in freshwater research.

Chapter 3: This chapter gives a description of the study ateaBuffalo River catchment and the
characteristics of the sites selected.

Chapter 4: This chapter provides a detailed methodology usecliemical and microbiological
analyses and the statistical data analyses. It gdsaribes sample acquisition, preservation and
storage methods.

Chapter 5: This chapter focuses on the results obtained frach site and assesses the impact of

selected water physico-chemical parameters on bimayical communities.

Chapter 6: This chapter is a discussion of the results and tiay fit in the current literature and
potential application in the RHP. The conclusiorishe study are also included together with
recommendations for further work.

ReferencesA list of references cited in the thesis.

Appendices: Additional comments from sampling events and seapndata are provided in the

appendices. Standard curves and other data whechodranalytical results but must be included for

the results to be interrogated are appended.
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CHAPTER 2: LITERATURE REVIEW

2. Introduction to South African water resources

South Africa is recognised internationally due t® abundant natural resources, with only one
exception: water (Ashton, 2007). South Africa ipected to experience serious water scarcity by
2030 (Walmsley and Silberhauer, 1999; Davies ang, 1®98; Perret, 2002; Mukheibir and
Sparks, 2003) due to growing water demand (MaRfQO; Mallin et al, 2000; Postel, 2000)
resulting from growing population and increasedustdal developments (Secklet al, 1999;
Postel, 2000). South Africa’s unpredictable rainfath high seasonal allotment and other factors,
such as evaporation which exceeds received rgirdedl major challenges facing water resource
availability (Ashton, 2007). What is even more agthing about South Africa’s rainfall is that
droughts are as common as flooding (Midgi¢wl, 1994; Kinget al, 1999; Ashton, 2007), which
both pose stress on the country’s freshwater emalbgystems. South Africa receives an average
annual rainfall of approximately 500 mm (DWAF, 2004ukheibir and Sparks, 2003), making it
one of the 30 driest countries in the world (Mukireand Sparks, 2003). The interior and western
regions of South Africa are arid or semi-arid wabP%o of the whole country receiving low rainfall
and 21% of the country receiving less than 200 nmmual rainfall (DWAF, 1994). This has
resulted in South Africa being categorised as ai-seich country (Ashton, 2007). Given the facts
mentioned above, water availability challengessagaificant in South Africa.

Increases in water demaace mainly due to agricultural, industrial and dstiieuses. What exerts
more pressure on South African water resourceblais anly 9% of its rainfall reaches the river
streams, which is lower than the average of 31%nftiee recorded rainfall data around the rest of
the world (DWAF, 2002b). A number of man-made mwmdiions have occurred to rivers
worldwide (Postel, 2000), with South Africa being Bxception. Based on the nature of water
resource availability in South Africa, the govermnhand the private sector have constructed a
number of water reservoirs/dams in rivers and sise#o ensure sufficient water supplies for
anthropogenic use (Palmer and O’Keeffe, 1990; Basied Day, 1998; Kingt al, 1999; Ashton,
2007). The Water Research Commission (WRC) repdh&idgovernments have constructed more
than 500 dams with a total of 37 000 million culmeters storage capacity (WRC, 2007). These
dams have resulted in natural river flow obstrutt{®almer and O’Keeffe, 1990; Postel, 2000;
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Revengaet al, 2000), water physico-chemistry and ecosystem aibers (Palmer and O’Keeffe,
1990; Davies and Day, 1998; Rapport, 1998). Exsessment accumulations in reservoirs also
potentially carry serious ecosystem alteration iogpions (Palmer and O’Keeffe, 1990; Davies and
Day, 1998; Rapport, 1998; Vegd al, 1998; Kinget al, 1999; Brandt and Swenning, 1999;
Brandt, 2000; 2005; White, 2001). Changes in ploysitemical characteristics of natural rivers due
to dam construction have been reported to haveteffen the downstream biota responding to the
modifications from upstream (Palmer and O’Keefe9@;9Davies and Day, 1998). Byren and
Davies (1989) and O’Keeffet al. (1990) reported case studies on effects of consutams in the
Palmiet River (Western Cape) and Buffalo River (EasCape) respectively, which demonstrated
that these ecosystems were experiencing adversetgfsuch as nutrient accumulation, reduction
of aquatic species numbers and diversity and fldstroction. These cases are examples of the
potential adverse effects, which can result in psiesn alterations due to developments in rivers
and streams. These examples also stress the imped putting plans in place for conservation of
water resources and proper management, monitonnty protection of South Africa’s water

resources.

2.1 Water resources management in South Africa

The Department of Water Affairs and Forestry (DWAd-}he authorised curator of South Africa’s
water resources and is thus responsible for managienmonitoring and protection of water
resources (DWAF, 1994; DWAF, 2004c). The South &in National Water Act (NWA) (Act no.
36 of 1998) states that every South African citihas a right to access to clean water that isteafe
drink, regardless of race, age or gender (NWA, 199Bis clause resulted in the formulation of the
national slogarisome, for all, forever(Pollard and du Toit, 2005). The NWA was designed t
ensure sustainability, equity and efficiency of weter supplies in South Africa through principles
that guide the protection, use, development, coasen, management and control of water
resources (NWA, 1998). In order to achieve NWA piptes, the National Water Policy (NWP)
was approved by government in 1997, and was desigoemeet fundamental objectives of
managing the quantity, quality and reliability obuh Africa’s water resources (NWP, 1998;
DWAF, 2004c). This policy was aimed at enabling evagupplies that would be environmentally,
socially and economically beneficial with long teaptimum availability (DWAF, 2004c). Hence,
the National Water Resource Strategy was develdpegrovide strategies, objectives, plans,
guidelines and procedures for the DWAF to achiéeedoals of the NWA and focused on issues
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relating to the protection, use, development, cmag®n, management and control of water
resources (DWAF, 2004c). The NWRS discussed stestegeeded to address the successful
management of natural, social, economic and palitenvironments in which water resources
occur. Hence, through issues discussed in the NAMPntegrated water resources management
(IWRM) approach was developed (NWP, 1998; DWAF, £)®urke, 2007; Merrey, 2008). The
IWRM approach was designed to encourage co-orainate integrated methods for development
and management of water, land and associated mEsyuwith objectives to optimise the arising
economic and social benefit in the most sustainadode equitable way possible, without
compromising or threatening the well-being of estesns (DWAF, 2004c; Merregt al, 2005;
Burke, 2007; Merrey, 2008).

A number of new South African national monitoringpgrammes have been developed alongside
some monitoring programmes that are already impheeteto record the status and changes in
freshwater ecosystems and give effect to managemlanms for these aquatic systems. Such
initiatives resulted in South Africa accepting aritation in 2003 to join the Global Environmental
Monitoring System/Water Programme, which aimbbain existing and new data from national
monitoring networks for storage in a database a®dfor global assessments (van Niekerk, 2004).
Some of South Africa’s water monitoring programmaslude: Hydrological Monitoring, the
Eutrophication Monitoring Programme (DWAF, 2003; SRouwet al, 2008), the Radioactive
Monitoring Programme (NRMP, 2007; Sekoket al, in press), the Toxicity Monitoring
Programme (NTMP, 2003; Murragt al, 2003), monitoring Toxic Algae (NTA, 1998), physt
chemical monitoring, the Microbial Monitoring Pragnme (DWAF, 2002c) and the River Health
Programme, previously known as the National Aquatiosystem Health Monitoring Programme
(DWAF, 2006). The latter programme addresses thersie aspects of ecosystem effects and makes
extensive use of biological indicators. The RHP I@sn implemented in some parts of the country
(RHP, 2001; WRC, 2002; RHP, 2003; Coastal and Bnwrental Services (CES), 2004; Eastern
Cape State of the Environment, 2004; RHP, 2004; R19B6; DWAF, 2006).

2.2 South African River Health Programme

According to Norris and Thoms (2001) and VictorRiner Health Strategy (2002), river health can
be explained as an understanding of the complaisystem’s physical, chemical and biological
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dynamics. South Africa’s RHP is aimed at understanthe dynamics of its river systems (CES,
2004; RHP, 2004). This programme was devised in418&h the main aim of generating
information concerning the general ecological ctiads of South Africa’s rivers, with the purpose
of designing and improving freshwater managemesitesys (Roux, 1997; Rowet al, 1999; RHP,
2004). A rapid biological assessment (RBA) has bessd in different monitoring programmes
which have been implemented in different countdesund the world (Norris and Norris, 1995).
However, only the United Stateof America, the United Kingdom, Canada and Augtralve
conducted large scale programmes based on the RBpaftment of the Environment and Heritage
(DEH), 2004). Based on the RBA, Australia developleel Australian River Assessment System
(AusRivAs) and the Australian Measures of River Heawhich both monitors and assesses
ecological health of river systems with objectitesimprove conditions of degraded ecosystems
(Ladson and Doolan, 1997).

Any ecosystem health monitoring programme requigesnulti-disciplinary approach which
integrates all aspects of the ecosystem such esnstbeds and banks, the riparian zone, freshwater
water physico-chemistry and quantity, and catchnemriditions in order to evaluate possible
impacts (Ladson and Doolan, 1997). Ecosystem headihitoring programmes use standardised
biological indicators to evaluate the present egickl state of the country's freshwater resources
(Matthewset al, 1982). Biomonitoring exploits the biological resges of aquatic ecosystems to
changes due to stress, such as pollution, withpimpose of understanding these impacts of
environmental changes on the ecosystem health I{Blagtet al, 1982; Eekhoutet al, 1996;
Boulton, 2001; Fairweather, 2001). The use of agumbta as indicators is useful in estimating past
history and the present state of the river hediu(ton, 2001; Eekhoutt al, 1996; Fairweather,
2001; Norris and Thoms, 2001). In South Africa ae$ have been developed for biomonitoring
programmes. They have been partitioned as primsggpndary and tertiary indices. Primary
indices include sampling for macroinvertebratesu(B@\frican Scoring System) and an assessment
of aquatic ecosystem habitat (Integrated HabitateAsment System). The secondary indices
include the Fish Assemblage Integrity Index, InddgxHabitat and Riparian Vegetation Index.
Finally, the tertiary indices include the Geomorjoigical Index, Diatom Index, Water Quality
Index and Hydrological Index (Eekhoeit al, 1996).
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Implementation of the RHP in South Africa was, asdstill important. South Africa’s National
State of the Environment Report of 1999 (Walmsleg &ilberhauer, 1999) predicted that the
country’'s water demand would increase by approeiga®0% by 2030 compared to 1999. The
principal goal for the RHP is to provide data oa 8outh African ecological state of rivers (RHP,
2004). The current RHP indices exclude microbiall@gy contributions in aquatic ecosystem.
Microbial communities significantly dominate allasystems’ species diversity and are ubiquitous
in nature with abilities to multiply rapidly. Reseh towards understanding freshwater microbial
diversity is still in its infancy (Hahn, 2006; Loguand Lindstrom, 2008), leading to limited
understanding of microbial biogeography and bioakam

2.3 Microbial ecology in a river system

Microbial ecology examines microbial diversity, cawmity structure interactions and responses to
environmental changes in a specific habitat (DoX5; Verstraete, 2007; Logue and Lindstrom,
2008). Microbial ecology addresses three majorolgichl groupings of life i.e. Eukaryotes,
Archaea, and Prokaryotes (Ragtdal, 1995; Dowdet al, 2000; Hahn, 2006; Verstraete, 2007) and
can be established based on fundamental knowledgepecies diversity, distribution and
abundance (Logue and Lindstrém, 2008). Microorgasisire the most ubiquitous organisms on
Earth (Curtiset al, 2002; Forneyet al, 2004; Verstraete, 2007; Logue and Lindstrom, 2008).
Microbes, especially bacteria, are important onptlamet for their ability to develop commensal or
parasitic relationships with other organisms (Merste, 2007; Yuaet al, 2008). Symbiosis plays
an important role in the food web through biochexhiand metabolic processes (Logue and
Lindstrom, 2008).

Microbial activity and function play key roles imqvision of energy, oxygen and carbon for other
organisms (Verstraete, 2007; Yuanal, 2008). A few of the processes that represent mialob

activities and functions are:

I. Organic matter breakdown through decomposition §iaete, 2007).

il. Microbial biomass results in formation of biofil@,matrix that plays a crucial role in nutrient
cycling and pollution control in aquatic ecosystg@swd et al., 2000; Mombeaet al, 2000;
Battinet al, 2007).
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iii.  Mineralization of the organic nitrogen (N) througitrate to gaseous  NThese activities
include mineralization, nitrification, denitrifican and N fixation (Verstraete, 2007, Roscher
et al, 2008).

iv. ~ Under anaerobic conditions, phosphate accumulainggnisms convert volatile fatty acids
through fermentation to polyhydroxybutyrate (PHB)ieh is stored intracellularly (Kubet
al., 1996; Sidaet al, 1999). Under aerobic conditions, stored PHB isagtdl for cell growth,
which results in phosphate uptake (discussed I|d¢karba et al, 1996; Sidatet al, 1999),
contributing to changes in total phosphorus in wate

v.  Microorganisms contain useful enzymes that ard withiochemical reactions in ecosystems.
Paerlet al. (2003) reported that microbes react to environmesttanges, which can lead to
enzymatic activation (Hahn, 2006). Alonso and Caoa(2008) reported that enzymatic
processes induced by environmental changes cosudt fie the induction of ecotoxicological

reactions.

2.3.1 Microbial biogeography in a freshwater enviroment

Biogeography is the biological study of organismg€ographical distribution, which seeks to
understand ecosystems’ habitats, species diveasity abundance (Logue and Lindstrom, 2008).
Hence, biogeography investigates changesh as species evolution, extinction and distiobu
and species interactions with one another and thghenvironment (Logue and Lindstrom, 2008).
This enables the understanding of how biodiverstygenerated and maintained (Green and
Bohannan, 2006), the comprehension of the mechanibat regulate biodiversity (Gaston and
Blackburn, 2000) and assists with providing infotiora for conservation programmes (Ferrier,
2004). Logue and Lindstrom (2008) reported thatraoti@l species community structure in
ecosystems is controlled by physiological and plosshemical interactions as driving factors.
There is currently no concrete evidence that mialobommunity and species distribution in
ecosystems changes according to trends reportedniorals and plants (Martingt al, 2006;
Homer-Devine et al, 2007; Prosseret al, 2007). Theoretical models, based on structural
metacommunities have previously been used to gredimmunity structures and interactions of
microorganisms from different regions. However, tlieadvantages of using models for predicting
microbial biogeography include the heterogeneiam@gabf microorganism communities found in
freshwater environments, making models inaccuratetheoretically predict diversity and
abundance (Logue and Lindstrom, 2008). Culturepeddent techniques have been widely used

for understanding microbial ecology, such as ingasing environmental influences on community
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changes through application of fingerprinting tagnes e.g. DNA based methods, which use
polymerase chain reaction primers to target speaniicrobial diversity coding genes such as 16S
rRNA (Forneyet al, 2004; Schaueet al, 2006; Janssomt al, 2007). However, the use of
fingerprinting techniques has as yet not providesuficiently thorough understanding for us to
reproduce in the laboratory the ecological niches iateractions experienced in complex natural
environments. The selectivity of specific media cuskiring microbial isolation for molecular
analysis suppresses the growth of species not giggpby nutrient composition of the growth
media, modifying the community composition of thdtarable fractions (Janssem al, 2007).

2.3.2 Spatial and temporal microbial community chages in freshwater ecosystems
Dissimilarities in aquatic microbial communitiescoc temporally and spatially between and within
habitats in response to different factors (Logué kindstrom, 2008). E.g. bacterioplankton habitat
selectivity is influenced by varying water chemystiemperature, solar radiation quality, quantity o
dissolved organic matter (DOM) (Urbaeh al, 2001; Dominik and Hoofle, 2002; Zwislet al,
2003). There is convincing evidence in the literatiabout seasonal changes influence of
bacterioplanktonic abundance and community strec(Barnthaleet al, 1998; Hofleet al, 1999;
Crumpet al, 2003; Yannerelkt al, 2003; Kentet al, 2004; Schaueet al, 2006; Wu and Hahn,
2006a; Shadet al, 2007). A number of studies have indicated severedllfactors that control
bacterioplankton abundance and diversity such aerwehemistry, temperature, solar radiation
quality, quantity of dissolved organic matter (DONrump et al, 2003; Eiler et al, 2003;
Kirchmanet al, 2004) and primary productivity (Horner-Devireg al, 2003). Dissolved organic
matter is one of the most researched factors affgdtacterioplankton’s diversity and abundance.
Quality and quantity of DOM also influence micrd@owth (Crumpet al, 2003; Eileret al, 2003;
Kritzberg et al, 2006; Perez and Sommaruga, 2006). Photochemicaadiztgpn of DOM is an
important component of carbon cycling in freshwassmosystems, resulting in either direct
photochemical production of volatile carbon speaesdirectly through the production of carbon
dioxide by sequential biological oxidation (Anegbal, 2005). Humic acid fractions of DOM are
mainly responsible for the UV light absorption fitle production of labile substrates that can be
utilized by bacteria (Anesicet al, 2005). The prevailing pH also significantly influes
bacterioplankton diversity and activities (Methed aehr, 1999; Lindstronet al, 2005; Yannerell
and Triplett, 2005). Although not much informatias available on effects of salinisation on
microbial community structure and functions, de iHaa al. (1987) and del Giorgio and Bouvier

(2002) reported that indirect effects of higheiirsgl levels on microbial community occur through
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physiochemical changes in dissolved organic cardomh metabolic activities. Such factors affect
physiological and physiochemical processes ocayiinrlocal or even regional habitats (Logue and
Lindstrom, 2008).

In freshwater ecosystems, microorganisms inhalatwater column as suspended microbes, as
sessile microbes in biofilm attached to vegetaaod substrate surfaces, or as microbial mats in
benthic habitats where microbes are compressedidmlioial layers according to their biological
activity requirements (Dowdt al, 2000). The focus of this study will be microbeddundance and
activity changes in water column and substratalbicgamples.

2.3.3 Planktonic habitat in freshwater ecosystems

Carbon dioxide is principally fixed into organic ropounds in planktonic habitats by
photoautotrophic organisms. Such organisms incty@mobacteria and algae, and are collectively
referred to as phytoplankton (Doved al, 2000). Planktonic microbes are the fundamertgatbe
organic carbon cycle in aquatic ecosystems. detdiicet al. (1997) reported that the sum of
organic carbon consumed by planktonic microbes geivalent to the total production and
respiration in aquatic ecosystems. Thus, plank®rthe primary producer and also primary
consumer and grows suspended in water columns (Detwal, 2000). Other members of the
planktonic community are bacterioplankton and zaokion. Bacterioplankton comprise suspended
heterotrophic bacteria populations and some zo&arconsists of protozoa (Doved al, 2000).

Primary production by microorganisms is the majourse of carbon and energy for aquatic
organisms (Brathemt al, 2007; Verstraete, 2007; Logue and Lindstrom, 2008j)is creates
symbiotic connections between microbes and organ@irhigher trophic levels within the food-
web in ecosystems (Dowet al, 2000; Logue and Lindstrom, 2008; Yuat al, 2008).
Phytoplankton produces dissolved and particulaggamic matter that is used in the food chain
within the system (del Giorgiet al, 1997). Microorganisms contribute 30-60% of the ltptanary
production in freshwater ecosystems (del Gioedial, 1997).

18



Environmental factors such as water temperatuteente biological processes, hence primary
production processes in a water column are infleén{Lindstromet al, 2005). Turbidity,
temperature, intensity of ultraviolet radiation (ivackeet al, 2005) and water retention time in
the given water body (Lindstromt al, 2005; Lindstromet al, 2006) affect the amount of light
penetrating the water column, which influences prinproduction via photosynthesis. Essential
inorganic nutrient availability, nitrogen and phbepus (Paerkt al, 2003; Schaueet al, 2005;
Hahn, 2006; Janssaat al, 2006; Novotnyet al, 2007), water chemistry (Merthe and Zehr 1999;
Zwartet al, 2003; Lindstronet al, 2005), predation (Langenheder and Jurgens, 206%I&t al,
2001), species diversity and abundance (Hetflal, 1999) and habitat size (Recéial, 2005) also

influence primary production in ecosystems.

Higher temperatures and nutrient concentrationp@the growth of aquatic species (DWAF,
1996; Davies and Day, 1998; Dowd al, 2000; Wetzel, 2001). Such factors contribute tdcar
processing through photosynthesis and respiratf@ns(raete, 2007). The most important product
of the former process in the ecosystem is oxygdnlstvthe latter leads to depletion of oxygen
(Dowd et al, 2000; Verstraete, 2007). Environments that ar&ient rich are referred to as
eutrophic whereas nutrient poor aquatic environsiame called oligotrophic (Davies and Day,
1998). The latter environment is considered to dss limpacted by outside influences such as
human activities, with low nutrient levels and redd biological processes. Thus, an oligotrophic
environment does not support abundant growth ofatguspecies, and adaptation in order to
survive is crucial for its inhabitants (Davies abdy, 1998; Dowdet al, 2000). In oligotrophic
environments, biofilm development occurs and thisital due to low levels of nutrients whereas,

nutrient rich environments experience exuberariltnagrowth.

2.3.4 Sessile (Biofilm) habitat in freshwater ecosyems

A biofilm is a cluster of microbial community filmand organic matter, held together by an
extracellular polymeric matrix adhering to a suefaand forming an internal structure and
microniche (Zottoleet al, 1994; Dowdet al, 2000; Mombeaet al, 2000; Donlan, 2002; Battiat

al., 2007). Microbial attachment to surfaces is influmhdy several factors such as pH, nutrient
levels, ionic strength for filtering and collectimyitrients, competing forces such as hydrophobic,
electrostatic and van der Waals forces, water ntrsalinity and temperature (Doved al, 2000;
Donlan, 2002; Battiret al, 2007). Dowdet al. (2000) reported that bacterial attachment to the
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surfaces of solid substrates in the aquatic enmert can also be influenced by either limited
dissolved organic matter concentrations or orgaratier with low solubility in water (Olapade and
Leff, 2006). The organic matter that has limitedubdity arises mostly from the decomposition of
organic material, excretion by organisms or lytroqucts of dead organisms (Olapade and Leff,
2006; Battinet al, 2007). Microorganisms use the non-cellular makesuch as organic matter,
mineral crystals, silt particles or metals to proglbiofilm (Mombaet al, 2000; Donlan, 2002).
Microbes produce an extracellular polymeric substa(EPS) which they use hold the niche
together (Wolfaardet al, 1990; Zottolaet al, 1994; Donlan, 2002; Olapade and Leff, 2006).
Though Logue and Lindstrém (2008) reported thatients’ diffusion and transportation rates into
the extracellular polymeric matrix might be limitedigh organic content used for the biofilm
development can be broken down (Donlan, 2002),ymind high nutrient concentrations inside the
biofilm (Olapade and Leff, 20Q6Battin et al, 2007). The EPS can provide protection for the
biofilm community, by shielding it from external d@rs such as chemical changes such as
oxidising chemicals (Dowet al, 2000; Paerét al, 2003) and environmental changes such pH and
temperature (Paeet al, 2003; Lindstromet al, 2005). The organic matter attached to surfaces is
essential to support the bacteria with nutrientgiqdarly in oligotrophic environments as it is
broken down to make nutrients available within mhetrix (Dowdet al, 2000; Mombeet al., 2000;
Battinet al, 2007).

Biofilm plays an important role as a niche for desmicroorganisms. Microorganisms inhabiting
biofilm usually exhibit different characteristio®i suspended microbial cells (Donlan, 2002; Paerl
et al, 2003; Battinet al, 2007). Attachments of bacterial and organic ematésult in increased
nutrient levels and hence, biofilm plays an impetrteole in nutrient cycling and pollution control
within the aquatic ecosystems (Dowtlal, 2000; Mombeaet al, 2000). Biofilm inhabitants also
develop resistance to changes experienced witlgnhdibitat due to activation of specific gene
expression (Goodman and Marshall, 1995). In moargaeams, organic matter extracted by water
running over rocks contributes to formation of thefilm matrix through attachment of the matter
and microbes on rock surfaces thus leading tafitin of water (Davies and Day, 1998; Doetd
al., 2000). This natural process has been simulatedsandlely used for purification of municipal
and industrial wastewater (Doved al, 2000; Mombaet al, 2000). Exuberant biofilm development
can, however, present challenges. These can indepletion of most nutrients from water column
leading to nutrient limitations for planktonic s (Donlan, 2002). Excessive biofilm matrix
development can also result in trapping of dissbiexygen for microbes to perform their
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biological functions (Mombaet al, 2000). This alters natural food web and leads te th
development of toxic compounds that pose threataquamatic life (DWAF, 1996; Dowekt al,
2000). Biofilm also accommodates opportunistic pgéns such as viruses (Fuhrneral, 1993;
Suttle, 1994; Dowcet al, 2000) that have been thought to be an importanse for bacterial
mortality and of phytoplankton blooms (Fuhrmah al, 1993; Suttle, 1994). Water physico-
chemical changes influences microbial abundanceaatidity changes (Paeet al, 2003). Hence,
for understanding of freshwater microbial ecologyni ecosystems, knowledge of water physico-
chemistry influences on microbial activity and atiance is essential (Paetlal, 2003; Logue and
Lindstrom, 2008).

2.4  Water physico-chemistry in freshwater ecosystesn

Water physico-chemistry changes of the river angeddent orand influenced by the regions in
which it occurs, as a result of different climaggomorphology, geology and soils and biotic
composition (Dallas and Day, 2004). Water physadamical changes influence aquatic
community changes. Water physical-chemistry canséearated to physical features, such as
temperature, turbidity and the concentration opsusged solids, and chemical features such as the
total concentration of dissolved solids (TDS) andaentrations of solutes such as gases and ions
(Dallas and Day, 2004). Chemical features can eihast as toxic such that they are toxic to
aquatic organisms under certain conditions (e@cetrmetals, biocides) or/and non-toxic (e.g.
nutrients, total alkalinity, salinity) (Dallas amhy, 2004). Anthropogenic activities affect botle th
water quantity and physico-cheimstry in aquaticsgstems (Deksissat al, 2003; Dallas and Day,
2004). Reduction of water volumes due to changes s abstractions (O’Keeffet al, 1996)
disturb the ability of natural ecosystems to perfaervices such as effluent dilution (Dallas and
Day, 2004; Ashton, 2007).

2.4.1 System variables in freshwater ecosystems

System variables are water parameters used toilieedarge-scale ecosystem changes (DWAF,
1996). Ecosystem changes can have adverse effactgjuatic life, through disruption of the
ecological and physiological functioning of aqudifie. System variables include physico-chemical
parameters including temperature, dissolved oxygénO), pH, turbidity, electrical
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conductivity/salinity (EC) and total dissolved sitsli(TDS) which are used in this study (DWAF,
1996; Palmeet al, 2004a; 2005).

2.4.1.1 Temperature

Temperature can be described as a condition thegsigonsible for the transfer of heat within
bodies. Temperature contributes to the solubdityd,, N;, CO, and Q which play vital roles in
aquatic ecosystems (Gilloolgt al, 2002). Running water temperature changes depends
hydrological (e.g. surface runoff) (Ward, 1985)in@tological (e.g. precipitation, wind speed)
(Appleton, 1976) and structural attributes (e.gtheturbidity, vegetation cover) (Reid and Wood,
1976) of the catchment (Palmer and O’Keeffe, 198®@wever, man-made modifications such as
discharge of heated industrial effluents, runotinfr non-point sources passing through heated
grounds, inter-basin water transfer and water imploents contribute to freshwater temperature
alterations (Palmer and O’Keeffe, 1989; DWAF, 198&illas and Day, 2004; Het al, 2008).
Perry et al. (1987) and Palmer and O’Keeffe (1989) reported thatr impoundments elicit
temperature alteration, that can potentially aléguatic invertebrate communities. A study
undertaken by Schindler (1981) showed that thezaethodelling predicted a potential shift in the
species of aquatic organism towards heterotroptyarasms rather than autotrophic organisms as a
result of increasing temperature. Heat is crumallfiochemical reactions and higher temperature
influences aquatic species diversity and distrdbutinrough e.g. decreasing oxygen solubility,
intensifying toxicity of chemical substances (eayanide, zinc) and enhancing sewage fungus
growth (Duffus, 1980; Palmer and O’Keeffe, 1989|l@aly et al, 2002; Dallas and Day, 2004).
Increasing temperature and decreasing salinityreault in the potential formation of toxic blue
algae which can, in turn, affect aquatic speciesiftller, 1981).

2.4.1.2 Dissolved oxygen

Oxygen occurs naturally in the atmosphere as gdssaalso produced via photosynthesis. Oxygen
is not readily soluble in water, and its solubilitglies on temperature, salinity and atmospheric
pressure (DWAF, 1996). Dissolved oxygen (DO) isical for sustenance of aquatic life in order
for aerobic species to be able to survive and cautytheir ecological functions. Under natural
freshwater conditions, DO concentrations are exquetd be at the saturation point of 6 mg/l DO at
25 °C (Palmeret al, 2004b, 2005). Low DO concentrations lead to fororatof anaerobic
conditions and hence, reduced aerobic functionstéKat al, 2006). Lack of DO can lead to
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anaerobic decomposition of organic matter, relim unpleasant odours that are indicative of
formation of hydrogen sulphide and ammonium (Sdeindl981). Furthermore, anoxic conditions
can result in changes in sediment chemistry dugytipodynamic, geochemical and environmental
conditions modification. Such modifications canuiegh desorption of heavy metals from sediment
into the water column, hence becoming more bioalstgl and therefore more toxic toxic chemical

forms, posing severe threats to aquatic specidsr(@er, 1981; Eggleton and Thomas, 2004).

2.4.1.3 Acidity and alkalinity

The pH value is a measure of the balance of peshixdrogen ions (B and negative hydroxide
ions (OH) in water and thus assesses its acidic or basicen@Dallas and Day, 2004). At a specific
pH, carbonate/bicarbonate ions can be formed flardissociation of carbonic acid. Carbonic acid
can be formed by dissolving carbon dioxide in waf#te maximum carbonic acid production
happens at pH 8 (Dallas and Day, 2004). Alkalimstgontrolled by carbonate/bicarbonate species,
and is represented as mg/l CaC@allas and Day, 2004). The pH changes are cdatrdby
temperature, the organic and inorganic ions antbdpical activity. The pH plays crucial roles in
toxicity and availability of metals and non-metallions e.g. ammonium (Dallinger, 1987).
Industrial effluents and increased biological reactctivities due to STW effluents can lead to pH
changes. If not buffered properly, low pH levels @dlow for the formation of toxic substances,
leading to species diversity and structure altergti The buffering capacity of an ecosystem is

important for sustenance of aquatic life and is snead through alkalinity/hardness (DWAF, 1996).

2.4.1.4 Electrical conductivity and TDS

Electrical conductivity (EC), also called salinitys the parameter that is used to estimate
concentrations of total dissolved solids (TDS) (DWAL996). Dissolved salts or ions carry an
electric charge. The concentration of TDS is prtipoal to the EC of the water (DWAF, 1996).
The EC in freshwater ecosystems is regulated blgstanineral composition, size of the watershed
and other sources of ions (Hudson-Edwaetal, 2003; Nielseret al, 2003). A common example
is limestone which is known to contribute to higk«® in water due to the dissolution of carbonate
into river basins (Roelofs, 1991; O’'Kee#¢ al, 1996). A larger watershed will allow more water
drainage into the river basin which allows moréssaktraction from the soils, hence contributing to
higher EC levelqVegaet al, 1998) Wastewaters from industries, sewage treatment svard
septic tanks, and non-point sources from settlesnemtd agriculture are other sources that
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contribute to in-stream EC (Roelofs, 1991; Niels¢ml, 2003). The United States Department of
Primary Industry and Fisheries (USDPIF) reporteat ttmospheric depositions, evaporation and
microbial activities also contribute to increase@ Evels in the river basins (USDPIF, 1996).
Determining EC is important as high TDS concentragican have adverse effects on the aquatic
life (DWAF, 1996).

2.4.1.5 Turbidity and suspended solids

The American Public Health Association (APHA) (1988plain turbidity as a representation of the
optical property of water that causes light scatteor absorption. Light scattering results frora th
suspended matter (e.g. clay, silt, organic andgoic matter, plankton and other microorganisms
(Dallas and Day, 2004). Primary production is restl@ turbid waters as a result of decreased
photosynthesis due to light scattering. Turbidity5>NTU can cause reduction of primary
production. Primary production decrease reduced tailability at multiple trophic levels in the
aguatic ecosystems (Ryan, 1991). Turbidity is caduse runoffs from non-point (e.g. irrigation
schemes) and point sources (e.g. STW effluent)hétigurbidity can affect benthic, invertebrates

and fish communities (Wood and Armitage, 1997).

2.4.1.6 Other physico-chemical parameters

Organic enrichment in forms of dissolved and patéte organic matter, biocides and trace metals
can result in chemical and physical changes of mguality, resulting to detrimental effects to the
aquatic life (Dallas and Day, 2004). Organic enmeimt compounds are naturally present in aquatic
ecosystems in low concentrations (Dallas and D#&@4p Anthropogenic activities such as
domestic sewage, food processing and cattle graaiegmajor sources of organic matter (del
Rosarioet al, 2002). Biological oxygen demand is a measureedficed oxygen and is a major
impact in aguatic ecosystems as a result of ineceasganic enrichment (Brungs, 1971b). Biocides
are produced to kill living organisms (Dallas analyD2004). Most common biocides normally used
in agriculture include herbicides, fungicides anslecticides (Dallas and Day, 2004). Industrial and
sewage wastewaters, leaching and runoff from geilmaajor contributors of biocides in aquatic
ecosystems. Trace metals naturally occur at lowceatnations that are not toxic to organisms in
aquatic ecosystems (Dallas and Day, 2004). Relefasastewater into aquatic ecosystems such as
industrial effluent, agricultural runoff and acidna drainage significantly contribute to trace rheta
concentration increases. Trace metals in aquatisystems can result in the reduction of species
richness and diversity (Dallas and Day, 2004).
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2.4.2 The effect of nutrients on freshwater ecosysns

Nutrients are chemical compounds that can be brdkem through a series of reactions to provide
bio-elements that are necessary for normal grovitbrganisms (Dowdet al, 2000). The bio-
elements are also known as macro-nutrient elemantsthese include oxygen, hydrogen, carbon,
nitrogen, calcium, phosphorus, sulphur, potassiath rmagnesium (Dowet al, 2000). However,
nitrogen and phosphorus are the mostly associaittdesosystems’ nutrient enrichment resulting
in excessive plant growth (Dowet al, 2000; Dallas and Day, 2004). Nutrients are normadip-
toxic (Campbell, 1992). Nitrogen and phosphorus lamiting factors of primary production in
freshwater ecosystems (Dallas and Day, 2004). Edvautrient concentrations in freshwater
ecosystems pose threats to aquatic organisms armglstcaenhance eutrophication (Campbell, 1992;
Dallas and Day, 2004). The essential nutrient desits include inorganic nitrogen (ammonia,
nitrite and nitrate) and inorganic/soluble reactpkhosphate (Campbell, 1992; DWAF, 1996;
Janssoret al, 2006; Cloerret al, 2007; Heet al, 2008; Rossouwet al, 2008).

2.4.2.1 Inorganic nitrogen

Nitrogen is an essential element because of itsepee in the molecules of nucleic acids and
proteins (DWAF, 1996; Wetzel, 2001; Kubiszewskal, 2008). Atmospheric nitrogen is relatively
unreactive (Kubiszewskiet al, 2008), and is converted to NNH, by nitrogen fixing
microorganisms (DWAF, 1996; Wetzel, 2001; KubiszZievet al., 2008) making these two the main
forms of atmospheric nitrogen. However, in frestessit nitrogen can occur in different forms
which include dissolved molecular nitrogen, orgamiompounds from proteins, recalcitrant
anthropogenic compounds and inorganic nitrogen (@nmem nitrite and nitrate) (Dowet al, 2000;
Wetzel, 2001; Dallas and Day, 2004; Kubiszewskial, 2008). Nitrogen enters freshwater in

numerous ways.

Natural nitrogen concentrations in freshwaters lmarnfluenced by nitrogen precipitation from the
atmosphere during rainfall (Bowden, 1987; Vitousekl Howarth, 1991; Wetzel, 2001; Dallas and
Day, 2004). This can include dissolving of unreaztiitrogen, nitric acid and ammonium adsorbed
to inorganic particles from air such as dust inewafhe availability of atmospheric ammonia is
mainly due to nitrogen fixing bacteria that useaaative nitrogen to form ammonia that normally
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fall into freshwaters, thus increasing ammoniumoemtrations in water (Bowden, 1987; Rososter
al., 2008). The concentration of nitrogen is also cbuoted by surface runoff from surrounding
catchment areas, effluent from point and non-psmiirces, animal excreta, dead animal cells,
agricultural and industrial activities (DWAF, 19%lsdon and Limburg2008).

Cyanobacteria are responsible for most nitrogemtibx in freshwater systems due to the
heterocysts (cells that have nitrogen fixationssuader aerobic conditions) they contain (Carpenter
et al, 1998; Wetzel, 2001; Verstraete, 2007; Kubiszewslkal, 2008). Nitrogen fixation consists
of nitrification and denitrification processes. Thest step in nitrification is the oxidation of
ammonia to nitrite by nitrifiers such dditrosomonasspp (equation 1).The reaction can be
represented as follows:

2NH; + 30, — 2NG; " + 4H + 2H,0 [Equation 1]

The second step of nitrification is carried outdpecies likeNitrobacterspp. (equation 2yluring
the following reaction:

2NO;" + O, — 2NGs” [Equation 2]

Nitrobacter spp. are less tolerant of low temperatures and high pH #is normally leads to
accumulation of nitrite during cold seasons (Watz2001; Kubiszewskiet al, 2008).
Denitrification is the reaction where oxidized aijen anions are biochemically reduced to nitrogen
(equation 3) during the following process:

NOs; — NO;, — NO — N,O — N> [Equatioh 3

The nitric oxide, nitrous oxide and dinitrogen puodd are either dissolved in water or enter the
atmosphere (Bowden, 1987; Wetzel, 2001; Kubiszeets&l, 2008).

Denitrification is not the only process that occurgler anoxic conditions (Trimmet al, 2005).
Under anoxic and eutrophic conditions, ammonium banoxidized by Planctomycete species
(anammox bacteria) (Kuenen, 2008), using nitriteheselectron acceptor and energy for carbon
fixation to produce nitrogen gas (Kar&tl al, 2006), adding as an additional nitrogen producing
pathway from aquatic ecosystems (Trimmeeral, 2005; Kartalet al, 2006; Kuenen, 2008). The
following reaction (equation 4) represents anamivaocteria activity:
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NH4Jr + NGO, + HCO; + H — N>+ NOs; + H,O + CHOg 5Ng 15 [Equation 4]

Biochemically, these are major nitrogen cycling gasses (Kubiszewslkit al, 2008). In aquatic
ecosystems, dissolved nitrogen is removed by afgpécies in the form of nutrients and re-cycled
through animal excreta and death (Kubiszewskil, 2008). Cyanobacteria are mainly active in the
benthic and microbial mat regions (Wetzel, 2001j)e Bther groups of species that can fix nitrogen
include the sulphur reducing group suchAastobacterspp. (Garrityet al, 1984, 2005; Dowaet

al., 2000; Brenneet al, 2005) Methane oxidising bacteria such lethylosinusspp. have also
been reported to be capable of fixing nitrogen (iBaet al, 1984, 2005; Wetzel, 2001; Brenrer

al., 2005). A number of heterotrophic bacteria arsoatapable of fixing nitrogen, as are
Azotobacterspp. andClostrium pasteurianumpp. which are capable of fixing nitrogen as high a
25 mg per gram of carbohydrates used (Dalton anddvison, 1972; Garritgt al, 1984, 2005;
Chen, 2004). Inorganic nitrogen in freshwater witthe range 0.5 — 2.5 mg/l has been reported to
result in eutrophication. Concentrations above targye lead to species loss, and hence decreased
biodiversity, and stimulate excessive algal andasiquplant growth. Any inorganic nitrogen
concentrations > 10 mg/l can result in the sigaificloss of species diversity and lead to water
becoming toxic to animals and humans (DWAF, 1996).

Nitrite naturally occurs at concentrations betw8e®01 and 0.005 mg/l in unimpacted freshwater
ecosystems (Wetzel, 2001; Camargo, 2008). Howawgacts such as point and non-point sources
of pollutants significantly contribute to nitriteocentration increases in freshwater ecosystems
(Camargo and Alonso, 2006; Alonso and Camargo, R@x8ne aquatic organisms (e.g. fish) have
chloride cells, which enable them to take up chiesiand use them for physiological processes
such as cardiac activity and muscle functioning uiNannet al, 2001; Alonso and Camargo,
2008). Nitrite compounds have higher affinity fdretchloride binding sites in these aquatic
organisms (Jensen, 1995, 2003; Alonso and Cama@§8)2 and can inhibit chloride uptake
(Philips et al, 2002; Camargo and Alonso, 2006; Alonso and Cgma2008). Nitrite can cause
enzymatic alterations or even conformational chafignsen, 1995, 2003; Dat al, 2004;
Camargo and Alonso, 2006; Alonso and Camargo, 2008 nitrate toxicity to aquatic organisms
is due to nitrate ions, which lead to conversioxjgen carrying pigments to the forms that are
incapable to carry oxygen. Nitrate toxicity in atjaaecosystems particularly affects fish and

crayfish. However, due to the low permeability @gfate ions to most aquatic organisms, its toxicity
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levels are limited. A maximum level of 2 mg N®/L has been proposed to protect sensitive
aquatic animals (Camargo and Alonso, 2007). Moshania received by freshwater ecosystems is
from animal manure, fertilizer, sewage and indastprocesses. Ammonia neutralizes acid
oxidation products of sulphur and nitrogen oxidepriecipitation, which results in a significant pH
increase. Hence, increased ammonium concentrgbioses serious threats to sensitive ecosystems
(Schuurkes and Mosello, 1988).

2.4.2.2 Soluble Reactive Phosphate

Phosphorus is important in cell metabolism andadpction and hence is regarded as an essential
element for the development of all living organisfPdVAF, 1996; Hanselmann and Hutter, 1998;
Lazzaretti-Ulmer and Hanselmann, 1999). Phosphdtyspan important role in genetic
composition, and also contains energy transfenmadecules (DWAF, 1996; Lazzaretti-Ulmer and
Hanselmann, 1999). Phosphorus naturally occursaksrand arises from decomposition of organic
matter (DWAF, 1996; Lazzaretti-UImer and Hanselmabh®99). Phosphorus concentrations are
naturally limited in rivers, lakes and oceans (Vé€t2001) as they have low solubility and
extremely low volatility (DWAF, 1996; Wetzel, 200Dallas and Day, 2004; Camargd al,
2007). This makes phosphorus an essential butidigninacronutrient (DWAF, 1996; Lazzaretti-
Ulmer and Hanselmann, 1999; Wetzel, 2001). Anthgemic activities are major sources of
phosphorus through the use of fertilizers and pe&s, and industrial and cleaning activities
(DWAF, 1996; Baroret al, 2003). These elevated phosphorus concentratiorsfi@mereceived by
freshwater ecosystems through STW effluents andsiml wastewaters, contributing tributaries,
diffuse pollution and agricultural runoff (DWAF, 26; Baroret al, 2003). Orthophosphate/soluble
reactive phosphate (SRP).R0; and HPQ? are the only soluble forms of inorganic phosphorus
and hence are readily available to aquatic life @RV1996; Wetzel, 2001; Baroet al, 2003;
Jonssoret al, 2006). Orthophosphate is taken up by algae, cyameha, heterotrophic bacteria
and larger aquatic plants and used for growth (DWA$96; Wetzel, 2001; Baroet al, 2003;
Jonssoret al, 2006).

Phosphorus is recycled from organisms either agyamoc or organic phosphate via excretion and
death, which leads to cell lysis (Hanselmann anttéddul1998; Lazzaretti-Ulmer and Hanselmann,
1999; Wetzel, 2001). Similar to nitrogen recoverypsphorus can be washed back into the water to

be used by cells and taken up by plants (Wetzell2@8aronet al, 2003). Concentrations of
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phosphate can be measured as SRP, total inorg&wisppate or total dissolved phosphorus
(DWAF, 1996). Phosphorus enhances aquatic plamtsaal growth. Concentrations <0.005 mg/I
dissolved phosphorus stimulates moderate levelspeties diversity, low productivity, rapid
nutrient cycling, and no algal and aquatic plarevwgh (DWAF, 1996; Camarget al, 2007).
However, phosphorus concentrations between 0.0@50ad25 mg/l P®can enhance species
diversity and promote moderate primary productiond aalgal and water plant growth.
Concentrations >0.025 mg/l result in decreased ispediversity, high productivity, and high
growth of nuisance aquatic plants and algal blodD8VAF 1996; Camargoet al, 2007).
Phosphorus concentrations are used to measuresgewsgutrophication with the concentration of
0.1 mg/l PQindicative of a eutrophic system (Camplelbal, 1992).

2.5 Microbial ecology in water quality assessments

The RHP has been implimented in the Eastern Caipg aspresent ecological state classification
system to undertake ecosystem assessments. A pexsdagical state classification system has
been used in the RHP for ecological system chaagesssments (RHP, 2004). Selected biological
indicators were used in the implementation of tkPRCES, 2004). However, this study excluded
water physico-chemical assessments using micrinational processes. Hence this study seeks to
understand microbial responses to water physicoada changes. Basic standard microbiological
methods were used in this study to understand adpahd temporal changes in microbial
communities with the main aim of providing a baswerview of the communities. Microbiologists
have been using total heterotrophic plate couata] &and faecal coliforms to assess water quality.
However, this has been done in order to deternmeedl pollution levels so that microbial risk
assessments could be carried out to understandtshppsed by contaminated water to human
health. These indicator microorganisms indicatesibtes faecal contamination and a risk of the
concomitant presence of pathogenic microorganisaadia-Armisen and Servai2007; Ashbolt

et al, 2001), of which the abundance of indicator orgasigsrassumed to correlate with the density
of pathogenic microorganisms which threatens humealth (Servaiset al, 2007). However,
Ottoson and Stenstrom (2003) reported that evesethedicator organisms can lead to an

overestimation of the faecal load in water sin@ytWwidely occur even in nature.

The use of these indicator organisms in this stwdyld not have addressed general microbial
responses and possible ecological responses to pratsico-chemical changes. The methods used
in this study were specifically selected to showvhaertain microbial functional processes would
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respond to water at different sites, thus repra@sgrécological health changes of the river rather
than public health implications of water pollution.
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CHAPTER 3: STUDY AREA DESCRIPTION

3. Introduction

The Buffalo River catchment (Eastern Cape) (Figlfg drains from the Amatola Mountains at an
altitude of 1200 m. Although the upper catchmentuisal, the river drains a largely urban and
industrialised area through King Williams Town, ditgha, Mdantsane and East London (O’Keeffe
et al, 1996; RHP, 2004). The ecological state of tiugrrhas been assessed using a response-
oriented approach which utilises different indicat¢CES, 2004). Water quality impairments,
habitat destruction and species diversity redudiave been recorded (Palmer and O’Keeffe, 1989;
van Ginkelet al, 1996; O’Keeffeet al, 1996; CES, 2004). The Buffalo River is joined byefi
incoming tributaries. The catchment feeds wateoto reservoirs that supply water for domestic,

industrial and agricultural use.

3.1 Regions of the Buffalo River catchment

The Buffalo River catchment can broadly be dividetb the upper and lower catchment areas
(O’Keeffe et al, 1996). The river drains from the headwater streanthe mountain, which
immediately ends downstream of the Maden Dam. Thpewu catchment stretches from the
headwater stream to upstream the Laing Dam (RH®4)20'he water in this region is normally
cool and fast flowing. The floor of the river is rdmated by small to big rocks with very little
sediment (Maseti, 2005). Maden and Rooikrantz Daradarge impoundments found in the upper
catchment. Palmer and O’Keeffe (1990) reported the¢r impoundments in this region
demonstrated negligible effects on water qualitie Tower catchment stretches from the Laing
Dam to upstream the estuary. In the lower catchntkatriver is wider and has a smoother bed and
higher water temperature as compared to the headwaiuntain streams (Palmer and O’Keeffe,
1989). There is an increase in water volume asutref other joining tributaries, but the widening
of the river allows for slower flow which allows rfeettling of particulate or dissolved matter in
water, starting with heavier particles sinking tee tfloor bed. This causes the building up of
particulates on the bedrock thus forming the samdgilty layer dominating the lower catchment
(RHP, 2004). Increased algal blooms, aquatic plamd biofilm development, together with
increased turbidity, are indicative of increasirygtem productivity (Palmer and O’Keeffe, 1989;

O’Keeffeet al, 1996). The STWs’ effluents also significantly cdmtite to increased flow through
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water returns (O’Keeffeet al, 1996). Laing Dam is a water reservoir in the up@gions of the
lower catchment. Palmer and O’Keeffe (1990) suggkshat this dam contributes to nutrient
reductions through suspended solids settling betmiediam’s wall, resulting in downstream water
quality improvements. Downstream of the Laing Darthe Bridle Drift Dam which releases water
to the Umzaniana weir. After this point the rivéows uninterrupted down to the mouth at the
estuary, at the Indian Ocean.

The Buffalo River occurs within eco-region 15 (Leve), the Eastern Seaboard, of the
biogeographical regions (Eekhaettal, 1996). Eco-regions are selected according tdasitres in
spatial states, geographic occurrences, and eewsysealth and integrity (Omernik, 2004).
Characteristics of geographical occurrence inclgdelogy, physiography, vegetation, climate,
hydrology, terrestrial and aquatic fauna, and salsd may or may not include anthropogenic
activities (e.g. land use patterns, vegetation gaan(Omernik, 2004; Kleynhaswes al, 2005). Six
different sub-regions (Level 2) exist within the skEExn Seaboard, including mountain stream,
foothill, transitional, lowland, and coastal andrg® and rejuvenated foothill regions (Eekhetit
al., 1996). Sites R2Buff-Maden and R2Mgqga-Pirie oowithin eco-region, level 2 and hence the
latter site was used as a reference site for tiaBLRiver to affirm uncertainties of the qualiby
the Maden Dam site as a reference site.
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Figure 3. 1: TheBuffalo River catchment showing incoming tributaridams, towns and sampling sites. Site 1 = R2Blafflen; Site 2= R2Mgqa-
Pirie; Site 3=R2Buff-Horse; Site 4=R2Buff-Kwabo&b=R2Buff-Kwami; Site 6=R2Buff-Laing; Site 7=R2BWmtiz; Site 8-R2Buff=Reest; Site

9=R2Yello-Fortm; Site 10=R2Yello-Londs.
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3.2 Physical features of the Buffalo River catchmen

The Buffalo River is 126 km long and drains a cateht area of 1287 KnfCES, 2004; RHP,
2004). The river source of drainage is from the Al@Mountain’s indigenous forest that has
minimal anthropogenic impacts (CES, 2004; RHP, 200drbulent, clear water with shallow
and narrow channels are physical descriptive featof the upper catchment of the Buffalo
River. The river changes to foothill zone downstneaf Rooikrantz Dam to the estuary (van
Ginkel et al, 1996; O’Keeffeet al, 1996). Developments in the catchment resulted én th
construction of Maden and the Rooikrantz Dams & wpper catchment. The former dam
supplies water to King William’s Town, whilst thetler supplies primarily Zwelitsha
Township (O’Keeffeet al, 1996). The Buffalo River is joined by the Izeled Cwengcwe,
Mgqgakwebe and Nggokweni Rivers in the upper reaches

Upstream of the Laing Dam, the Buffalo River iy by the Yellowwoods River. From the
Laing Dam makes the lower catchment of the BuffRieer. The Laing Dam supplies water
to Zwelitsha, Bhisho, Berlin, Breidbach and frandoof Mdantsane. Forty kilometres
downstream from the Laing Dam, is the Bridle Db&m. Bridle Drift Dam supplies water to
Mdantsane (CES, 2004; RHP, 2004). From the Brididt Dhe river releases water to
Umzaniana weir. The Buffalo River then passes thinothe conserved indigenous forest of

the Umtiza Nature Reserve before entering the in@eean estuary.

3.2.1 Climate of the catchment

The Buffalo River catchment normally has tempereguianging between 8 and 39°C in the
coastal zone, with a mean annual temperature of.2A° temperature range between -2

to 42°C, with a mean annual value of 18°C, has bbeparted inland. The catchment receives
a mean annual rainfall of about 700 mm. The highaisifall received by the catchment has

been recorded in the coastal grassland, coastdtfand afromontane forest. The catchment
has an evaporation rate of 160 — 170 mm per mantBecember and January, which is

reduced to 70 mm during June and July (O’Keetffal, 1996).
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3.2.2 Flow characteristics

The Buffalo River has a number of DWAF flow gaugugirs used to monitor flow along the
river. There are three gauges in the Buffalo Rivemited flow information is available
between the Laing and the Bridle Drift Dams duéatdk of gauging weirs available to capture
inflow to the Bridle Drift Dam (O’Keeffeet al, 1996). The Buffalo River has a perennial
flow in the upper reaches until the river reacha@sgkWilliam’s Town, where water can be
temporary during dry seasons (O’Keeffe al, 1996). However, return flows from King
William’'s Town and Zwelitsha Sewage Treatment Wo(E3'W) maintain flow into the
Buffalo River. Water is released from the Laing Denthe Bridle Drift Dam, and then to the
Umzaniana weir where some water abstraction folE#& London takes place (O’Kee#é
al., 1996; van Ginkeét al, 1996).

3.2.3 Catchment land use

Seven percent of the catchment is covered by indige forest and 4% covered by pine and
blue gum plantations (RHP, 2004). Pirie foresttha upper catchment, consists mainly of
indigenous forest that has no restriction to pube hence, many trees species are used for
production of traditional medicines, firewood articustural timber (CES, 2004; RHP, 2004).
Seventeen percent of the Buffalo River catchmestleen altered into degraded wood and
grassland (RHP, 2004). Urbanization and industagiibn occupy 12% of the total catchment.
Subsistence agricultural activities are promineaif downstream of the Rooikrantz Dam to
downstream of the Bridle Drift Dam. Extensive iaigpn happens in some parts of the
catchments (O’Keeffet al, 1996). Downstream of the Bridle Drift Dam is a &r6* natural
forest protected by the Umtiza Coastal Nature Res@ES, 2004; RHP, 2004).

3.2.4 Catchment water usage

The main water supplies from the Buffalo River batent are retained in four major dams
(Figure 3.1), even though some of the water suppbeMdantsane are drawn from Nahoon
Dam from a nearby catchment. Wriggleswade Dam sicatly contributes to the Buffalo
River through its input to the Yellowwoods Rivehel primary users of raw water from the
river are municipalities of King William’s Town, BaLondon, Bhisho, Breidbach, Berlin,
Zwelitsha and Mdantsane, public works, textile, arfdrmal and rural settlement dwellers.
Consumers obtain water from primary users. Thesswuoers exclude informal and rural

dwellers as they use raw river water. Water usagellts in wastewater production and
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untreated to partially treated wastewaters arehdiged into the Buffalo River. King
William’s Town and Zwelitsha STWSs, together witlrettown’s industrial irrigation schemes,
are the major contributors of wastewaters to BaffRliver (O’'Keeffeet al, 1996). The
Mdantsane STW is not supposed to contribute to emazger reaching the Buffalo River.
However, STW leaks due to broken and outdated sévi&structure have been recorded,
leading to its runoff to the Buffalo River (O’Keefét al, 1996). Da Gama Textiles in King
Williams Town is a major industrial wastewater puodr that discharges indirectly to the
Buffalo River. This industry utilises its irrigatiosystem to rid untreated wastewaters onto
their agricultural sites which are near to the rigad result in wastewater entering the river
system. O’Keeffeet al. (1996) reported that textile wastewater contaigh lwoncentrations
of water colorants, dissolved salts, organic wastesecticides, pesticides, chemical wastes,
alkalis, sodium and detergents.

Ninham Shands and Partners (1982) suggested toat 88% of the salt concentrations
entering the Buffalo River were contributed by istties, other than from natural geological
sources. Incoming tributaries significantly contitds to water quality impairments in the
Buffalo River. For example, the Yellowwoods Riverters the Buffalo River upstream of
Laing Dam providing water that contains partiallgated STW wastewater from the Bisho
STW (O’Keeffeet al, 1996). O’Keeffeet al (1996)’s simulation showed that over the past
45 years, industrial effluents contribute 35% dingty load entering the Laing Dam, whilst
spills from Mdantsane STW contributes 25% intoBinlle Drift Dam salinity load.

3.3 Sampled tributaries

The Mggakwebe River is one of the major tributgrniegh an average width of four metres,
contributing to the Buffalo River water supply inetupper catchment. Indigenous trees and
vegetation dominate the landscape surrounding ithex. rSmall stones, gravel and sand
dominate the river floor. There is a flow gaugingimin the middle reaches. Shallow pools
are evident with reduced flow (CES, 2004; RHP, 2004

The Yellowwoods River enters the Buffalo River indragely upstream of Laing Dam. The

upper reaches of this river is dominated by colsitbeges, gravel and sand while the middle
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reaches of the river are dominated by bedrock awéd reaches are dominated by big rocks.
This river has an average width of 8 to 10 metdesninated by reed and sedge vegetation.
Shallow pools and small waterfalls are componeritshe Yellowwoods River, with the
largest waterfall near Breidbach. The Amatola Wateansfer Scheme resulted in the
construction of a canal linking the Wriggleswadenan the nearby Kubusi River, to the
Yellowwoods River through the KwaNkwebu tributarfiRun-off from urban and rural
settlements contributes to flow in the lower reachegether with effluent from Bisho STW
(CES, 2004; RHP, 2004). The Yellowwoods River wasasured as a contributing tributary
with a purpose to investigate its historically kmopoor water quality impacts on the Buffalo

River.

3.4 Site selection for biomonitoring

The present ecological state of the Buffalo Rivarsvassessed in 2004 (CES, 2004; RHP,
2004). Lack of appropriate management interventlmass resulted in ongoing river pollution
continuing to pose serious threats to the ecolbdiealth of the Buffalo River. Hence, the
present study undertook an updated water quabtye sissessment for selected water quality
parameters, together with an assessment of midna@sponses. For this assessment of water
quality and microbial responses, previously idesdifsites used in the RHP (RHP, 2004)
were selected to assess and monitor changes ogehnyainological cycle (12 months). Two
new sites were selected after the Laing and Brideft Dams according to site
characterisation method in Eekheett al. (1996). Biomonitoring can be used to assess the
state of the ecological health of river systems$CE04; RHP, 2004). This method exploits
responses of living organisms inhabiting riversmater quality and habitat changes. Thus,
aquatic organisms and abiotic components becomeatmis of ecological health. Hence,
biomonitoring is response-oriented, utilizing diffat indicators, in order to assess the
ecological health of the freshwater ecosystems ((2B84). Site selection for biomonitoring
is important and consists of the selection of bhetference and monitoring sites. Sites are
carefully selected by identifying problematic omtaminated areas for monitoring and areas
that are either unimpacted or have experiencedgielgl disturbances for use as reference
sites.Reference siteefer to sites that are in a location that is ypacted or with negligible
environmental disturbances. These sites are expéateepresent the natural conditions, for
water physico-chemistry and quantity, habitat andsequent ecosystems (Eekhettal,
1996; CES, 2004)Monitoring sitesare randomly chosen regardless of the state at the
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location and are used to investigate ecologicakin@&apacts in the river system (Eekhaait
al., 1996; CES, 2004). These sites are used for assessimeny ecosystem responses due to
water physico-chemistry and quantity changes, aabliestruction and species diversity loss
and also assessments of ecological systems’ respanpacts.

Ten sites (Figure 3.1) were selected within thecloaent from source to downstream of
Umtiza Coastal Nature Reserve, to assess microdspbnses to water quality changes in the
Buffalo River and two sampled tributaries. Fouerefce sites and six monitoring sites were
selected and are described.

3.4.1. R2Buff-Maden: Buffalo River upstream of Mad& Dam (32° 43’ 56.6"S, 27°

17 41.4’E)

This site (Figure 3.2) is located in thick indigemscforests in the Amatola Mountains. This
area experiences minimal human impacts due to Bl&anservation protection. This site has
clear, turbulent and shallow waters with narrowrcteds. Minimal biofilm development was

observed on stone surfaces, suggesting oligotroptutrient limited) characteristics. Site

R2Buff-Maden exhibits no or negligible impacts, amctording to Davies and Day (1998),
such characteristics suggest suitability as a eafsr site.

3.4.2 R2Mqga-Pirie: Mggakwebe River near Pirie Mis®n (32° 47’ 50.5”S, 27° 15’

53.2"E)

The CES (2004) and the RHP (2004) reported tha BRBuff-Maden had reduced
biodiversity, thus was not suitable as a referesiee Mggakwebe River is in the same eco-
region as site R2Buff-Maden (Maseti, 2005). Hergits R2Mgqga-Pirie was selected as a
second reference site in the upper catchment dBtifialo River (RHP, 2004) due to limited
human impacts it experiences (Figure 3.3). Site B@MPirie is surrounded by indigenous
trees and exhibits negligible impacts with subsistecattle farming resulting in disturbances
from livestock that use the area near the sitedrséiing point. The water is less clear than at
site R2Buff-Maden and a previous study reported tarient concentrations (CES, 2004).
Clear water and low nutrient concentrations aresgppbsdue to solids settling behind the flow

gauging weir.
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Figure 3. 2: Site R2Buff-Maden.

R R BTN S o
Figure 3. 3: Site R2ZMqga-Pirie.

3.4.3 R2Buff-Horse: Buffalo River at Horseshoe Ben@32° 49’ 20.8"S, 27° 22’ 49.2"E)
Figure 3.4 shows a monitoring site in the uppecloaent and was used for this study to
monitor possible effects from external impacts.sT$ite is upstream of a low-water bridge,
and serves as a water collection point and drinlgpgt for livestock. Sand quarrying is
evident from the river banks. It is dominated byafiratones with minimal biofilm.

3.4.4 R2Buff-Kwabo: Buffalo River at Zwelitsha (32°54’ 51.2"S, 27° 24’ 34.3"E)

Site R2Buff-Kwabo (Figure 3.5) is a monitoring pbithat is exposed to a lot of

anthropogenic activities. The site is located immaedy downstream of the wastewater
treatment works discharge at King William’s TowrhéFe is also an illegal waste dump point
nearby this site. The site is also used by humansdifferent activities, such as water

collection. Sand quarrying on the riverbanks isdeut. Effects of the wastewater discharge
are evident, with the water having an unpleasardllsamd extensive biofilm development

observed on in-stream rocks. The river is fast-iifmnat this site and the water is turbid.

3.4.5 R2Buff-Kwami: Buffalo River downstream of Zwditsha Township (32° 56’

56.7"S, 27° 26’ 58.1.3"E)

Site R2Buff-Kwami shown in Figure 3.6 was selectsia monitoring site. It is located
downstream of Zwelitsha Township. The river at thite receives runoff from nearby

informal settlements, discharge from the Zwelitalzsstewater treatment works and industrial
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effluent. Bedrock dominates the floor of the riagrthis site and alien plants are also present.

The water is turbid and smelly and was often foasnggesting high loads of organic matter.

Figure 3.4: Site R2BuffHorse. Figure 3.5: Site R2Buff-Kwabo.

3.4.6 R2Buff-Laing: Buffalo River downstream of Lang Dam (32° 57’ 29.8"S, 27°

31’ 32.8"E)

Site R2Buff-Laing (Figure 3.7) was selected as anitnoing site for an assessment of the
water quality of the Buffalo River downstream ofihga Dam. The site is surrounded by rural
settlements with no proper sanitation and hencailiserable to diffuse pollution that could

contribute to the change of microbiological wateality due to bacteria from excreta washed
into the river during the rainy periods. The waaéithis site is turbid and excessive biofilm

was evident from small rocks dominating the site.

¥

Fig

ure 3. 7: Site R2Buff-Laing.

Figure 3. 6: Site R2Buff-Kwami.
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3.4.7 R2Buff-Reest: Buffalo River at Scenery Park32° 59’ 44.4”S, 27° 47’ 34.2"E)

The siteR2Buff-Reest, shown in Figure 3.8, was selected a®onitoring site. It is located
downstream of Mdantsane and Bridle Drift Dam, whigheases water from a narrow
discharge channel. This could be contributing tyvaased pressure in water flow thus leading
to intermittent fast-flows. This site receives wat®m three small runoff streams draining
Scenery Park’s broken sewer pipes and leaking wapst: The site is dominated by bedrock
and excess biofilm growing attached on stonesggestive of high nutrient load. This site is
a water collection point, with evident walking tkaand vegetation removals.

3.4.8 R2Buff-Umtiz: Buffalo River at Buffalo Pass 83° 00’ 21.3"S, 27° 49’ 31.7"E)

This site (Figure 3.9) is a reference site, locatétiin the Umtiza Coastal Nature Reserve.
This site was used to assess whether there wareaayery taking place in the river due to
reduced human activities in the area surroundirggrégion. The river has little human impact
at this site, even though there is an informal iledal waste dumping site nearby this site.

Figure 3.8: Site R2Bufi-Reest. Figure 3.9 Site R2Buff-Utiz.
3.4.9 R2Yello-Londs: Yellowwoods River at Londsal8ridge at Bhisho Town
(32° 48 26.0"S, 27° 28" 11.1"E)

Site R2Yello-Londs is shown in Figure 3.10. Thisiseference site, located in the middle
reaches of the Yellowwoods River. It was used is $tudy to compare against the impacted
downstream site R2Yello-Fortm. Excessive biofiimvelepments observed at this site
suggested possible elevated nutrient concentratistimulating microbial growth and
activity. Sand quarrying was evident in the riverksa
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3.4.10 R2Yello-Fortm: Yellowwoods River is downstram Bhisho Town (32° 56’ 40.9”S,

27° 28’ 24.7’E)

Site R2Yello-Fortm (Figure 3.11) is a monitoringimgo used to assess Yellowwoods River’s
contributions to the Buffalo River. This river réges poor quality STW wastewater from
Bisho (O’Keeffeet al, 1996) and non-point source discharges from inforsatlements.
Very little agricultural activities happen neargtarea. However, river banks are evidently
affected by sand quarrying. This site is dominabgdsmall to big rocks with excessive
biofilm developing on their surfaces. Water is tdrénd the site is easily accessible to human
and livestock. Site R2Yello-LondsFortm was use@deess water quality in this river in the

middle reaches to downstream, just before it enter8uffalo River.

: A W w |
Figure 3. 10: Site R2Yello-Londs.
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Figure 3. 11: Site R2Yello-Fortm.

3.5 Study area conclusion

The increasing population, urban and industrialettgwments within the King William’s
Town and East London Industrial Development Zoree @ntinually posing threats to the
Buffalo River water physico-chemistry and quantitiis has resulted in alterations in the
system’s dynamics and species composition (O’Keeffal, 1996; CES, 2004). Constant
pollution of the river with wastewater is signifrttdy contributing to the rapid deterioration of
the river health. Bacterial pollution contribut@shigh microbial concentrations recorded in
this river (O’Keeffeet al, 1996). Hence, understanding microbial concentratamd activity
dynamics carries a potential for contributing tosigaknowledge of ecosystem health for
application in water resources management. Knoweleggnerated from this study can
potentially be useful in making a contribution tods the development of microbiological
index for use in aquatic ecological health assestsne
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CHAPTER 4: METHODOLOGY

4.1  Sampling methods and analytical procedures

Samples were taken from each site, once a month year. Samples were collected from the
left and right hand sides of the river for analysidoth selected water physico-chemical and
microbial parameters to ascertain whether thereevesty statistical differences in water

physico-chemistry or microbial responses betweensitles of the river banks. When it was
determined that there were no differences betweeneft and right sides of the river banks,

these samples then constituted replicate sampdesh& microbial parameters, water samples
and stones were collected into sterile sample amma Three samples were taken of both
water and stones from the left and right sideshefrtver for the enumeration of the groups of

microorganisms in the water column and the biofilm.

4.2 Experimental procedures

4.2.1 Measurements of water physical parameters

Waterproof portable electrodes were used to deteritine electrical conductivity (Cyberscan
200), pH (Cyberscan pH300) and the concentratiashssolved oxygen (Cyberscan DO 300)
on site. Temperature was measured using a portaelkeury-in-glass thermometer. A
portable Orbeco-Hellige 966 turbidity meter wasduse determine turbidity using 20 ml of
the sample.

4.2.2 Water chemical parameter sample collection @hpreservation

One litre sample bottles were used for water samyaasport and storage for chemical
analysis. The samples were collected facing upstraa recommended by Momled al.
(2000). The sample bottles were filled to the rinthwio headspace, and transported to the
laboratory stored in a cooler box with ice. Prea@on of the samples at 4°C was tested in the
laboratory prior to initiating this study, to assele effects of storage on all parameters. No
significant changes in water physico-chemistry wexeorded within one week of sample
collection; hence, this method of preservation fedswed.
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4.2.3 Water chemical parameter analysis

Total hardness and temporary hardness (alkalimiggie measured using standard method
number 2320B-titrations (APHA, 1992). The hardesagents contain an ethylene-diamine
tetraacetic acid (EDTA) solution approximately O-@8y range per 100 ml. The EDTA is an
indicator that chelates with metal ions such asmeawm or calcium to form a red coloured
complex. Thus each drop of the reagent complexéls metal ions until the endpoint is
reached where the colour changes (APHA, 1992). Théthod was adapted for field
measurements. The reagents for total hardnesslleaddhidy were added drop wise to a 5 ml
aliquot of the sample and the colour change wadototal hardness and temporary
hardness (alkalinity) values were calculated byntiog the number of drops of reagent that
was added to each sample, with one drop of hardmeaggent equivalent to one degree of
hardness, and a degree of hardness being equdl9ay/l| CaCQ@ For total hardness, the
expected colour change was from red to blue, whils¢ to orange for temporary hardness
(alkalinity).

Chemical parameters were analysed within a weesaofple collection. The samples were
allowed to equilibrate to room temperature priob&ng processed. The standard method as
described in APHA (1998) was used to analyse ftnit@i(method number 354.1) and a
nitrate determination (method number 300.0 Rev 2ngs used to analyse nitrate
concentrations (EPA, 1993). Sulphate concentratiwese determined using United States
Environmental Protection Agency (EPA) method 37&#A, 1978). A Biotek microplate
reader was used to measure nitrite and nitrate ecdrations, whilst a portable Orbeco-
Hellige 975 MP spectrophotometer was used to meassulphate concentrations.
Spectroquant® phosphate (catalogue number 1.1483B)0and ammonium (catalogue
number 1.14752.0001) concentration test kits weseduaccording to the manufacturer’s
instructions. Analyses were conducted on five oapls per sample which were averaged to
obtain a single value. This was to reduce knownatdity in the measured results from a
Merck SQ118 Spectroquant. The concentration readirege taken at 660 nm.

4.2.4 Water column samples for microbiological angkis

Sterile 500 ml sample bottles were used for stoeagetransportation of water samples for

microbiological analyses. Three samples were dalitefrom each of the left and right hand

sides of the river. Samples were cooled on ice ao@er box during transportation to the
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laboratory. The method of sample preservation asrdeed in paragraph 4.2.2 was used to
preserve microbiological water samples in the latmry. Microbiology analyses were
performed within 24 hours after sampling.

4.2.5 Preparation of biofilm (sessile) samples fanicrobiological analysis

Small stones were collected for biofilm analysiisterilised 1180 ml autoclaveable plastic
food containers. Three stones of ~ 10 mm lengtlewsellected from each of the left and right
hand sides of the river. River water from the saibe was collected into the container to
avoid drying and degradation of biofilm on stonefates. The samples were stored on ice
and transported to the laboratory for biofilm esgti@an from stones. In the laboratory, biofilm
was collected by thorough scraping using a disseKRit knife as described by Kunihied al
(2002). Biofilm was collected into water in whidietsample stone was immersed. However,
the limitation of this river water addition was tl@oss-contamination of the biofilm sample
by river water microbes could not be avoided andcisnowledgedMicrobes were released
from the biofilm matrix through vigorous hand migithe sample inside the plastic container.
In cases of high quantities of biofilm collectedyatex mixer was used for two minutes to
release microbes (Mombet al, 2000). The suspension collected from mixing wagluse
microbiological analyses.

4.2.6 Microbial analyses

Microbial assessments (activity and cell growtlpoeses) of water and biofilm samples were
performed by characterizing physiological and berical properties of microbes in
individual samples. These assessments were usdéribfy which nutrient fixing microbes
were active at each of the study sites. Table Bolvs a matrix of nutrient fixing activities
compiled from known microbial characteristics (@&gret al, 1984; 2005; Zaihan and Tuah,
2008). The matrix was used as a template for ifleation of microbial groups from samples
based on which tests yielded positive results. lagrix enabled microbial identification to
genus level. The matrix template recorded charistits as positive or negative, based on
observed results. Any reactions that did not rerfd#rcolour changes were recorded as
unclear. For statistical purposes, results wemsfoamed into scores, with positive score as 2

(maximum rate), unclear as 1 and negative as Oirffraim rate).
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Table 4. 1:Microbiological identification matrixNF — Nitrogen fixers; SR — Sulphate reducer; NRitrdden reducers; PAO — Phosphate
accumulating organisms; DN — Denitrifiers) (Garetyal, 1984; 2005; Zaihan and Tuah, 2008). A positieaales a positive reaction and a negative

denotes negative reaction.

Microbiological test indicating physiological and /or biological activity
Genera . A o
> s = 2! 5 0 o
£ | & g S | ¢ | E2| B | & | 8§45 | ¢ > g
50 S &) = = =3 = a < @ 9 o =
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Acetobacter
+ - + + + - - + - + - -
NF/SR
Nitrobacter N ) ) N ) ) N i ) i ) +
NR
Acinetobacter
+ - - + + + - - + + - -
PAO
Rhizobium 4 i i + i i + - - + - -
NF
ThiobacillusSR
+ - - + - + - - + - - -
Klebsiella
+ - - + + + + - + - + +
NR
Pseudomonas
SR, NR, NF " ] ] " ] ] - ] ] ] " "

» Positive Nutrient, citrate and lactose analysegrfragar plates were enumerated.
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4.2.6.1 Gram staining

Gram staining is an important analysis and classifbn for microbial characteristics (Bartholomew
and Mittwer, 1952). The principle of Gram stainiisgto detect whether cells can retain staining
dyes. This enables the subdivision between thelange groups, either Gram positive or Gram
negative. This test is considered positive if tiedl cetains the dye after being decolourised and
Gram negative when the dye is washed off. The Gstaiming test has been used in freshwater
testing (Sekaret al, 2003) and is useful in identification of Gram negatgroups such as
Acetobacter spp., Nitrobacter spp., Acinetobacter spp., Rhizobium spp., Thiobacillus spp.,
Klebsiellaspp.and Pseudomonaspp (Table 4.1)Gram staining was performed according to the
modified Gram-stain technique in standard meth@iIl9R (APHA, 1989).

4.2.6.2 Sulphide, indole and motility tests

The sulphide, indole and motility (SIM) test islage in one method using a single medium to
detect microorganisms’ motility and their ability break down specific compounds from the
medium to produce sulphide and indole. These teste been used to detect characteristics of the
following genera: Acetobacter spp., Nitrobacter spp., Acinetobacter spp., Rhizobium spp.,
Thiobacillusspp., Klebsiellaspp.and Pseudomonaspp. (Table 4.1) (Garritgt al, 1984; 2005).
The indole test is used to detect the ability ofoaganism to break down tryptophan. This amino
acid is broken down by enzymes in some microorgasi® three products, one of which is indole
(National Standard Method, 2006). The principleha sulphide test is to detect the ability of the
microorganisms to produce sulphide from sulphaergfet al, 2002).

Thirty grams of SIM medium was suspended into ame fleionised water in a 2000 ml beaker.

The medium was dissolved using a magnetic stimdrsaml aliquots were dispensed into test tubes
which were then capped. The medium in the teststues autoclaved at 121°C for 15 minutes.
Aseptic 1.0 ml sample aliquot inoculation was parfed, followed by incubation at 35°C for 18-24

hours. Motility was indicated by turbidity of theulture medium as diffuse. Hydrogen sulphide

formation was indicated by the production of blgekcipitates. The indole test was performed by
covering the medium with a layer of Kovac’s indoégagent, resulting in production of a purple

colour, indicating indole production.
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4.2.6.3 Spore staining

Spore production is an important characteristisaie bacteria, allowing them to resist adverse
environmental conditions such as desiccation, cta&lmgxposure and extreme heat (Dragon and
Rennie, 1995). In freshwaters this test enablesctien of the spore production characteristic from
groups such afAcetobacterspp.,Acinetobactespp. andRhizobiumspp. (Table 4.1) (Dragon and
Rennie, 1995).

Malachite green solution was prepared by dissohdrg g malachite green in 100 ml deionised
water. Eosin solution was prepared by dissolviftgd@eosin Y in 100 ml deionised water and for
safranine solution, 0.5 g safranine was dissolet00 ml deionised water. The sample for analysis
was smeared onto a microscope slide and fixed ¢iralying over a Bunsen burner flame. The
slide was placed on a 1000 ml glass beaker andi¢davith malachite solution and boiled on a
hotplate for 20 seconds. A 30 seconds reaction tuag allowed. The slide was rinsed with tap
water and then re-stained by flooding it with eosalution for one minute and then safranine
solution for 30 seconds. The slide was rinsed wagh water and softly dried with a paper towel.
Positive spore identification was observed as apraleh green colour under an Olympus BX51

microscope.

4.2.6.4 Lactose Utilisation

The ability of bacteria to utilize lactose as arsewf energy and carbon can be tested by theyabili
of the bacteria to grow on MacConkey agar with aali crystal violet. Lactose medium selects a
wide range of total coliform microbes (APHA, 1998hese include the genefhaetobacterand
AcinetobacteTable 4.1)

Fifty grams of MacConkey agar were weighed into0B@ml Erlenmeyer flask, and dissolved in
1000 ml deionised water. The solution was autodate121°C for 15 minutes. The medium was
allowed to cool to about 50°C, before it was pourgd 9 cm aseptic plastic Petri dishes and
allowed to solidify. A 0.1 ml subsample of the cudét from the sample was aseptically inoculated
and spread over the medium with a hockey stickasjge Inoculated medium was allowed to dry,
and then incubated at 37°C for 48 hours. Microtedls grown were enumerated.
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4.2.6.5 Nutrient agar cultivation

Nutrient agar is a solid medium that contains eutrfor cultivation of bacteria and fungi (Madigan

and Martinko, 2005). Less than 1% of all existingcteria can be successfully cultivated, and
nutrient agar can grow most of these microbes (Nmdiand Martinko, 2005). Nutrient agar has
been used for enumeration of total microorganismsvater, beverages and biological products
(Madigan and Martinko, 2005). Nutrient agar mediwas prepared by suspending 20g nutrient
agar powder in one litre of deionised water andeaatving at 121°C for 15 minutes. The agar was
poured into aseptic 9 cm Petri dish and allowesbialify. The culture was inoculated by an aseptic
transfer of 0.1 ml sample aliquot into the medidfter spreading, the medium was allowed to dry
and then incubated at 37°C for 24 hours. Growrsogéire enumerated to obtain heterotrophic

bacteria counts.

4.2.6.6 Catalase test

Catalase is an enzyme that splits hydrogen peraridewater and oxygen. The principle of this
test is to detect the presence of catalase in ithearganisms found in freshwater. According to
Garrity et al. (2005), catalase tests can be used to detect #raathristics of the ohcetobacter,
Acinetobacterand Thiobacillusspp. (Table 4.1)A culture growing on a Nutrient agar plate was
tested for catalase activity by adding 0.5 ml of B3rogen peroxide. Positive results were
observed through bubbles forming in response toahial activity.

4.2.6.7 Oxidase test

The oxidase test differentiates between the familiePseudomonadaceae (oxidase positive) and
Enterobacteriaceae (oxidase negative). The reagemntttive agent is tetramethyl-p-
phenylenediamine, which is utilised by the enzyiyteachrome oxidase, acting as an electron donor
during the electron transport chain in the micraoigm (Steel, 1962; Health Protection Agency,
2008). The colourless reagent used in the testidethe presence of oxidase which, on reaction
with oxygen, turns a bluish-purple colour. Accoglito Garrityet al. (1984; 2005), oxidase tests
can be used to detect the characteristics of t@as&-positiveAcinetobacterspp., Thiobacillus
spp. andKlebsiellaspp. (Table 4.1). A colony from a Nutrient agart@lavas picked onto filter
paper. A drop of the oxidase reagent was addedih@nskaction was observed within 20 seconds.
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4.2.6.8 Methyl-red and VVoges-Proskauer tests

These tests detect the ability of the microorgasismferment glucose. For the methyl-red test,
glucose is fermented to produce acid. For the V-dgeskauer test, glucose is fermented to acetoin,
and this test enables differentiation Bécillus species from enterics (International Provisional
Standard, 1998). These tests have been used tct dbBgacteristics of microorganisms such as
Klebsiellaspp.,Pseudomonaspp. andEnterobacterspp. (Table 4.1) (Merck, 2006).

The methyl-red-Voges-Proskauer (MR-VP) broth wasppred by dissolving 17 g of the MR-VP

broth in one litre deionised water and dispensimgl &liquots into test tubes. Test tubes containing
medium were capped and autoclaved at 121°C for ihbtes. For preparation of the methyl-red

indicator solution: 0.04 g methyl red was dissolied60 ml absolute ethanol and the pH was
adjusted to ~5.0. For preparation@Meara’s reagent for the VP test: 40 g potassium hydrmexid

was dissolved in 100 ml deionised water and alloveedool, then 0.3 g creatine (monohydrate)
was dissolved into the reagent.

Two test tubes containing MR-VP medium were eaokutated with 1.0 ml of the culture from the
same sample and incubated at 35°C for 4 days. Aitabation, the methyl-red test was conducted
by adding about five drops of the methyl-red intheasolution to the first tube. A positive result
was indicated by the medium changing colour to fdet Voges-Proskauer test was conducted by
pipetting 5 ml ofO’Meara’s reagent into the second tube. A positive reactias indicated by the
colour change to pink within 20 minutes.

4.2.6.9 Starch hydrolysis

Some microorganisms contain amylase, an enzymed#mhydrolyse starch into glucose. Amylase
is excreted into the media and initiates starchakdewn. The starch hydrolysis test is used to
identify the reactions correlated with growth orstarch agar plate and this reaction has been
recorded in aquatic microbiology to indicate ch&eastics of genera such a@scetobacterand
Acinetobacte(Table 4.1) (Garrityet al, 1984; 2005)

Ten grams of tryptone powder and 15 g of a badbgical agar were weighed into a 2000 ml
Erlenmeyer flask and dissolved in 1000 ml deionis@ter. The pH of the solution was adjusted to
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7.2 using 6 M HCI. The mixture was heated to 95AG dotplate and then 2 g of soluble starch was
added and dissolved, then the flask was closed awtminium foil. The flask was autoclaved at
121°C for 10 minutes. When the autoclaved mediunpe&ature had decreased to approximately
50°C, it was poured into 9 cm aseptic Petri distas allowed to solidify at room temperature.
Samples being analysed were streaked onto stardlumend incubated upside down at 37°C for
24 hours. lodine solution was flooded over micrbb@lonies after the incubation period. In the
presence of the enzyme amylase and subsequert statolysis a yellow/gold zone around the
growth was observed and its absence indicated imegasults.

4.2.6.10 Citrate test

The citrate test identifies the use of citrate a®la carbon source in the absence of other ntgrien
in this test medium. The end products cause theadithymol blue indicator in the medium to turn
from forest green to royal blue. This reaction bagn used in testing for the characteresitics of
genera such ahlitrobacter spp., Rhizobiumspp. andKlebsiellaspp. (Table 4.1) (Garritet al,
1984; 2005) Twenty two grams of Simmons citrate agar wereadvesl in 1000 ml deionised water
and autoclaved at 121°C for 15 minutes to producae medium. The medium was dispensed into
9 cm sterile Petri dishes and allowed to solidiy.aliquot of 0.1 ml of the culture from the sample
was aseptically transferred onto the plate andlaemtly incubated for 24 - 48 hours at 35°C. Cell
growth was enumerated.

4.2.6.11 Nitrate reduction test

The principle of this method is to determine thditgbof a microorganism to reduce nitrate to
nitrite or free nitrogen gas. This denitrificatigmocess can be undertaken by bacteria that use
nitrate as the final electron acceptor in anaerobgpiration. Groups that have been recorded to
facilitate this reaction includBlitrobacterspp., Klebsiellaspp. andPseudomonaspp. (Table 4.1)
(Garrity et al, 1984; 2005)

Nitrate broth medium was prepared by suspending g &itrate broth powder in one litre deionised
water. A5 ml aliquot was dispensed into each teis¢é and autoclaved at 121°C for 15 minutes.
Cooled nitrate broth medium was aseptically ino@mdavith a 1.0ml culture from the sample and
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incubated for 5 days at 37°C. After incubationriteitproduction was determined using standard
method 354.1 (APHA, 1998). The presence of nitsiés indicated by the colour change to red after
approximately 15 minutes, demonstrating that retnafis reduced to nitrite. When there was no
colour change, few patrticles of a zinc metal powslere added. A positive colour change after zinc
addition indicated that nitrate was present in shenple and had not been reduced. No colour
change after addition of zinc meant that nitritesypaoduced and may have transformed to nitrogen

gas, which was not measured.

4.3 Data analysis

4.3.1 Univariate analysis

Analysis of variance (ANOVA) was used to deternweether there were statistically significant
differences in water physico-chemistry and micrédgaal results taken from the left and right
hand sides of the river. p < 0.05 was selecteadisating significant differences, calculated using
Statistica (Statsoft, 2004). ANOVA is a statistioathod for the analysis of one variable as a facto
of interest. However, it also enables generalisatibthe two sample t-test, used to decide whether
two samples have the same mean (Snedecor and Gpd%89). In all cases, there were no
significant differences between samples taken fthenleft and right hand sides of the river and
results were therefore combined to provide sixicapgs per site. ANOVA was also used to test for
within site seasonal patterns and to test for khfiees between sites, confirmed using the Scheffe
post hoc test. Factorial ANOVA was used to sim@tarsly evaluate the effects wfo (or more

independent variables on a single dependent vanaibhin the same analyqiStatSoft, 2004).

4.3.2 Present water quality state assessment

Currently, the present state assessment of wataiguhchemistry widely used in South Africa is
limited to few parameters and it was thus impegathat this study choose parameters that will fit
in this system. Monthly replicates’ means of sedcsystem variables (DO, pH, EC and turbidity)
and nutrients (soluble reactive phosphate (SRP)tatad inorganic nitrogen (TIN)) were used in
this study, following the methods of Palnral. (2004) and Kleynhanst al. (2005), to assess
present water physico-chemical state using bendhb@indary values for each selected variable:

« The 8" percentile was calculated for DO antl &nd 9% for pH (Palmeret al, 2004;
Kleynhanset al, 2005).
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« The 9% percentile was calculated for EC (DWAF, 2004b;nfalet al, 2004; Kleynhans
et al, 2005).

* Median concentrations were calculated for SRP dhd(Palmeret al, 2004; Kleynhanst
al., 2005).

* Present state rating of turbidity was performeagsin-site observations and turbidity
descriptions as detailed by Kleynhahsl (2005).

» Specific parameter benchmark boundary values ethatalbngs of measured parameters
between 0 and 5, to allow physico-chemical assassniEleynhant al, 2005).

* The ratings were translated to provide overall s#egories using the Physico-Chemical
Assessment Index (PAIl), which categorize the patarsebetween A and F categories,
thereby classifying the site as either Natural, &dir or Poor (Kleynharet al, 2005).

4.3.3 Multivariate analysis

All data were analysed using multivariate metho@sinjer 6). Physico-chemical data were
normalised using Primer 6, by subtracting the patammean from the value of the parameter and
dividing by the standard deviation (Clarke and Wakw 2001). This was to accommodate
variability of environmental data where parametgosetimes have completely different scales,
therefore making it possible to derive sensibl¢asices between samples using Euclidean distance.
Microbiological data were transformed using log Xkx+transformation. Transformation is
recommended before similarity analysis (Clarke ¥Walwick, 2001) to ensure that data appear to
more closely meet the assumptions of a statisitidatence procedure to be applied, or to improve
the interpretability or appearance of graphs. Thremsformation enables weighting of different
contributions regardless of the size (Clarke andrwitk, 2001). For water physico-chemical
results, Principal Component Analysis (PCA) wasduse determine possible variability between
samples using eigenvector. Eigenvectors reveainteenal structure of the data to explain data
variability. Relationships between samples weresgmeed by percentage variation using the 2D
PCA ordination plots. A Non-metric Multi-Dimensidn&caling (NMDS) was used to perform a
multivariate analysis for the microbial cell courgsd activity, where 2D plots were generated
together with their respective scatter plots. Muab cell counts data were analysed according to
recorded cell counts whilst activity data were gsatl using the posivite/negative information
which was changed to either 2 for positive reactbor® for negative reaction. The identification
factors were added to the 2D NMDS plots, basedhencluster analysis graph. The degree of
correspondence between the spaces among pointednigyl NMDS map and the matrix input by
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the user is appraisdyy astressfunction wherestress level under 0.1 was regarded as excellent an
anything over 0.2 as unacceptable (Clarke and VW&n2001). A cluster analysis was performed

on both the water physico-chemistry and microbimlalgdata. This was used to define groups of
cases based on the similarity of multiple variabtesasured for each case using the distance
algorithm. A Spearman relate/correlation method used to correlate for differences between the
water physico-chemical changes and microbiologiesuilts (Clarke and Gorley 2001, 2006).
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CHAPTER 5: RESULTS

5. Introduction

Data were analysed using one way and factorialyaisabf variance (ANOVA), undertaking a
present state assessment for water quality follgwetological reserve methodology and
multivariate analysis. Graphs and data not predemiethis chapter are presented in various
appendices as follows: Appendix A shows p valueas skatistical analyses of water physico-
chemical and microbial responses, which were obthiusing ANOVA; Appendix B depicts
results for water physico-chemical measurements;pefgix C shows results for the
microbiological assessments; Appendix D shows adlinflata from selected gauging points;
Appendix E shows graphs for water physico-chemmahlyses; and Appendix F shows calibration

curves for selected water chemical parameters.

Data were analysed as monthly results and alsaghran artificial grouping construct of monthly
data to seasons to determine if there were any htyand seasonal patterns. One way ANOVA
was performed on results from samples collectenh fitwe left and right hand sides of the river. All
analyses for similarities between the replicatesnfrthe left and right side of the river were
statistically significant. Thus two replicates fraaach side of the river were combined to form four
replicates per sampling event. Factorial ANOVA wasformed to investigate seasonal patterns
using sampling time as a dependent variable ant eeter physico-chemical parameter as a
categorical predictor (factor). Means with errootpl were used to assess seasonal patterns. In
addition to investigating seasonal patterns, thkesa were used to calculate relevant percentilds an
used to provide the present state assessment fer gaality using selected parameters (Pariler
al., 2004; Kleynhanst al, 2005).

Analysis of the microbiological data for water amlan and biofilm samples using one way ANOVA
recorded no statistically significant differencesvizeen replicates from the left and right sidehef t
river (Appendix A, Tables A2 and A3). Thus threg@lieates from each side of the river were
combined to form six replicates per sampling evdractorial ANOVA was performed to
investigate seasonal patterns using sampling tsre dependent variable and each microbiological
parameter as a categorical predictor (factor).
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Principal component analysis (PCA) was used to stigate patterns between sampling sites
analysed using the selected water physico-chenpeadmeters. Non-metric multidimensional
scaling (NMDS) was used to investigate microbidl ceunts and activity differences between
sites. Levels of significance of the sites’ grog@mwere determined using the overlay cluster which
groups sites according to resemblance levels. paargan relate/correlation method was used to

correlate environmental water quality data with noitological data.

Data for ANOVA and multivariate analyses were daddaccording to seasons. Seasons were
identified for both water quality and microbiologicanalyses as: spring being September to
October; summer was January to February; autummglddarch to May and winter being June to
August (no samples were collected in November aacehber 2007). All laboratory analyses were
commenced in July 2007, with exceptions of sulplaaug nitrate reduction tests which were started
in September 2007.

Results presented in 5.1 to 5.3 are for both wptessico-chemical parameters and microbial
analysis and are presented per site. Section %edepts analysis for present ecological state
assessment of water quality. Section 5.5 — 5.7pte$?CA, NMDS and correlation analyses.

5.1 Results for sites in the upper catchment

5.1.1 Site R2Buff-Maden

5.1.1.1 Water physico-chemical assessment

All p values > 0.05 indicated no statistically difénces in the monthly measured DO, temperature
and turbidity parameters over the sampling periadpéndix A, Table 1). Appendix B, Figures
B1A, B and C show DO, temperature and turbidity megeasured from monthly mean values over
the sampling period. A mean DO of 7.82 + 1.86 mgds recorded for the sampling time. A DO
concentration data did not follow a clear a sedgoaikern, as no significant changes were recorded
in spite of the temperature increase recorded mnser (Figure 5.1A and B). A mean water
temperature of 13.6 = 3.0°C was recorded for timepdiag period and temperature seasonal pattern
is shown in Figure 5.1B. Water at this site wascks indicated by low mean turbidity of 5.8 £ 7
NTU over the entire sampling period, even thoughngprecorded the highest turbidity levels
(Figure 5.1C). Appendix B, Figure B1D and E sholes ineasured values of mean alkalinity (28.34
+ 15.76 mg/l CaCO3) and pH (6.96 £ 0.84) over thmeire sampling period. The alkalinity
concentration response to seasonal changes wasggated by significant mean values of 60 = 30
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mg/l CaCQ recorded in spring followed by a subsequent deeréa 38.79 + 16.78 mg/l CaG
summer and below 17.90 mg/l Cagi@ autumn (Figure 5.1D). Higher pH was recordeevinter
when compared to other seasons (Figure 5.1E). Fhedncentrations ranged between 17.9 and
53.7 mg/l CaC@during the entire sampling period (Appendix B, g B1F) and the highest TH
concentration was recorded in spring (Figure 5.2Rnean sulphate concentration of 12.75 + 7.02
mg/l was recorded for the entire sampling periogd@ndix B, Figure B1G). It is however worth
noting that sulphate concentrations were predoniyna&i0 mg/l during the sampling period with a
maximum of 19 + 0.5 mg/l recorded in March 2008y(fFe 5.1G). A mean EC of 24.26 + 41.31
mS/m was recorded from monthly mean values foetiiee sampling period (Appendix B, Figure
B1H). The minimum EC of 3.2 + 0.2 mS/m was recordedlarch 2008, whilst the maximum
mean value of 122.3 + 4.24 mS/m was recorded imuaep 2008. A gradual EC increase from
winter to spring was recorded (Figure 5.1H). Thougiould be sensible to attribute TH, alkalinity
and EC increases to increased rainfall, the availdbta from the Department of Water Affairs
(DWAF) website are presented as mean data of eactthnand not in days (Appendix D). This
leads to insufficient information available to cenh water quality changes from a particular
sampling day with increased rainfall. Statisticalignificant differences (p < 0.05) were recorded i
both the TIN and SRP values (Appendix A, TableAppendix B, Figure 1l shows a mean TIN
concentration of 0.15 £ 0.07 mg/l recorded from thbnmean values for the entire sampling
period. A significant decrease of TIN concentratieas recorded from 0.25 = 0.7 mg/l recorded in
March 2008 to a minimum TIN concentration of 0.0§/lmecorded in July 2008. The former result
resulted in autumn recording the highest mean TdNcentration (Figure 5.11). A mean SRP
concentration of 0.11 = 0.06 mg/l was recorded frmonthly mean values for the entire sampling
period (Appendix B, Figure B1J), with a significantrease to 0.15 £ 0.6 mg/l recorded in spring
followed by a decrease to 0.05 £ 0.02 mg/l in sumf{Reyure 5.1J).
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Figure 5. 1: Site R2Buff-Maden seasonal mean water physico-aamarameters (with 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:
Dissolved oxygen. B: Water temperature. C: Turid: Alkalinity. E: Water pH. F: Total
hardness.
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Figure 5. 1 continued:Site R2Buff-Maden seasonal mean water physico-a@parameters
(with 95% confidence intervals) for the samplingipe (W: winter; SP: spring; S: summer; A:
autumn). G: Sulphate. H: Electrical conductivityTbtal inorganic nitrogen. J: Soluble reactive
phosphate.

5.1.1.2 Microbiological Assessments

Water column mean microbial cell counts of 242635488, 13099 +23998 and
19910 £ 53621 CFU/100 ml were recorded in nutritose and citrate media respectively for the
entire sampling period (Appendix C, Figures C1A @id). No significant seasonal difference was
recorded in nutrient media, whilst higher microbeall counts were recorded in autumn from
lactose medium and winter in citrate (Figures 5.BAand C). However, it is worth noting that
microbial cell counts increased to 2 ¥ #015000 CFU/100 ml in February 2008 from nutrient
medium. However, linking this result to increasaahfall contributions could not be confirmed due
to the limitations of available month rainfall deda described earlier. There were no statistically

significant differences in water column microbiatigity analyses results over the sampled period,
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with exceptions of indole, nitrate reduction andtimyered test results where there were significant
differences (Appendix A, Table 2; Appendix C, FigailC1C — C1E). Higher microbial activity was
recorded in spring in methyl red, Voges-Proskeandt @itrates, when compared to lower activity

rates that were recorded in autumn (Figures 5.2D —
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Figure 5. 2: Site R2Buff-Maderseasonal mean water column microbial respowitis 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:
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Biofilm microbial cell counts and activity resultgere statistically significantly different from gac

other for the entire sampling period, except fdrate and sulphur reduction tests (Appendix A,
Table A3). Biofilm mean microbial cell counts of 337 + 167464, 182636 + 188261 and
67829 £ 101211 CFU/100 ml were recorded from lagtositrient and citrate media respectively
for the entire sampling period. Lactose medium réed an increase in microbial cell counts to 4 x
10° + 380100CFU/100 ml in February and April 2008 in all me@ppendix C, Figures C11A and

C11B). No significant seasonal changes were recofidlen microbial cell count media (Figures
5.3A, B and C). Biofilm samples recorded higher naixgal cell counts compared to the water

column sample.
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Water column and biofilm samples recorded compardbyh sulphide precipitation, indole

production and motility during the sampling periddowever, February to June 2008 showed
reduced microbial activity in all analyses with egtions of sulphur and indole tests. Lower
glucose fermentation levels in the water column@amthan in the biofilm samples suggested
possible low glucose availability in the biofilmJlcaving suspended microbes to dominate
(Appendix C, Figures C1C - C1E and C11C — C11Eiran# reduction tests indicated high levels
of nitrate reduction from water samples when comgpaio biofilm sample, with however low

microbial activity levels in these samples in OeoB007, May and July 2008. It is however worth
noting that spring recorded maximal nitrate reductrate from biofilm samples (Figure 5.3l).

Biofilm samples recorded low nitrate reduction atyilevels in January to August 2008 (Appendix
C, Figure C11D). Lower activity rates were recordedautumn from all analyses undertaken
(Figures 5.3D — ).
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Figure 5. 3: Site R2Buff-Maden seasonal mean biofilm microbeésponsegwith 95% confidence
intervals) for the sampling period (W: winter; Spring; S: summer; A: autumn). A: Nutrients. B:
Lactose. C: Citrate. All three media cell count€iRU/100 ml. D: Sulphur.
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5.1.2 Site R2Mgga-Pirie

5.1.2.1 Water physico-chemical assessment

Appendix B, Figures B2A, B and C show DO, tempeamatand turbidity values recorded from
monthly mean values over the entire sampling tifhbere were no statistically significant
differences in the measured parameters over the esatmpling period (Appendix A, Table Al). A
mean DO concentration of 7.64 + 0.82 mg/l was réedifor the entire sampling period. Significant
seasonal patterns were demonstrated by a mean D@emoation of 7.15 £ 0.75 mg/l in
spring/summer followed by an increase to 8.13 O M@/l in autumn/winter (Figure 5.4A). A
mean temperature of 15.92 £ 3.57°C was recordedherentire sampling period and seasonal
pattern is shown if Figure 5.4B. Low turbidity @afmean 15.19 + 19.61 NTU was recorded for the
entire sampling period showing insignificant difeace between sampled months’ data. An
exception of an increase to 72.1 £ 4.4 NTU wasneei in September 2007 thus resulting to spring
recording the highest turbidity level than otheassins (Figure 5.4C). The alkalinity concentration
significantly decreased from 71.6 £ 19.1 mg/l CaG spring to 25.73 + 13.02 mg/l Cagc@
summer to winter (Figure 5.4D). The pH values wa&atistically significantly different from one
another (Appendix A, Table Al). A Scheffe post Hest identified that a pH of 6.73 + 0.23,
recorded in July 2007 was statistically differeot4 + 0 which was recorded in August 2008
(Appendix B, Figure B2E). A mean pH of 6.74 + 0w8s recorded from monthly mean values for
the sampling period. The alkalinity and pH datagras observed in this site were similar to the
ones observed in site R2Buff-Maden with an excepod winter which recorded significantly
higher pH at site R2Buff-Maden than this site (Fegu5.1E and 5.4E). Water from this site was
moderately soft for the duration of the samplingigek A significant TH concentration increase
was demonstrated by a mean of 304.37 + 287.13 @a&fZiG recorded in October 2007 (Appendix
B, Figure B2F), showing that water had become 8iidiard and thus resulting to spring recording
the highest TH concentration when compare to ofie@sons (Figure 5.4F). This was possibly
attributable to increased rainfall, although tlssot definite owing to the rainfall data limitat®
explained earlier (Appendix D). Sulphate concemrat were predominantly <10 mg/I throughout
the sampling period (Appendix B, Figure B2G), wétlsignificant concentration spike to 37.92 *
24.16 mg/l recorded in March 2008, resulting touaut recording the highest sulphate
concentrations when compared to other seasonsré1tgdG). There were no recorded statistically
significant differences in the measured monthly meslues for EC levels (Appendix A, Table Al).
A mean EC of 21.42 + 25.31 mS/m was recorded fersampling period (Appendix E, Figure
E2H). The EC seasonal response pattern was dematawstry an EC of 529.15 + 302.63 mS/m in
spring in 2007, followed by a subsequently sigamficdecrease to 113.48 + 46.78 mS/m in summer
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to winter in 2008 (Figure 5.4H). There were stat#ty significant differences in the monthly
measured TIN concentrations (Appendix A, Table A4)Scheffe post hoc test indicated that a
mean TIN concentration of 1.26 = 1.64 mg/l recorded/arch 2008 was statistically significant
different to all other data points. Low TIN concextions were recorded in spring to early summer
and increased as season change progressed to aatgirtio winter (Figure 5.41). A mean TIN
concentration of 4.11 + 8.98 was recorded for thming period. A mean SRP concentration of
0.16 + 0.16 mg/l was recorded for the sampling qEerjAppendix B, Figure B2J). Significantly
high SRP concentrations were recorded in spring @ecreased in summer probably due to
increased rainfall thus causing increased dilutiBut as explained earlier there were no sufficient
rainfall data to confirm this (Figure 5.4J).
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5.1.2.2 Microbiological assessments

In the water column results, a mean microbial ghowegll count of 54985 + 142595 CFU/100 ml
was recorded from lactose media for the samplingdode(Appendix C, Figure C2B). Factorial
ANOVA indicated a statistically significant diffemee (p < 0.05) (Appendix A, Table A2) between
lactose microbial cell count results. A Scheffe tpbec analysis indicated that a significant
difference was as a result of a microbial cell ¢dnorease to 3.8 x £& 0 CFU/100 ml recorded
from lactose medium in August 2007 (Appendix C,urgC2B). Water column samples on nutrient
medium recorded a mean microbial cell count of B3&710604 CFU/100 ml for the sampling
period, whilst citrate medium recorded 12192 + 3B30FU/100 ml (Appendix C, Figures C2A and
C2B). No significant seasonal response in microb&l counts was noted in nutrient and lactose
media (Figures A and B). It was interesting to nutgher microbial cell counts in citrate medium,
recorded in winter (Figure 5.5C). Sulphate redurctiesults were the only statistically significant
different microbial activity analysis from the watlumn samples (Appendix A, Table 2A). This
was a result of high microbial sulphate reductiotvdy rates of 1.8 + 0.2 from spring 2007 to the
end of autumn 2008, followed by a subsequent dsereaactivity rates to 0.01 = 0.9 in winter
(Appendix C, Figure C2C). No significant seasoredponse was recorded in microbial activity
rates in the water column samples. However, it ivardting that indole production tests recorded
maximal rates during all seasons, with an excepgfominter which recorded an activity rate of 1.6
(Figures 5.5D-I).

There were statistically significant differencesnieasured biofilm microbial growth and activity
results (Appendix A, Table A3). Biofilm sample mhbiyt mean microbial cell counts of
130116 + 182195, 150797 + 185241 and 67922 + 12€FR3/100 ml were recorded in lactose,
nutrient and citrate media respectively for the miarg period (Appendix C, Figures C2A and
C2B). No significant seasonal response patternre@srded in all microbial cell count media, with
however a slight increase in microbial concentratiecorded in autumn (Figures 5.6A, B and C).
Biofilm microbial activity rates were predominantdy the maximum measured activity levels (i.e.
2) throughout the sampling period, with some sigaiit decreases in activity rates occasionally
recorded in winter (Appendix C, Figures C12C — CH2H Figures 5.6 D - 1). Lower microbial cell

counts were recorded from water column samplesithaiofilm.
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68



12 16

14
10 I

12

10

Methyl Red
o
VP
[eo)

ZF LR !

SP S A W) SP S A
Sampling time Sampling time

=

400

350 .

300

[
[SA]
o

Nitrates
N
o
o

150
100
50
|
L T ~
W) SP S A
Sampling time

Figure 5. 5 continued:Site R2Mgga-Pirie seasonal mean water column tialtoesponse@vith
95% confidence intervals) for the sampling peridd (inter; SP: spring; S: summer; A: autumn).
G: Methyl Red. H: Voges Proskeaur. I: Nitrate.

69



1.6E6 1E6
14E6 o _
8ES
1.2E6
1E6
@ © 6E5
c (%2}
2 8E5 g
5 @
zZ -
6E5 4E5
4E5
2E5
2E5
) T T ) T T
w SP S w SP S
Sampling time Sampling time
8E5 5
TES
4
6E5
. 5E5 3
Q >
© 45 =
b= >
O n
35 2
2E5
1
1E5 T
S
o—= 0
w SP S w SP S
Sampling time Sampling time
3.0 30
25 25
2.0 —o— —o— 2.0 T —o— —0—
@ 2
o] =
E 15 g 15
1.0 1.0
05 05
E
0.0 0.0
w SP S w SP S
Sampling time Sampling time
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Figure 5. 6 continued:Site R2ZMgqa-Pirie seasonal mean biofilm microbésonses (with 95%
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5.1.3. Site R2Buff-Horse

5.1.3.1 Water physico-chemical assessment

Appendix B, Figures B3A, B and C show mean DO, terafure and turbidity values recorded from
monthly mean values over the entire sampling perdéan values of 6.12 + 9.34 mg/l DO and
18.05 = 4.78°C were recorded. The DO and temperatfir7.39 +£ 1.56 mg/l and 16.1 + 3.88°C
respectively were recorded in spring. It was irdéng to note a significant temperature increase to
a mean of 24 + 0.5°C in summer whilst no major gesnwere recorded in DO concentrations as it
remained at 7.3 = 0.36 mg/l. This observation wasied through to autumn/winter, during which
7.4 £0.91 mg/l DO and 18.25 + 5.14°C temperatueeewecorded (Figure 5.7A and B).

Turbidity fluctuated within 15.28 + 8.75 NTU fordhsampling period and no significant seasonal
pattern was detected (Figure 5.7C). A mean alkglzoncentration of 104.35 £ 91.82 mg/l CaCO
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was recorded for the sampling period (Appendix BuFfe B3D), with a significant change from
225.8 £24.22 to 43.63 £ 29.2 mg/l CaC®hich was recorded as the mean value of spring and
summer/winter respectively (Figure 5.7D). A mean @t¥.34 + 0.64 was recorded from monthly
mean values for the sampling period (Appendix BuFe B3E). There was no significant difference
between pH values of 7.3 £ 0.92 recorded in spaimd) 7.4 + 0.5, which was recorded in summer to
winter (Figure 5.7E). A mean TH concentration 08B + 193.19 mg/l CaC{was recorded from
monthly mean values for the sampling period (AppenB, Figure B3F). A mean TH
concentrations of 477.33 £ 89.10, <17.9 = 0, <i8h@ 155.73 + 81.83 mg/l CaG@ere recorded

in spring, summer, autumn and winter respectivelgyre 5.7F). A mean sulphate concentration of
18.06 + 9.80 mg/l was recorded from monthly mealas for the sampling period (Appendix B,
Figure B3G), with seasonal patterns demonstratemidgn concentrations of 28.18 + 7.1, < 10 and
11.39 + 3.26 mg/l which were recorded in springnswer and autumn/winter respectively (Figure
5.6G). A mean EC of 52.73 + 38.2 mS/m was recofoed monthly mean values for the sampling
period (Appendix B, Figure B3H). Seasonal pattemese demonstrated by mean EC levels of
95 + 20.57 mS/m recorded in spring, 9.75 = 6.44mMmB summer, 21.76 + 9.75 mS/m in autumn
and 60 £ 16.91 mS/m in winter (Figure 5.7H). A m@4N concentration of 6.12 + 9.35 mg/l was
recorded from monthly mean values for the entiradang period (Appendix B, Figure B3I). A
maximum TIN concentration of 23 £ 0.01 mg/l wasameled in July 2007 thus contributing the
highest mean which was recorded in winter, whilgniaimum value of 0.1 + 0.002 mg/l was
recorded in October 2007 (Figure 5.71). A mean SRRAcentration of 0.85 = 1.23 mg/l was
recorded from monthly mean values for the entimaang period and a significant concentration
increase to 2.12 =+ 1.3 mg/l was recorded in Oct@bé7 (Figure 5.7J).
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Figure 5. 7: Site R2Buff-Horse seasonal mean water physico-at@mparameters (with 95%

confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:

Dissolved oxygen. B: Water temperature. C: Turgid: Alkalinity. E: Water pH. F: Total

hardness.
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Figure 5. 7 continued:Site R2Buff-Horse seasonal mean water physico-at@mparameters (with
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5.1.3.2 Microbiological assessments

There were no statistically significant differende$he measured water column results analysed for
both microbial cell counts and activity, with an ception of the Voges-Proskauer (VP)
measurements (Appendix A, Table A2). Water columsammicrobial cell counts of 12028 +
14647, 63359 + 122019 and 1889 + 2570 CFU/100 méwecorded in lactose, nutrient and citrate
media respectively over the entire sampling pe(gpendix C, Figure C3). It was interesting and
unexpected to recorded higher microbial cell coumt&/inter from all media when compared to
other seasons (Figures 5.7A, B and C). Water colkeoarded no significant microbial activity rate
changes between seasons, with an exeption of estrahich recorded higher rates in winter
(Figures 5.7D — | and Appendix C, Figure C3).
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Figure 5. 8: Site R2Buff-Horse seasonal mean water column rhiatoesponseévith 95%
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F: Motility.
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Figure 5. 8 continued:Site R2Buff-Horse seasonal mean water column miatebsponses (with
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There were no statistically significant differenaasbiofilm results analysed for microbial cell
counts from the lactose and citrate media, witlexgeption of nutrient broth microbial cell counts
which indicated significant difference between meaments (Appendix A, Table A3). Biofilm
samples recorded mean microbial cell counts of 420 + 153927.56, 169979.17 + 187641.6 and
36986.36 + 90469.48 CFU/100 ml in lactose, nutriantd citrate media respectively over the
sampling period (Appendix C, Figure C13A and C13&igher microbial cell counts were recorded
in winter and spring when compared with other seas@-igure 5.8A, B and C). Statistically
significant differences were indicated in biofilmamnobial activity analyses for nitrate reduction
(Appendix A, Table A3), due to higher activity rate winter than other seasons (Figure 5.81 and
Appendix C, Figure C13). Otherwise, no significafferences in microbial activity were noted
over seasonal changes (Figures 5.8D —I).
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Figure 5. 8: Site R2Buff-Horse seasonal mean biofilm microbgsponse$with 95% confidence
intervals) for the sampling period (W: winter; Spring; S: summer; A: autumn). A: Nutrient. B:
Lactose. C: Citrate. All three media cell count€iU/100 ml. D: Sulphur. E: Indole. F: Motility.
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Figure 5. 8 continued:Site R2Buff-Horse seasonal mean biofilm microbésponses (with 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). G:
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5.1.4 Site R2Buff-Kwabo
5.1.4.1 Water physico-chemical assessment
Appendix B, Figures B4A, B and C show the mean B¥mperature and turbidity values recorded
monthly over the entire sampling period. There waoestatistically significant differences in the
measured parameters over the entire sampling péApgendix A, Table Al). A mean DO
concentration and temperature of 7.79 + 1.46 mudl B8.92 + 5.08°C respectively were recorded.
The DO and temperature showed no seasonal pattedisated by mean values of 7.9 + 1.9 mg/I
and 19.8 + 5.5°C recorded in spring/summer, anightshange to 7.64 + 0.89 mg/l and 18.07 +
4.6°C in autumn/winter (Figure 5.9A and B). Turbyjdivas moderate, with a mean of 22.04 + 14.75
NTU for the entire sampling period. A maximum tuliby of 44.55 £ 2.51 NTU was recorded in
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January to March 2008 whilst a minimum value of §JAJ was recorded in June 2008. There were
no statistically significant differences in alkafinand pH measurements (Appendix A, Table Al).
A mean alkalinity of 94.47 + 46.81 mg/l Cag@as recorded from monthly mean values for the
entire sampling time (Appendix B, Figure B4D), wilkeasonal patterns demonstrated by mean
concentrations of 123.31 + 48.36 mg/l CaC0 spring followed by a decrease to 65.63 = 20.67
mg/l CaCQ in spring/autumn (Figure 5.9D). A mean pH of 7438.69 was recorded from monthly
mean values for the entire sampling period (AppeljiFigure B4E), with no significant seasonal

response pattern (Figure 5.9E).

There were no statistically significant differendasTH concentrations over the entire sampling
period (Appendix A, Table Al). A mean TH conceritratof 170.80 = 88.92 mg/| CaGQvas
recorded from monthly mean values for the entirading period (Appendix B, Figure B4F). A
mean spring TH concentration was 277.45 + 31.41 @@CQ;, followed by a decrease to <20 £ 0
mg/l CaCQ in summer and finally an increase to 152.15 + g CaCQ in autumn/winter
(Figure 5.9F). There were statistically significahtferences in sulphate concentrations over the
entire sampling period (Appendix A, Table Al). Ahsffe post hoc test identified that the
concentration of 10 + 0 mg/l SOrecorded in January 2008 was different to both mMmea
concentrations of 40.3 + 0.24 mg/l 5@ September 2007 and 40 + 1.5 mg/L,S®OFebruary 2008.

A mean sulphate concentration of 27.56 + 12.71 1@&@u was recorded from monthly mean values

for the entire sampling period (Appendix B, Figia4G).

Higher sulphate concentrations were recorded inewiand spring when compared to other seasons
(Figure 5.9G). This was probably as a result dtighing period in spring due to rainfall however,
this was definite due to inconclusive rainfall défgpendix D). Appendix B, Figure B4H shows
EC changes over the entire sampling time. Theree wsr statistically significant differences
between any EC measurements (Appendix A, Table Ai¢. maximum EC level with a mean of
78 £ 11.5 mS/m was recorded in spring, whilst aimim EC of 20 £ 8.56 mS/m was recorded in
summer (Figure 5.9H). Based on the mean rainfa#l decorded in these seasons, increased run-off
contribution to the river as a result of springnfall might have contributed to the increased EC
whilst sustained high rainfall and increased rivetumes might have resulted in salt and ion
dilution in summer, leading to lower EC levels (&malix D). Appendix B, Figures B4l and B4J
show that there were no statistically significaiftedences in the TIN concentrations changes over
the sampling period (Appendix A, Table Al). A meEN concentration of 9.28 + 5.20 mg/l was
recorded over the entire sampling period and highsr concentrations were recorded in winter
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and spring (Figure 5.91). There were statisticaklygnificant differences between SRP
concentrations (Appendix A, Table Al), and a Sahgibst hoc test identified that the SRP
concentration of 6 + 0.2 mg/l recorded in Octob@d2was statistically different to 0.5 £ 0.2 mg/I
recorded in January 2008. A mean SRP concentratich91 + 1.67 mg/l was recorded from

monthly mean values for the entire period.
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Figure 5. 9: Site R2Buff-Kwabo seasonal mean water physico-cbalhpiarameters (with 95%
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Figure 5. 9 continued:Site R2Buff-Kwabo seasonal mean water physico-cbalhparameters
(with 95% confidence intervals) for the samplingipeé (W: winter; SP: spring; S: summer; A:
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5.1.4.2 Microbiological assessment

There were no statistically significant differendasthe results for water column microbial cell
counts and activity over the entire sampling timwth the exceptions of nutrient media and VP
tests, which produced data that were different flmme another (Appendix A, Table A2). Water
column mean microbial cell counts of 49772 + 814798014 + 149024 and
26438 + 48627 CFU/100 ml were recorded in lactasatrient and citrate media respectively
(Appendix C, Figures C4A and C4B). Higher microlgall counts were recorded in autumn from
all media as compared to other seasons (Figur@AbB and C). No significant seasonal response
was noted from microbial activity analyses as a#it$ predominantly recorded maximum rates
(Figures 5.10D — | and Appendix C, Figures C4C EX4
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Figure 5. 10:Site R2Buff-Kwabo seasonal mean water column miatabsponseéwith 95%

confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:

Nutrient. B: Lactose. C: Citrate. All three medé&lcounts in CFU/100 ml. D: Sulphur.
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Figure 5. 10 continued:Site R2Buff-Kwabo seasonal mean water column miatabsponses
(with 95% confidence intervals) for the samplingipeé (W: winter; SP: spring; S: summer; A:
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84



There were no statistically significant differendesbiofilm microbial cell counts and activity
analyses (Appendix A, Table A3). The biofilm sangalecorded mean microbial growth cell counts
of 299463 + 154445, 313089 + 174603 and 14026958a% CFU/100 ml in the lactose, nutrient
and citrate media respectively (Appendix C, FigutdglA and C14B), with higher microbial cell
count recorded in winter when compared to othes@es (Figures 5.11A, B and C). No significant
difference in biofilm microbial activity rates wascorded between seasons as maximum rates were
recorded from all analyses with an excpetion afaté reduction which recorded lower activity rate

in winter (Appendix C, Figures C14C — C14E and Fegub.11D — ).
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Figure 5. 11:Site R2Buff-Kwabo seasonal mean biofilm microb&dponseéwith 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:
Nutrient. B: Lactose. C: Citrate. All three medé&lcounts in CFU/100 ml. D: Sulphur.
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Figure 5. 11 continued:Site R2Buff-Kwabo seasonal mean biofilm microbedponses (with 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). E:
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Water column and biofilm samples recorded comparatitrobial cell count patterns, in spite of
the former analysis recording higher microbial celunts. Microbial activity rates also indicated a
possible correlation between the water column aofilrn.

5.1.5 Site R2Buff-Kwami

5.1.5.1 Water physico-chemical assessment

Appendix B, Figures B5A, B and C shows mean DO,penaiture and turbidity recorded from
monthly mean values over the entire sampling peribldere were no statistically significant
differences (Appendix A, Table Al). A mean DO camtcation of 6.52 £ 1.90 mg/l was recorded
from monthly mean values for the entire samplingqee No significant seasonal changes were
recorded in DO concentrations even though winteonded the highest concentration than other
seasons (Figure 5.12A). It is worth noting a sigaifitly higher DO concentration than the mean
(8.41 £ 0.52 mg/l) recorded in October 2007 inespif increasing temperatures during this period
(Appendix B, Figures B5A and B). Temperature anthitlity of 19.48 + 5.04°C and 22.04 + 14.75
NTU respectively were recorded from monthly meatues for the entire sampling time. There
were no statistically significant differences ikallnity and pH values (Appendix A, Table Al). An
overall mean alkalinity concentration and pH of &3+ 63.80 mg/l CaC{and 7.48 + 0.98 were
recorded (Appendix B, Figures B5D and E). Highddahhity concentrations were recorded in
winter and spring when compared to other seasohdstwmean pH levels of 7.1 £ 1.14 in
spring/summer and 7.8 £ 0.7 autumn/winter showedaasonal pattern from this parameter (Figure
5.12E). There were no statistically significantfeliénces in TH concentrations overall (Appendix
A, Table Al). A mean TH concentration of 192.0226563 mg/l CaC® was recorded from
monthly mean values for the entire period (Appen@ix Figure 5BF). The maximum TH
concentration (57 £ 3.5 mg/l CagOwas recorded in spring, whilst a minimum of <1@/l
CaCQ occurred in February 2008 (Figure 5.12F). Thereevgatistically significant differences in
the sulphate results: 74.09 £ 8.79 mg/l,3€xorded in February 2008 was significantly défarto
both January (13.84 + 5.43 mg/l §Gnd March 2008 (17 = 0.24 mg/l §Qdata (Appendix B,
Figure B5G). The EC was 63.95 + 27.98 mS/m foreiigre sampling period (Appendix B, Figure
B5H). Summer recorded a significant EC decrease neean of 30 £ 11.5 mS/m (Figure 5.12H).
There were no statistically significant difference®oth TIN and SRP monthly measurements over
the whole sampling period (Appendix A, Table Aln dverall mean TIN concentration of 11.95 +
7.96 mg/l was recorded (Appendix B, Figure B5I) &gher TIN concentrations were recorded in
winter and spring than other seasons (Figure 5.1IHg SRP concentrations demonstrated no
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significant seasonal pattern (Figure 5.12J) andSR® concentration of 2.41 + 3.15 mg/l was

recorded from monthly mean values for the entiraeng period (Appendix B, Figure B5J).
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Figure 5. 12:Site R2Buff-Kwami seasonal mean water physico-chahparameters (with 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:
Dissolved oxygen. B: Water temperature. C: Turid: Alkalinity. E: Water pH. F: Total
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Figure 5. 12 continued:Site R2Buff-Kwami seasonal mean water physico-cbhahparameters
(with 95% confidence intervals) for the samplingipeé (W: winter; SP: spring; S: summer; A:
autumn). G: Sulphate. H: Electrical conductivityTbtal inorganic nitrogen. J: Soluble reactive
phosphate.

5.1.5.2 Microbiological assessments

There were no statistically significant differengesvater column samples analysed for microbial
cell counts and activity (Appendix A, Table A2). Wacolumn mean microbial cell counts of

40851 + 55958, 63115 + 72681 and 4819 + 5416 CRWMbDwere recorded in the lactose, nutrient
and citrate media respectively, and no season&trpatwere detected over the entire sampling
period (Appendix C, Figures C5A and C5B and Figds3A, B and C). Monthly and seasonal

mean analyses showed that high microbial activig wrevalent in all water column analyses over
the entire sampling period (Appendix C, Figures G5C5E and Figures 5.13D — I). However,

maximum activity rate was recorded in spring fromtitty, methyl red and nitrate tests (Figures

5.13F, G and I).
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Figure 5. 13:Site R2Buff-Kwami seasonal mean water column milaiesponseéwvith 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:
Nutrient. B: Lactose. C: Citrate. All three medé&lcounts in CFU/100 ml. D: Sulphur. E: Indole.
F: Motilty.
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Figure 5. 13 continued:Site R2Buff-Kwami seasonal mean water column miialesponses
(with 95% confidence intervals) for the samplingipeé (W: winter; SP: spring; S: summer; A:
autumn). G: Methyl Red. H: Voges Proskeaur. |: Nés.

There were no statistically significant differenagesiofilm analysed for microbial cell counts and
activity (Appendix A, Table A3). Biofiim samples aerded mean microbial cell counts of
362278 + 167979, 386475 + 199338 and 162085 + 16€43J/100 ml in the lactose, nutrient and
citrate media respectively over the sampling perigdlues of 25 x 10+ 23 x 1d CFU/100 ml
were recorded in both lactose and nutrient medispiing, followed by a subsequent increase to
5 x 10 + 0 CFU/100 ml in summer to winter (Appendix Cgiiies C15A and C15B and Figures
5.14A, B and C). Biofilm microbial activity ratesene predominantly at maximum measured
activity levels (i.e. microbial activity rate of 2yr all analyses (Appendix C, Figure C15) with an

exception of motility, methyl red and nitrate whislere higher in spring (Figures 14D — ).
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Figure 5. 14:Site R2Buff-Kwami seasonal mean biofilm microbi@éponsegwith 95%
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confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:

Nutrient. B: Lactose. C: Citrate. All three medé&lcounts in CFU/100 ml. D: Sulphur.
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Figure 5. 14 continued:Site R2Buff-Kwami seasonal mean biofilm microbes$ponses (with 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). E:
Indole. F: Motility. G: Methyl Red. H: Voges Proske. I: Nitrates.
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5.2 Results for sites in the lower catchment

5.2.1 Site R2Buff-Laing

5.2.1.1 Water physico-chemical assessment

Appendix B, Figures B6A, B and C show the mean B¥perature and turbidity recorded from
monthly mean values over the entire sampling peribldere were no statistically significant
differences in measured parameters over the esdinapling period (Appendix A, Table Al). A
mean temperature of 18.49 £ 5.49°C was recordeth froonthly mean values for the entire
sampling period with a seasonal pattern demonstrate a significantly gradual increase in
temperature from winter to summer and decreasingutumn (Figure 5.15B). An overall mean
turbidity of 33.58 + 28.44 NTU was recorded, witrsignificant increase to 110 + 8.49 NTU in
September 2007 (Figure 5.15C). There were no statlly significant differences in alkalinity and
pH over the entire sampling period (Appendix A, [Eahl). There were no significantly detectable
seasonal patterns in alkalinity and pH data (FigudébD and E). Mean values of 81.36 £ 19.71
mg/l CaCQ alkalinity and pH 8.33 + 0.71 were recorded fromntily mean values for the entire
sampling period (Appendix B, Figures B6D and E).efeh were no statistically significant
differences in TH and sulphate concentrations tiveisampling period (Appendix A, Table Al). A
mean TH concentration was 146.93 + 19.02 mg/l CafoOthe entire sampling period (Appendix
B, Figure B6F) and winter and spring recorded higledues than summer and autumn (Figure
5.15F). A mean sulphate concentration of 16.03 & g/l was recorded from monthly mean
values for the entire sampling period (Appendix Bgure B6G), with no detectable seasonal
pattern (Figure 5.15G). However, significant ingesin sulphate concentration to 27.5 £ 4 mg/I
and 22.96 = 7.47 mg/l were recorded in April andeJduly 2008 respectively. There were no
statistically significant differences in EC levelger the entire sampling period (Appendix A, Table
Al), and no seasonal pattern was detected (Figa&H). A mean EC of 47.56 £ 17.12 mS/m was
recorded from monthly mean values for the entinmeng period (Appendix B, Figure B6H).
There were no statistically significant differenceg IN and SRP concentrations overall (Appendix
A, Table Al). Mean concentrations of 3.09 + 5.19/IMigN and 1.06 + 1.64 mg/l POwere
recorded from monthly mean values for the entiradeng period (Appendix B, Figure B6l and
B6J). Seasonal changes were observed: concengratfol0.26 = 5.07 mg/l TIN and 3.52 + 1.11
mg/l PQ, were recorded in spring and 0.4 = 0.89 mg/l TIM aril4 + 0.14 mg/l POn summer to
winter (Figure 5.15I and J).
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Figure 5. 15:Site R2Buff-Laing seasonal mean water physico-et@iparameters (with 95%

confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:

Dissolved oxygen. B: Water temperature. C: Turgid: Alkalinity. E: Water pH. F: Total

hardness.
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Figure 5. 15 continued:Site R2Buff-Laing seasonal mean water physico-et&iparameters
(with 95% confidence intervals) for the samplingipeé (W: winter; SP: spring; S: summer; A:
autumn). G: Sulphate. H: Electrical conductivityTbtal inorganic nitrogen. J: Soluble reactive
phosphate.

5.2.1.2 Microbiological assessments

There were no statistically significant differencias water column microbial cell counts and
activity, with the exceptions of citrate microbedll counts and VP (Appendix A, Table A2). Water
column mean microbial cell counts of 14265 + 126066455 + 86355 and
2865 + 3884 CFU/100 ml were recorded in the lactos&ient and citrate media respectively over
the entire sampling period (Appendix C, Figures Co#d C6B) and no seasonal patterns were
detected (Figures 5.16A, B and C). Water microbel counts were higher in summer across all
media than in the other seasons (Appendix C, Figé®e and C6B). Predominantly maximal water
column microbial activity rates were recorded frathanalyses with no seasonal patterns detected
(Figures 5.16D —1).
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Figure 5. 16:SSite R2Buff-Laing seasonal mean water column rbiataesponsegvith 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:
Nutrient. B: Lactose. C: Citrate. All three medé&lcounts in CFU/100 ml. D: Sulphur. E: Indole.
F: Motility.
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Figure 5. 16 continued:Site R2Buff-Laing seasonal mean water column miedalesponses (with
95% confidence intervals) for the sampling peridd (vinter; SP: spring; S: summer; A: autumn).
G: Methyl Red. H: Voges Proskeaur. I: Nitrates.

There were no statistically significant differenaegshe biofilm microbial cell counts and activity
(Appendix A, Table A3). Biofilm samples recorded anemicrobial cell counts of 345582 +
150928, 341724 + 185246 and 79864 + 14633 CFU/10A the lactose, nutrient and citrate media
respectively over the entire sampling period (AmpenC, Figures C16A and C16B) with no
seasonal patterns detected (Figures 5.17D — I).

As observed earlier, higher microbial cell countyevrecorded in biofilm than in the water column
samples and both sample types recorded no detecabsonal patterns. However, a difference in

microbial activity was recorded between the two [senypes.

98



3E6

2.4E7
2.2E7 T
2.5E6
2E7 o
1.8E7
1.6E7 2E6
£ 14E7 §
Q -
£ 1.2E7 G 1586
-
Z 17
8E6 1E6
6E6
4E6 5E5
‘r 1 ; 1
o T — 0 =
SP S A w SP S A w
Sampling time Sampling time
1E6 4
8E5
3
" 6E5 =
o) £
E a2 —0— —0— —— ——
5} @
4E5
1
2E5
: T | s
T I T .
SP S A w SP S A w
Sampling time Sampling time
4 3.0
25
3
) 2 T
= =
1.0
1
0.5
E F
0 0.0
SP S A w SP S A w
Sampling time Sampling time

Figure 5. 17:Site R2Buff-Laing seasonal mean biofilm microbedponseéwith 95% confidence
intervals) for the sampling period (W: winter; Spring; S: summer; A: autumn). A: Nutrient. B:
Lactose. C: Citrate. All three media cell count€iBU/100 ml. D: Sulphur. E: Indole. F: Motility.
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Figure 5. 17 continued:Site R2Buff-Laing seasonal mean biofilm microbedponses (with 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). G:
Methyl Red. H: Voges Proskeaur. I: Nitrates.

5.2.2 Site R2Buff-Reest

5.2.2.1 Water physico-chemical assessment

There were no statistically significant differencesthe mean values of DO, temperature and
turbidity measured monthly mean values for thererdsampling period (Appendix A, Table Al).
Seasonal patterns were noted as follows: 7.78 & én@/l DO, 20.8 + 5.8°C temperature and
52.4 + 35.77 NTU for turbidity recorded in springsmer and 9.4 + 1.14 mg/l DO, 17.96 £ 4.1°C
and 17.91 £ 9.1 NTU recorded in autumn/winter (FegL8A, B and C). No seasonal patterns were
detected in alkalinity and pH values over the samgpperiod (Figure 5.18D and E). A mean
alkalinity was 71.60 £ 21.98 mg/l CaGQwhilst water pH was 8.03 + 1.29 for the entirenpling
period (Appendix B, Figures B7D and E). There waoestatistically significant differences in TH
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and sulphate concentrations over the sampling pippendix A, Table Al). Water at this site
ranged from being moderately soft to slightly hamdith a mean TH concentration of
122.57 + 34.48 mg/l CaGO(Appendix B, Figure B7F) and with no detected seabkattern
(Figure 5.18F). A mean sulphate concentration 063& 8.37 mg/l was recorded from monthly
mean values for the entire sampling period (AppeljiFigure B7G) with no significant seasonal
pattern noted (Figure 5.18G). There were no skailt significant differences in EC levels over
the entire sampling period (Appendix A, Table AThe mean EC of 59.23 £ 13.31 mS/m was
recorded from monthly mean values for the entimaang period (Appendix B, Figure B7H). It
was interesting to note lower EC levels in springnt other seasons, as it had been anticipated that

this season will record high EC levels as a resulicreased rainfall (Figure 5.18H).
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Figure 5. 18:Site R2Buff-Reest seasonal mean water physico-icla¢ parameters (with 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:
Dissolved oxygen. B: Water temperature. C: Turpid: Alkalinity.
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Figure 5. 18 continued:Site R2Buff-Reest seasonal mean water physico-clatparameters
(with 95% confidence intervals) for the samplingipeé (W: winter; SP: spring; S: summer; A:
autumn). E: Water pH. F: Total hardness. G: Sulphdt Electrical conductivity. I: Total inorganic
nitrogen. J: Soluble reactive phosphate.

102



There were no statistically significant differendasTIN and SRP concentrations over the entire
sampling period (Appendix A, Table Al). Mean corications of 7.20 £ 7.50 mg/l and
0.51 + 0.47 mg/l were recorded from TIN and SRPlaes respectively (Appendix B, Figures
B5.71 and J). Nutrient concentration seasonal chaegponse was demonstrated by mean TIN of
5.44 + 5.84 mg/l and SRP of 0.17 = 0.21 mg/l reedrah spring/summer and 9.67 + 9.11 mg/l TIN
and 0.98 + 0.28 mg/l SRP recorded in autumn/wi(feure 5.181 and J).

5.2.2.2 Microbiological assessments

Water column sample microbial cell counts and &@gtifAppendix C, Figure C1) recorded no
statistically significant differences between résulvith an exception of motility results (Appendix
A, Table A2). No seasonal patterns were observethen microbial growth cell count results
(Figures 5.19A, B and C). Water column mean miabldell counts of 16465 + 11972,
93736 + 124109 and 11849 + 16006 CFU/100 ml wecerded in the lactose, nutrient and citrate
media respectively over the entire sampling pel(@ppendix C, Figures C7A and C7B). High
microbial activity (i.e. activity rate of 2) wasaerded in water samples throughout the sampling
period from sulphur, indole and motility (Figuresl8D, E and F), whilst maximal activity rates
were recorded in spring from methyl red, Voges keaar and nitrate reduction as compared to

minimal rates whtich were recorded from the samarpaters in winter (Figures 5.19G —I).

There were no statistically significant differendasbiofilm microbial cell counts from lactose,
nutrient and citrate media (Appendix A, Table Ayater column mean microbial cell counts of
235897 + 103249, 365074 + 138735 and 112654 + 1980BU/100 ml were recorded in the
lactose, nutrient and citrate media respectivelgrathe entire sampling period (Appendix C,
Figures C17A and C17B) and no seasonal patterns meeorded (Figures 5.20A, B and C). High
microbial activity was recorded from all relevamiadyses over the entire sampling period and no
seasonal patterns were recorded (Appendix C, F3gGie’C — C17E). Water column and biofilm
microbial cell counts and activity data producethparable patterns (Figures 5.19D — | and Figures
5.20D -1).
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Figure 5. 19:Site R2Buff-Reest seasonal mean water column mekradsponseévith 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:
Nutrient. B: Lactose. C: Citrate. All three medé&lcounts in CFU/100 ml. D: Sulphur. E: Indole.
F: Motility.
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Figure 5. 19 continued:Site R2Buff-Reest seasonal mean water column mekadsponses (with
95% confidence intervals) for the sampling peridd (inter; SP: spring; S: summer; A: autumn).
G: Methyl Red. H: Voges Proskeaur. I: Nitrates.
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Figure 5. 20:Site R2Buff-Reest seasonal mean biofilm microleaponseéwith 95% confidence
intervals) for the sampling period (W: winter; Spring; S: summer; A: autumn). A: Nutrient. B:
Lactose. C: Citrate. All three media cell count€iU/100 ml. D: Sulphur. E: Indole. F: Motility.
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Figure 5. 20 continued:Site R2Buff-Reest seasonal mean biofilm microl®aponses (with 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). G:
Methyl Red. H: Voges Proskeaur. I: Nitrates.

5.2.3 Site R2Buff-Umtiz

5.2.3.1 Water physico-chemical assessment

Appendix B, Figures B8A, B and C show mean valueB©, temperature and turbidity recorded
from monthly means for the entire sampling peribldere were no significant statistical differences
in the measured parameters over the entire sampéirigd (Appendix A, Table Al). Mean values
of 8.73 £ 1.95 mg/l, 19.42 + 5.42°C and 41.06 £1PANTU were recorded as DO, temperature and
turbidity respectively for the entire sampling peti No significant seasonal pattern was noted on
DO data in spite of temperature changes (Figursfand B). A mean turbidity of 60.15 + 23.91
NTU recorded in spring/summer decreased to 22.88* NTU in autumn/winter (Figure 5.21C).
There were statistically significant differencesaikalinity concentrations over the entire sampling
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period (Appendix A, Table Al). A Scheffe post hoestt indicated that a mean alkalinity
concentration of 107.40 = 12.89 mg/l Cag€corded in July/August 2007 was significantly
different to 53.7 £ 0 mg/l CaCQwhich was recorded in July/August 2008. A mearalatity of
79.80 £ 24.50 mg/l CaCOwas recorded from monthly values for the entirengang period
(Appendix B, Figure B8D). There were no statisticalgnificant differences in pH levels over the
entire sampling period, and a mean pH of 8.07 D Was recorded from monthly values over the
same period (Appendix B, Figure B8E). There werestatistically significant differences in TH
and sulphate concentrations over the entire sampkmiod (Appendix A, Table Al). There was no
seasonal pattern detected in TH concentrationsttreeentire sampling period (Figure 5.21F) and a
mean TH concentration of 146.93 + 19.02 mg/l Ca@@s recorded from monthly measurements
for the entire sampling period (Appendix B, Figld®F). Mean sulphate concentration of 19.10 +
7.50 mg/l was recorded over the entire samplingpdgAppendix B, Figure B8G) and no seasonal
pattern was detected (Figure 5.21G) There werdaistically significant differences in EC levels
over the entire sampling period (Appendix A, TaBlg), and no seasonal pattern was detected
(Figure 5.21H). A mean EC of 66.99 * 13.46 mS/m vex®rded from monthly measurements for
the entire sampling period (Appendix B, Figure B8Hhere were no statistically significant
differences in TIN and SRP concentrations overehere sampling period (Appendix A, Table
Al). Mean nutrient concentrations of 7.47 + 8.02/ImMgN and 0.43 = 0.39 mg/l SRP were
recorded over the entire sampling period (Apper8lixFigures B8l and J). The TIN and SRP
followed comparable seasonal patterns, with TINM@8 + 3.51 mg/l, 3.69 + 4.06 mg/l, 11.16 +
12.95 mg/l and 13.03 £ 8.96 mg/l recorded in spreygnmer, autumn and winter respectively and
the SRP of 0.5 + 0 mg/l, 0.3 = 0.25 mg/l, 0.88 @80mg/lI and 0.77 + 0.29 mg/l recorded over the

same periods (Figures 5.211 and J).
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Figure 5. 21:Site R2Buff-Umtiz seasonal mean water physico-chahgarameters (with 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:
Dissolved oxygen. B: Water temperature. C: Turgid: Alkalinity. E: Water pH. F: Total
hardness.
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Figure 5. 21 continued:Site R2Buff-Umtiz seasonal mean water physico-cbhahparameters
(with 95% confidence intervals) for the samplingipe (W: winter; SP: spring; S: summer; A:
autumn). G: Sulphate. H: Electrical conductivityTbtal inorganic nitrogen. J: Soluble reactive
phosphate.

5.2.3.2 Microbiological assessments

There were no statistically significant differendasthe water column microbial cell counts and
activity results, with the exceptions of motilitywéh VP (Appendix A, Table A2) Water column
mean microbial cell counts of 88765 + 153168, 1@234198 and 9250 + 16711 CFU/100 ml
were recorded in the lactose, nutrient and citnagedia respectively over the entire sampling period
(Appendix C, Figures C8A and C8B) and no seasoldtieps were detected in all analyses
(Figures 5.22A, B and C). Higher microbial acte#iin water column samples were recorded in
sulphur, indole and methyl red analyses (Figur@23, E and G), whilst higher activity rate was
recorded from nitrate in spring when compared keoseasons (Figure 5.221).
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Figure 5. 22:Site R2Buff-Umtiz seasonal mean water column milaiesponseéwvith 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:
Nutrient. B: Lactose. C: Citrate. All three medé&lcounts in CFU/100 ml. D: Sulphur. E: Indole.
F: Motility.
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Figure 5. 22 continued:Site R2Buff-Umtiz seasonal mean water column miedalesponses (with
95% confidence intervals) for the sampling peridd (inter; SP: spring; S: summer; A: autumn).
G: Methyl Red. H: Voges Proskeaur. I: Nitrates.

There were no statistically significant differendesbiofilm microbial cell counts and activity

results (Appendix A, Table A3) Biofilm mean micrabicell counts of 251002 + 154364,
396606 + 123265 and 85604 + 123298 CFU/100 ml weoerded in the lactose, nutrient and
citrate media respectively over the entire sampfiergod (Appendix C, Figures C18A and C18B)
with no seasonal patterns detected (Figures 5.B&nd C). Biofilm microbial activity data

patterns were comparable to water column resut® fihis site (Appendix C, Figures C8C — C8E
and C18C — C18E and Figures 5.23D —I).

112



8E6

2.4E7
2.2E7 T 7E6
2E7 -
1.8E7 6E6
L6E7 5E6
% 1.4E7 _ 3
£ 1267 g 4E6
2 3
1E7 3E6
8E6
6E6 2E6
4E6
1E6
2E6[ E | B T
0 0
w SP S w SP S
Sampling time Sampling time
6E5 3
5E5
4E5 2 —o— —o—
» =
Q >
365 =
b= >
O n
2E5 1
1E5 E
C D
0 0
w SP S w SP S
Sampling time Sampling time
5 5
4 _ 4
3 3
@ 2
S ;
£ =
2 —— —— 2 —o—
1 1
E F
0 0
w SP S w SP S
Sampling time Sampling time

Figure 5. 23:Site R2Buff-Umtiz seasonal mean biofilm microbiesponseéwith 95% confidence
intervals) for the sampling period (W: winter; Spring; S: summer; A: autumn). A: Nutrient. B:
Lactose. C: Citrate. All three media cell count€iBU/100 ml. D: Sulphur. E: Indole. F: Motility.
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Figure 5. 23 continued:Site R2Buff-Umtiz seasonal mean biofilm microbies$ponses (with 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). G:
Methyl Red. H: Voges Proskeaur. I: Nitrates.

5.3 Results for sites in the Yellowwoods River

5.3.1 Site R2Yello-Fortm

5.3.1.1 Water physico-chemical assessment

Appendix B, Figures B9A, B and C show the mean eslof DO, temperature and turbidity
recorded monthly over the entire sampling peridaer€ were statistically significant differences in
DO concentrations (Appendix A, Table Al). A Scheffest hoc test indicated that a DO
concentration of 17.18 + 3.24 mg/l recorded in Astg2007 was statistically different to all other
DO measurements, but an error with the field metight have contributed to this abnormally high
concentration. A transcription error from the dsl@et to the spreadsheet might have also resulted

to the addition of 1 in front of 7, resulting to.18 mg/l DO. An overall mean DO concentration of
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9.03 + 3.04 mg/l was recorded from monthly values the entire sampling period. A seasonal
pattern was demonstrated, with 8.94 + 4.2 mg/l BGorded in spring/summer and 9.13 = 1.32
mg/l in autumn/winter (Figure 5.24A). A mean tengiere of 19.81 + 5.72°C was recorded from
monthly values for the entire sampling period. gnglicant seasonal pattern was demonstrated by
mean temperature changes from 21.04 +7.1 to H5.&°C recorded in spring/summer to
autumn/winter respectively (Figure 5.24B). A mearbidity of 30.63 £ 22.96 NTU was recorded
from monthly values for the entire sampling periddseasonal pattern was demonstrated by a
turbidity increase from 32.92 + 28.1 NTU recorded spring/summer to 104.42 £ 17.45 NTU
recorded in autumn/winter (Figure 5.24C). There ewstatistically significant differences in
alkalinity concentrations over the entire samplpeyiod (Appendix A, Table Al), and a Scheffe
post hoc analysis showed that 167.07 £ 17.9 mglC@arecorded in October 2007 was
significantly different to 53.7 =+ 0 mg/l CaGQecorded in March 2008. A mean alkalinity of
133.50 £ 48.94 mg/l CaCOwas recorded from monthly values for the entirengang period
(Appendix B, Figure BOD) and concentrations of 582+ 23.47 and 104.42 + 51.11 mg/l CaO
were recorded from the mean of spring/summer atuhauwinter respectively (Figure 5.24D). A
water pH of 8.05 £ 1.05 was recorded from monthglues for the entire sampling period
(Appendix B, Figure B9E), with no significant seaab pattern (Figure 5.24E). There were no
statistically significant differences in TH and glohte concentrations over the entire sampling
period (Appendix A, Table Al). A TH concentratioh2y6.70 + 58.54 mg/l CaCQwas recorded
from monthly values for the entire period (Appendix Figure BOF) and the data followed no

detectable seasonal pattern (Figure 5.24F).

A mean sulphate concentration of 23.10 + 11.02 mg% recorded from monthly values for the
sampling period (Appendix B, Figure B9G). Mean salge concentrations of 35.12 + 1.42, 11.31 *
3.74 and 25.37 £9.25 mg/l were recorded in spregnmer and autumn/winter respectively,
showing seasonally variation (Figure 5.24G). Theege statistically significant differences in EC
levels over the sampling period (Appendix A, Tallgé) as a result of differences between
10.17 £ 0.01 mS/m recorded in July 2007 and 14918 2nS/m in August/September 2007. The
water EC of 6.9 + 0 mS/m observed in March 2008 alae different to 129.48 + 10.44 mS/m
recorded in July/August 2008. A mean EC of 92.632t13 mS/m was recorded from monthly
values for the sampling period (Appendix B, Figg&@H). Significant seasonal pattern in EC data
was demonstrated by 136.75 + 19.05, 45.67 + 30003140.8 + 39.95 mS/m which were recorded
in spring, summer and autumn/winter, respectivéligyre 5.24H). There were no statistically
significant differences in TIN and SRP concentnagiover the sampling period (Appendix A, Table
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Al). Mean concentrations of TIN and SRP of 5.87.605ng/l and 0.53 £ 0.53 mg/l respectively
were recorded from monthly values for the entim@iang period (Appendix B, Figures B9l and J)

and no seasonal patterns were detected (Figurésdna J).
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Figure 5. 24:Site R2Yello-Fortm seasonal mean water physiconeted parameters (with 95%
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Figure 5. 24 continued:Site R2Yello-Fortm seasonal mean water physiconite parameters
(with 95% confidence intervals) for the samplingipe (W: winter; SP: spring; S: summer; A:
autumn). G: Sulphate. H: Electrical conductivityTbtal inorganic nitrogen. J: Soluble reactive
phosphate. E: Water pH. F: Total hardness.
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5.3.1.2 Microbiological assessments

There were no statistically significant differendasthe water column microbial cell counts and
activity in all analyses (Appendix A, Table A2),dano seasonal patterns were detected (Appendix
C, Figure C9). Water column mean microbial cell msuof 9893 + 18652, 130211 + 170515 and
4948 + 12577 CFU/100 ml were respectively recorddtie lactose, nutrient and citrate media over
the entire sampling period (Appendix C, Figures C&Ad C9B) and all analyses showed no
significant seasonal response (Figure 5.25A, B @hdWater column microbial activity data
followed no seasonal patterns with an exceptiomethyl red and nitrate reduction which recorded

higher activity in spring (Figures 5.25D —1)..
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Figure 5. 25:Site R2Yello-Fortm seasonal mean water columnabiel response@vith 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:
Nutrient. B: Lactose. C: Citrate. All three medé&lcounts in CFU/100 ml. D: Sulphur.
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Figure 5. 25 continued:Site R2Yello-Fortm seasonal mean water column rbietoesponses
(with 95% confidence intervals) for the samplingipé (W: winter; SP: spring; S: summer; A:
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There were no statistically significant differendesbiofilm microbial cell counts and activity
(Appendix A, Table A3). Biofilm mean microbial celicounts of 292393 + 164965,
336769 + 195951 and 166789 + 181493 CFU/100 ml weoerded in the lactose, nutrient and
citrate media respectively over the entire sampliAgpendix C, Figure C19A and C19B) and
higher microbial growth were recorded in winter whempared to other seasons (Figures 5.26A,
B and C). Biofilm microbial activities were predamantly at maximal activity levels and no
seasonal patterns were detected in all analysepef®hx C, Figure C19C — C19E) except for
motility, Voges Proskeaur and nitrate reductionigeshich showed higher activity rates in spring

than other seasons (Figures 5.26D — ).
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Figure 5. 26:Site R2Yello-Fortm seasonal mean biofilm microbedponsegwith 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:
Nutrient. B: Lactose. C: Citrate. All three medé&lcounts in CFU/100 ml. D: Sulphur.
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Figure 5. 26 continued:Site R2Yello-Fortm seasonal mean biofilm microloedponses (with 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). E:
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5.3.2 Site R2Yello-Londs

5.3.2.1 Water physico-chemical assessment

Appendix B, Figures B10A, B and C show mean vahieBO, temperature and turbidity recorded
from monthly values for the entire sampling periothere were no statistically significant
differences in the measured parameters over thee esampling period (Appendix A, Table Al).
An overall mean DO concentration of 8.85 + 1.99 Imagis recorded from monthly values for the
entire sampling period. The seasonal pattern wamdstrated by the mean DO of 7.99 = 1.32 mg/I
in spring/summer, followed by an increase to 1&@19 mg/l in autumn/winter (Figure 5.27A). A
mean temperature of 19.99 + 5.65°C and mean tayloedil7.06 + 11.77 NTU were recorded from
monthly values for the sampling period. No sigrafit seasonal pattern was recorded from turbidity
data (Figure 5.27C). There were statistically digant differences in alkalinity concentrations ove
the sampling period (Appendix A, Table Al), andch&fe post hoc test indicated that the spring
mean alkalinity of 223.64 + 19.08 mg/l Cag€®as significantly different to 67.13 + 17.14 mg/I
CaCQ recorded in January to February 2008 (Appendix iBufe B10D). A mean alkalinity of
174.49 £ 65.95 mg/l CaCGOwas recorded from monthly values for the entiren@ang period
(Appendix B, Figure BD). There were no statistigadignificant differences in pH values over the
sampling time (Appendix A, Table Al). A mean wajatl of 8.34 + 1.04 was recorded from
monthly values for the entire sampling time (Appe&rgl, Figure B10E). A significant pH decrease
to 5.25+0.04 was recorded in October 2007, pbsdéading to lower pH mean which was
recorded in spring than other seasons (Figure 9.2TkRere were no statistically significant
differences in TH and sulphate concentrations elersampling period (Appendix A, Table Al),
and no seasonal patterns were detected (Figured-%aRd G). A mean TH concentration of
311.01 + 88.77 mg/l CaCGQand sulphate of 12.09 + .44 mg/l were recorded dter sampling
period (Appendix B, Figure B10F and G). There waoestatistically significant differences in EC
values over the sampling period (Appendix A, TaBAlB, and no seasonal pattern was detected
(Figure 5.27H). A mean EC of 77.62 = 31.43 mS/m wasorded over the sampling period
(Appendix B, Figure B10H), with one significant dease, to 2.5 £ 0.85 mS/m, in February 2008,
which might have led to lower EC levels in sumntgrt other seasons (Figure 5.27H). A mean
TIN concentration of 1.36 £ 2.28 mg/l was recorde@r the entire sampling period (Appendix B,
Figure B10Il). Spring recorded the highest TIN coiions than other seasons, whilst no
significant difference existed in TIN values of smer, autumn and winter (Figure 5.271). There
were statistically significant differences in SR¥hcentrations over the sampling period (Appendix
A, Table Al), and a Scheffe post hoc test indicated the 1.76 £ 0.58 mg/l SRP recorded in
January 2008 was significantly different to all@tldata points. A mean SRP concentration of 0.25
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+ 0.51 mg/l was recorded from monthly values fa sampling period (Appendix B, Figure B10J)
and no clear seasonal pattern was detected (FigRrd).
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Figure 5. 27:Site R2Yello-Londs seasonal mean water physicorate parameters (with 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:
Dissolved oxygen. B: Water temperature. C: Turgid: Alkalinity. E: Water pH. F: Total
hardness.
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Figure 5. 27 continued:Site R2Yello-Londs seasonal mean water physicorate parameters
(with 95% confidence intervals) for the samplingipeé (W: winter; SP: spring; S: summer; A:
autumn). G: Sulphate. H: Electrical conductivityTbtal inorganic nitrogen. J: Soluble reactive
phosphate.

5.3.2.2 Microbiological assessments

There were no recorded statistically significarftedences in water column microbial cell counts
and activity results over the sampling period (Apgie A, Table A2). This site recorded lower
water microbial cell counts compared to other egfee sites, demonstrated by the mean microbial
cell counts of 10915 + 22532, 16733 + 19434 andb86832882 CFU/100 ml which were recorded
in the lactose, nutrient and citrate media over ghepling period, respectively (Appendix C,
Figures C10A and C10B). No obvious seasonal pateare observed in the microbial cell counts
even though winter clearly recorded higher micrbb&l counts when compared to other seasons

(Figures 5.28A, B and C). Though microbial actiwigs lower in this site compared to other site,
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spring recorded higher activity rates in Voges Reasr and nitrate reduction analyses (Figures
5.28D — | and Appendix C, Figures C10C — C10E).
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Figure 5. 28:Site R2Yello-Londs seasonal mean water column rhiat@esponsegwith 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:
Nutrient. B: Lactose. C: Citrate. All three medé&lcounts in CFU/100 ml. D: Sulphur. E: Indole.
F: Motility.

125



Methyl Red
t
?
i
t
VP

W SP S A W SP S A
Sampling time Sampling time

Nitrates

? I

W SP S A
Sampling time

Figure 5. 28 continued:Site R2Yello-Londs easonal mean water column microbial responses
(with 95% confidence intervals) for the samplingipeé (W: winter; SP: spring; S: summer; A:
autumn). G: Methyl Red. H: Voges Proskeaur. |: Nés.

Biofilm microbial cell counts in the lactose andraie were statistically significant different from
one other over the sampling period (Appendix A, [€ah3), with no obvious seasonal patterns
(Appendix C, Figures C20A and C20B and Figure 5.29DMean biofilm microbial cell counts of
181921 + 199472, 220795 = 205715 and 56460 + 9&352/100 ml were recorded in the lactose,
nutrient and citrate media respectively over thedang period (Appendix C, Figures C20A and
C20B). Maximal activity rates were record from atlalyses with exception Voges Proskeaur and
nitrate reduction which recorded higher rates inngpwhen compared to other seasons (Figures
5.29D - | and Appendix C, Figures C20C — C20E).
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Figure 5. 29:Site R2Yello-Londs seasonal mean biofilm microbésponseéwvith 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). A:
Nutrient. B: Lactose. C: Citrate. All three medé&lcounts in CFU/100 ml. D: Sulphur. E: Indole.
F: Motility.

127



Methyl Red
t
?
i
t
VP

W SP S A W SP S A
Sampling time Sampling time

Nitrates

? I

W SP S A
Sampling time

Figure 5. 29 continued:Site R2Yello-Londs seasonal mean biofilm microbesponses (with 95%
confidence intervals) for the sampling period (Whter; SP: spring; S: summer; A: autumn). G:
Methyl Red. H: Voges Proskeaur. I: Nitrates.

5.4 Potentially present species in the Buffaolo Rer as per matrix

According to the matrix in Table 4.1, site R2Bufalfen data indicated a possibility of the presence
of the following organismsAcetobacterspp., Nitrobacter spp., Acinetobacterspp., Azotobacter
spp., Thiobacillusspp.,Klebsiellaspp and Pseudomonaspp., whilst site R2ZMgga-Pirie recorded
the presence dkcetobacteispp.,Acinetobacterspp. andrlhiobacillusspp. Microbiological matrix
showed that all Buffalo River monitoring sites,ederence site R2Buff-Umtiz and R2Yello-Fortm
data were indicative of the presence of the folfmworganismsAcetobactesspp.,Nitrobacterspp.,
Acinetobacterspp., Azotobacterspp., Thiobacillus spp., Klebsiella spp. and Pseudomonaspp.
whilst site R2Yello-Londs recorded the possibilby the presence oAcinetobacterspp and

Thiobacillusspp
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5.5  Water physico-chemical present state assessmdéart sites in the Buffalo River

catchment

A present ecological state assessment of wateityjuaking the selected parameters from the
current study, was performed according to ecoldgeserve determination methodology (Paleer
al., 2004, Kleynhans et al., 2005; Kleynhans and La2@07). Table 5.1 shows the present state for
selected water physico-chemical parameters of thféa®, Mggakwebe and Yellowwoods Rivers
and this present state analysis is compared tdtsdsum the previous study undertaken by Maseti
(2005). The values listed in Table 5.1, to obthiem PES category, were calculated as follows: 5th
percentile was used to determine DO category! @ércentile was used to determine the EC
category; pH category was determined using b8taril 9%' percentiles; TIN and SRP categories
were determined using Bercentiles. These values were compared to thehbeark boundary
values to obtain the associated category (Kleyneard, 2005).
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5.5.1 Recalibration of benchmark boundary values

Results from this study, as well as a previous\si{iRHP, 2004), recorded high nutrient and EC
concentrations that resulted in the reference bty categorized as impacted. This suggested that
site-specific recalibration of benchmark boundagyues. However, due to the short data record
from the current study, the most recent five ygaf02-2007) TIN and SRP data were obtained
from the Department of Water Affairs and ForesiDYW(AF) Resource Quality Services (DWAF,
2008) for the following water quality monitoring ipts: R2H001QO01 (R2Buff-Maden),
R2H006Q01 (R2Mgga-Pirie), Not Available (N/A) (R2BWmtiz) and N/A (R2Yello-Londs). The
50" percentile of SRP and TIN concentrations was detexd using Statistica 8 to enable
recalibration of benchmark boundary values. Theadakere categorized using benchmark
boundaries for TIN and SRP concentrations (Kleyshetnal., 2005; Kleynhans and Louw, 2007).
There were no differences in the”5|ﬁ1ercentiles of TIN concentrations of the presémtysand the
DWAF data. The median TIN concentration in R2Buf&édén was 0.114 mg/l in the past five years
and 0.16 mg/I for the current study. Though DWAFRad®corded a slightly lower B(ercentile of
TIN concentration, the calculations were performesing the available nitrate and ammonia
concentration data, and missing nitrite concemtratiata. Thus, recalibration of the benchmark
boundaries using these incomplete data could raswtbiased TIN benchmark boundary value,
which did not take into account nitrite concentratcontributions in TIN concentration. The SRP
concentration of 0.0175 mg/l recorded at R2Buff-kladn the DWAF data was lower than 0.1
mg/l in the current study data. Data were insugfitito perform a site-specific recalibration of SRP
benchmark boundary with any degree of confidendeoas 2002 to 2007 data, there were missing
on not available data. The SRP values categoripntia thhe present and DWAF data as Fair. The
present state was described by the physico-cheindek for selected water quality parameters as
experiencing large water quality changes, whilgt IWAF data were described as experiencing
moderate water quality changes. The DWAF data frR@Mgqga-Pirie recorded nutrient
concentrations that were significantly higher tthose recorded in the present study. A median
TIN concentration of 0.38 mg/l and SRP of 0.024 Imgére recorded. However, data were
insufficient to recalibrate benchmark boundary ealuHighly inconsistent and insufficient data
from sites R2Buff-Umtiz and R2Yello-Londs were ipappriate for recalibration of benchmark
boundary values to site-specific values.
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5.5.2 Water quality present state assessments fates in the upper Buffalo River catchment

The upper catchment reference sites R2Buff-MadenR2Mgqga-Pirie were similar in terms of the
benchmark boundary categories for all analysed meaiality parameters (Table 5.1). According to
Eekhoutet al (1996), a reference condition should imply lowartjes due to impacts. It was
presumed that these sites would display such dmaistcs, taking into consideration their
geographic locations and the minimal anthropogenjacts they experience. R2Buff-Maden and
R2Mgqa-Pirie fell within the Natural category foitNl The TIN at site R2Mgqa-Pirie from the
current study showed some improvement in the TINg@y as compared to a Fair category,
reported by Maseti (2005). The SRP concentratioesewhigher at these reference sites than
expected values from typical reference sites, witgh R2Buff-Maden having twice the 0.052 mg/I
which was recorded at R2Mgqga-Pirie. R2Buff-Maderd &2Mgqa-Pirie fell within the Fair
category of SRP benchmark boundary, thus showingesmprovements in SRP when compared to
a Poor category that was reported by Maseti (2008)ese sites (Table 5.1). Elevated EC levels of
122 mS/m recorded from site R2Buff-Maden led toclessification as Fair whilst the 83.1 mS/m
which was recorded in R2ZMgga-Pirie led to clasatimn of this site as Good. According to Maseti
(2005), site R2Buff-Maden was categorised usinglde@chmark boundary value as Good whilst
R2Mgqa-Pirie was Natural. Turbidity fell within 20@d category in both sites (Table 5.1).

The monitoring point R2Buff-Horse at the HorsesBead, had similar DO (Fair) and SRP (Fair)
categories as the upper catchment reference sisea,result of "5 percentile 5.32 mg/l DO and
median 0.09 mg/l SRP recorded at this site (Tablg. SAccording to Maseti (2005) SRP was
categorised as Poor at this site in 2005. EC waegoased as Fair at R2Buff-Horse as a result of
the 95" percentile being 123.9 mS/m (Table 5.1). A tutlyidhcrease to 33.5 NTU indicated
possible increase in suspended organic matter aiodolial concentrations thus suggesting
increased primary production activities. This sgeexposed to different activities, ranging from
receiving irrigation scheme runoff, sand quarryimgter collection and being used as a livestock
drinking point, suggesting possible sources ofeased turbidity. R2Buff-Kwabo is downstream of
King Williams Town and is therefore exposed to @drianthropogenic activities. Water quality
impairments were recorded at this site as indicdgdncreased nutrient concentrations i.e. the
median TIN being 7.6 mg/l and median SRP reachiBg ing/l, resulting in classification for the
nutrients in the present state as Poor. Systerablad values and categories were comparable to the
upper catchment reference sites (Table 5.1). Homvenereased turbidity to 46 NTU suggested

possible increases in suspended microbes’ contemsa There were no available water quality
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present state assessment data for comparison Wwéh ptevious study. R2Buff-Kwami is
downstream of site R2Buff-Kwabo, and demonstratecoatinued water quality decline when
assessed using selected parameters. A median Hid¢wmation of 13.19 mg/l was recorded at this
site, leading to TIN classification as Poor. A nadSRP concentration of 0.75 mg/l recorded at
this site led to its classification a Poor and ¢hetere no available previous data for comparison
(Table 5.1). Electrical conductivity levels of 8&8d 92.2 mS/m were recorded at sites R2Buff-
Kwabo and R2Buff-Kwami. These levels were lowerntlthe upper catchment reference sites,
leading to classification of these sites as Faab{& 5.1).

5.5.3 Water quality present state assessments fates in the lower Buffalo River catchment
R2Buff-Laing is located in the lower catchment, dastveam of Laing Dam. Nutrient
concentrations decreased to median 0.18 mg/l TtNnaedian 0.16 mg/l SRP at this site compared
to the upstream sites R2Buff-Kwabo and R2Buff-Kwaeven though both TIN and SRP were
categorized as Poor (Table 5.1). EC was also casegloas Good. These results indicated possible
recovery, probably as a result of suspended orgaaiter settling behind the Laing Dam wall, as
suggested by Palmer and O’Keeffe (1989). It is twmehile to note that this site recorded nutrient
concentrations that were lower than the lower cataft reference site R2Buff-Umtiz (Table 5.1).
R2Buff-Reest is downstream of Bridle Drift Dam a@adexposed to varied anthropogenic activities.
This site was comparable to the reference site RAButiz (Table 5.1). Higher TIN and SRP
concentrations of 3.55 mg/l and 0.38 mg/l respetyived to its classification as Fair for TIN and
Poor for SRP. O’Keeffet al (1996) reported that a maximum of 15 mg/I,R@s measured in the
inflows of Bridle Drift Dam, which includes diffuseflow from the Mdantsane STW. R2Buff-
Reest EC levels were categorised as Good (Table B2Buff-Umtiz is a reference site at the
protected Umtiza Coastal Nature Reserve. Mediacergmations of 3.85 mg/l TIN and 0.42 mg/I
SRP were recorded from this site and were compartabthe monitoring site R2Buff-Reest. The
TIN and SRP were respectively categorized as PodrFair. EC fell within a Fair category of the
benchmark boundaries.
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Table 5. 1: Present ecological state assessments of selectachgtars for the upperand lowef catchment of the Buffalo River, the

Mggakwebé and YellowwoodSRivers.

REFERENCE SITES FROM BUFFALO, MGQ WAKEBE AND YELLOWWOODS RIVERS
Site R2Buff-Maden’ R2Mgqa-Pirie® R2Buff-Umtiz” R2Yello-Londs’
Values PES 0¢ PES 0! Values PES 0¢ PES 0! Values PES 0¢ PES 0! Values PES 0¢ PES 0!

DO 6.32 Fair ND 5.9¢ Fair ND 6.5: Fair ND 6.7- Fair ND
pH 5" 5.3¢ 5.2¢ 4.8¢ 5.27
pH 95" 7.92 Fair Natural 7.5 Fair Natural 8.9¢ Poor ND 9.Z Fair ND
EC 122 Fair Natura 83.1 Gooc Natura 90.: Fair ND 1009.¢ Fair ND
TIN 0.11 Natura Natura 0.1¢ Natura Fair 3.8t Fair ND 0.2¢ Gooc ND
SRF 0.1C Fair Pool 0.0t Fair Pool 0.4z Pool ND 0.0t Fair ND
Turb. 20.7¢ Gooc ND 69 Gooc ND 87.4 Fair ND 35 Fair ND
MONITORING SITES FROM BUFFALO AND YELLOWWOODS RIVER £
Site R2Buff-Horse’ R2Mgga-Kwabo® R2Buff-Kwami® R2Buff-Laing?

Values | PES 0¢ PES 0! Values PES 0¢ PES 0! Values PES 0¢ PES 0! Values PES 0¢ PES 0!
DO 5.32 Fair ND 5.6¢ Fair ND 4.0¢ Fair NS 6.6¢ Fair NS
pH 5th 6.0¢ 5.5¢ 5.87 7.0¢
pH 95" 8.41 Good Natural to Good 8.4¢ Fair ND 8.8¢ Fair NS 9.4 Fair NS
EC 123.¢ | Fair Fair 88.¢ Fair ND 92.2 Fair NS 68.7 Gooc NS
TIN 0.82 Fair Fair 7.6( Pool ND 13.1¢ Pool NS 0.1¢ Pool NS
SRF 0.0¢ Fair Pool 1.32 Pool ND 0.7t Pool NS 0.1¢ Pool NS
Turb. 33.t Fair ND 46 Fair ND 122 Pool NS 104 Fair NS
Site R2Buff-Rees’ R2Yello-Fortm?

Values | PES 08 PES 05 Values PES 08 PES 0%
DO 6.9 Fair NS 6.1¢€ Fair ND
pH 5th 4.8t Pool NS 5.8 Fair ND
pH 95th 9.4¢ NS 9.37 ND
EC 79.¢ Gooc NS 150.¢ Fair ND
TIN 3.5¢ Fair NS 3.2¢ Fair ND
SRF 0.3¢ Pool NS 0.37 Fair ND
Turb. 128.¢ | Pool NS 69 Fair ND

" PES 08 denotes categories of present state of gaadity from this study whilst PES 05 denotesegaties from the study by Maseti (2005). DO — digsboxygen

(mgll), EC — electrical conductivity (mS/m), TINtetal inorganic nitrogen (mg/l), SRP — soluble teacphosphate (mg/l), ND — no data and NS — nésvreat sampled by
Maseti (2005).
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5.5.4 Water quality present state assessments fates in the Yellowwoods River

The Yellowwoods River’'s contributions to environrtednvater quality in the Buffalo River were
assessed. R2Yello-Londs was selected as the reéesde which was used to assess the monitoring
site R2Yello-Fortm in the Yellowwoods River. Systeariables at site R2Yello-Londs fell within
the Fair category for DO and pH. Median concerdgratiof 0.24 and 0.05 mg/l were respectively
recorded from TIN and SRP analyses. Benchmark karigglcategorized TIN as Good and SRP as
Fair. No water quality records were logged by Ma&€105) at this site. Water EC fell within a Fair
category (Table 5.1). R2Yello-Fortm is a monitorisge in the Yellowwoods River located
downstream of Bisho Town. Historically, this rivierknown to be receiving wastewater discharged
from Bisho STW (O’Keeffe et al.,, 1996). This wassebved in this study by increased TIN and
SRP concentrations to 3.24 and 0.37 mg/l respdgtigad both TIN and SRP were categorised as
Fair together with EC. No previous data were atéelao compare to the current study (Table 5.1).

5.6 Multivariate analysis of the water physico-chemcal data

The water physico-chemical raw data were analysedimilarities and dissimilarities within and
between sites using principal component analys@SAjP(Primer 6 programme). No significant
patterns were detected between sites over the segrmtriod and data were thus separated into
upper and lower catchment data sets. A PCA and NM@Sormed on these data found no
significant pattern between sites within the upgeichments, even though sites R2Buff-Maden (1),
R2Mgqa-Pirie (2) and R2Buff-Horse (3) clusteredetitgr but showing some overlaps with sites
R2Buff-Kwabo (4) and R2Buff-Kwami (5) (Appendix Ejgures E1 and E2). Eigenvectors showed
the highest PC variability of 27.9% with NONOs, NHs, PQ,, SQ, pH, EC, alkalinity and total
hardness as drivers of variability in water physib@mistry changes. In the lower catchment it was
observed that sites R2Buff-Umtiz (7) and R2Buff-&e@) clustered together. Site R2Buff-Laing
(6) was an outlier with however some of its sammlesrlapping with the R2Buff-Umtiz (7) and
R2Buff-Reest (8) cluster (Appendix E, Figures E8 &4). NMDS showed that site R2Buff-Laing
(6) outlying was significant, indicated by stresgdl of 0.12 within acceptable levels of confidence
for data interpretation. The highest percentagéabary of 24.1% from PC1 showed that NO
NHs, PQ, turbidity, alkalinity and total hardness were thajor drivers of variability in the lower
catchment. The contributing tributary, the Yellowods River showed that the monitoring site
R2Yello-Fortm was different from its reference dR2Yello-Londs (Appendix E, Figure E5). This
was indicated by clear separation of these sitgslicates and also confirmed by stress levels of
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0.13 from the NMDS which were within acceptableelsvof confidence for data interpretation
(Appendix E, Figure E3). PC1 and PC2 axis’ eigetvescshowed that N&l DO, pH, turbidity,
alkalinity and total hardness were responsible2®8% of variability in water quality of this site,
whilst NO,, NO; and PQcontributed 16.4% variability.

Analyses of the Buffalo River upper and lower cateht and the Yellowwoods River data were
further separated according to seasons. No signifidifferences were noted in data patterns from
spring and summer and hence these seasons weranednds spring/summer. Similarities in
autumn and winter data patterns resulted to theasosis being regarded as autumn/winter. The
upper catchment data from spring/summer are shavidigure 5.30A as a PCA ordination plot. In
spring/summer, the upper catchment reference swesér physico-chemistry results clustered
along PC1, contributing to 29% variability drivep HO,, NOs, NH3;, PQ,, SQ,, EC, alkalinity and
total hardness. Upper catchment monitoring site8U®2Horse (3), R2Buff-Kwabo (4) and
R2Buff-Kwami (5) were similar to each other andasped from the reference sites for the upper
catchments, although some of these sites’ sampledapped towards PCL1. It was interesting to
note that the upper catchment monitoring sites Wwiuansist of known severely impacted sites
R2Buff-Kwabo (4) and R2Buff-Kwami (5) contributed 15.4% variability as PC2. However, all
analysed parameters seemed to have contributddstodriability. An NMDS showed stress level
of 0.12 indicating that differences found betweeference sites and monitoring sites were
significant.

Figure 5.30B shows the lower catchment spring/sunuia¢a of the Buffalo River are shown in
Appendix E, Figure E4. A similar data pattern te tme observed from complete lower catchment
data earlier was recorded during spring/summer. Uf2ZBeest (site 8) clustered with R2Buff-
Umtiz, its reference site (7), thus confirming abs¢ions reported earlier from ANOVA that the
former site was influencing water quality measuwddthe latter site. R2Buff-Laing (site 6)
separated from its reference site R2Buff-Umtiz 4@yl the monitoring site R2Buff-Reest (8) even
though some of its replicates overlapped the sigd 8 cluster. R2Buff-Umtiz (7) and R2Buff-
Reest (8) constituted PC1 which resulted to a fditia of 33.7%. Eigenvectors showed that
variability was as a result of changes in ]NQH;, PQy, SQ, alkalinity and total hardness. Site
R2Buff-Laing (6) mostly made PC2 thus contributing 18.3% variability in DO, pH, EC,
alkalinity and total hardness. The Yellowwoods Riveonitoring site R2Yello-Fortm (9) and
reference site R2Yello-Londs (10) separated fromheather (Figure 5.31), indicated by site
R2Buff-Kwabo (9) mostly forming PC1 whilst site R2No-Londs (10) formed PC2. PC1
contributed to 33.7% variability in data as a resficontributions of N@ NHs, SQ, EC, turbidity,
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alkalinity and total hardness, whilst PC2 contrézlto 17.4% variability, with N& NOs, NHs,
POy, DO and EC as variability driver parameters. An DI stress level of 0.11 was within
acceptable levels of confidence for data interpicatathus, confirming these PCA findings by

demonstrating low similarity between these sites.
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Figure 5. 30:A PCA ordination plot for water physico-chemicalaaeters from the upper (A) and
lower catchment (B), over spring/summer. PC denptiegipal components. Shorter site numbers
were used for multivariate analysis as follows: 2MBuff-Maden, 2—-R2Mgga-Pirie, 3—R2Buff-
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Horse, 4-R2Buff-Kwabo, 5-R2Buff-Kwami, 6—R2Buff-log, 7-R2Buff-Umtiz and 8—R2Buff-
Reest.
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Figure 5. 31:A PCA ordination plot for water physico-chemicatg@aeters from the Yellowwoods
River over spring/summer. PC denotes principal camepts. Shorter site numbers were used for
multivariate analysis as follows: 9—R2Yello-Fortndal0—R2Yello-Londs.

The Buffalo River upper catchment reference sitita from autumn/winter showed a pattern that
was similar to the one observed from the upperhtaént data in spring/summer (Figure 32A).
Reference sites R2Buff-Maden (1) and R2Mgqga-PRiedustered together, separating from the
severely impacted monitoring sites R2Buff-Kwabo &y R2Buff-Kwami (5). Site R2Buff-Horse
(3) had some of its replicates overlapping in #fenence sites cluster. Reference sites togethlr wi
site R2Buff-Horse (3) made up PC1 which contribuie®3.4% variability, with N@ NHs, PQ;,
SQ,, pH, EC, turbidity, alkalinity and total hardness major contributors of the observed pattern.
Impacted sites R2Buff-Kwabo (4) and R2Buff-Kwam) (@ere in the PC2 axis which contributed
to 16% variability as a result of SOpH, temperature, turbidity and alkalinity (Figuse32A). It
was interesting to note that nutrients were notrtiagor drivers of water quality patterns in these
impacted sites as was anticipated based on ANOYdirfgs. Turbidity was the major driver of
variability in these sites, indicated by a high dfigector weight of -0.509. An NMDS confirmed
this dissimilarity of the reference and monitorisdes and stress level of 0.14 were within
acceptable levels of confidence for data interpicetg Appendix E, Figure E4).
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Lower catchment data pattern from autumn/winter wigghtly different to the one recorded in
spring/summer (Figure 5.32B). All sites’ samplesavscattered along the axes of an ordination,
even though sites R2Buff-Umtiz (7) and R2Buff-Re@tseemed to respond in a similar way in
the PC2 axis, thus causing variability of 19.4%hw8Q,, DO, pH and alkalinity as major drivers
(Figure 5.13B). An NMDS showed stress levels of60wihich were within acceptable levels of
confidence for data interpretation (Appendix E,UfgE5) thus indicating that scattered replicates
showed no pattern. The Yellowwoods River autumnigvinlata pattern was slightly similar to the
pattern recorded from this river in spring/summBnis was demonstrated by site R2Yello-Fortm
being a major component of PC1 with variability Z256. DO, pH, temperature, alkalinity and
turbidity were the drivers of variability in PC1it& R2Yello-Londs was mainly a component of
PC2, which recorded 26.7% variability as a resfilN®s;, PQ, and EC and the latter parameters
seemed to be the major driver of this variabiljgure 5.33). An NMDS confirmed this variability
and stress level of 0.1 showed that the resultsMiéhin acceptable levels of confidence for data

interpretation.
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Figure 5. 32: A PCA ordination plot for water physico-chemical@@meters from the upper (A) and
lower catchment (B), over autumn/winter. PC denptexipal component. Shorter site numbers
were used for multivariate analysis as follows: 2MBuff-Maden, 2—-R2Mgga-Pirie, 3—R2Buff-
Horse, 4-R2Buff-Kwabo, 5-R2Buff-Kwami, 6—R2Buff-log), 7-R2Buff-Umtiz and 8—R2Buff-
Reest.
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Figure 5. 33:A PCA ordination plot for water physico-chemicatg@aeters from the Yellowwoods
River over autumn/winter. PC denotes principal congnt. Shorter site numbers were used for
multivariate analysis as follows: 9—R2Yello-Fortndal0—R2Yello-Londs.

5.7 Multivariate analysis of the microbiological daa

Raw microbiological data (n = 6 per variable meaduper sample) collected over the sampling
period were analysed for similarities and dissintikes within and between sites.

5.7.1 Water microbial cell growth

Multi dimensional scaling ordinations were plottading a Bray-Curtis resemblance matrix, to
show similarities between the sampling sites amaly®r microbial cell counts. An NMDS was
recorded from combined Buffalo and Yellowwoods Ridata, indicating no obvious pattern that
shows relationships between sites and stress leael8.07 fell within acceptable levels of
confidence for data interpretation. Data were tioeeefurther divided to the upper and the lower
catchments of the Buffalo River and selected suethe Yellowwoods River. The reference site
R2Buff-Maden (1) separated from an 80% similarigyel cluster of sites R2Mgqga-Pirie (2),
R2Buff-Horse (3), R2Buff-Kwabo (4) and R2Buff-Kwar®b) (Figure 5.34). Data interpretation
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confidence was confirmed by stress levels of 0.8B%6 similarity level of sites R2ZMgqga-Pirie (2)
and R2Buff-Kwabo (4) were a cause for concern &s ftnmer site is minimally impacted as
compared to the latter site. No significant diffezes were recorded in data pattern when the upper
catchment data were further divided according tliividual seasons, and hence data were combined
as spring/summer and winter/autumn. The upper oaoh spring/summer showed a close
similarity between a reference site R2Mgqga-Pirig d8d site R2Buff-Horse (3), indicated by an
85% similarity level. An 85% similarity level wadsa recorded between the known severely
impacted monitoring sites R2Buff-Kwabo (4) and R&BGvami (5). It is worthwhile to note that

an 80% similarity level was recorded between aparpcatchment sites except site R2Buff-Maden
(1) which only demonstrated similarity below 60%aemgt all other sites (Appendix E, Figure E6).
A similar upper catchment data pattern was notetlivden data in Figure 5.34 and the
autumn/winter data (Appendix E, Figure E7). Thissvdemonstrated by an 85% similarity levels
between sites reference site R2Mgqga-Pirie (2) Aadrpacted monitoring site R2Buff-Kwabo (4)
together with an 80% similarity level recorded betw all sites except site R2Buff-Maden (1)

which was an outlier.

2D Stress: 0

Figure 5. 34:Multi Dimensional Scaling plot for the water colareample microbial cell count
from sites in the upper Buffalo River catchmentyA007 — August 2008). 1-R2MBuff-Maden, 2—
R2Mgqa-Pirie, 3—-R2Buff-Horse, 4-R2Buff-Kwabo andR2Buff-Kwami.
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Figure 5.35 shows data patterns for the sitesdrBthffalo River lower catchment and selected sites
of the Yellowwoods River. Though site R2Buff-Laisgparated from other lower catchment sites
R2Buff-Umtiz (7) and R2Buff-Reest (8), a 60% simiha level was logged between all lower
catchment sites. Site R2Buff-Reest (8) was morealainto the lower catchment reference site
R2Buff-Umtiz (7), which was demonstrated by a samily level of 85%. A further division of the
lower catchment data according to seasons is showAppendix E, Figures E12 and E13.
Spring/summer data showed an 80% similarity lewetWieen the reference site R2Buff-Umtiz (7)
and monitoring site R2Buff-Reest (8), whilst sit@Buiff-Laing recorded an 70% similarity level
thus indicating low levels of confidence in thisndarity. Interestingly, autumn/winter microbial
cell counts data showed high levels of similarigtvieen the lower catchment sites. This was
demonstrated by an 95% similarity level between &2Bmtiz (7) and R2Buff-Reest (8), whilst
an 90% similarity level was recorded between alldocatchment sites.

The Yellowwoods River’'s sites R2Yello-Fortm and R2W-Londs clearly separated from site in
the Buffalo River (Figure 5.35 and Appendix E, Fggi12 and 13). An 85% similarity level was
recorded between the reference site R2Yello-Lof@¥ 4nd its monitoring site R2Yello-Fortm (9).

Low confidence similarity level of 70% was recordeetween the reference site R2Yello-Londs
(10) and its monitoring site R2Yello-Fortm (9) iprsg/summer (Appendix E, Figure E8), whilst

autumn/winter recorded similarity level of 90% (Agmlix E, Figure E9).
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2D Stress: 0
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Figure 5. 35:Multi Dimensional Scaling plot for the water colureample microbial cell count
from sites in the lower Buffalo River catchment déhe Yellowwoods River (July 2007 — August
2008). 6—-R2Buff-Laing, 7-R2Buff-Umtiz, 8—R2Buff-R#e9—R2Yello-Fortm and 10-R2Yello-
Londs.

5.7.2 Water column microbial activity

The upper catchment data showed 85% similarity @etweference sites R2Buff-Maden (1) and
R2Mgqa-Pirie (2) and also between site R2Buff-H¢Bjeand the impacted site R2Buff-Kwabo (4)
(Figure 5.36). The spring/summer recorded dataepatfAppendix E, Figure E10) was similar to
the one observed from the upper catchment datarshoWwigure 17. This was demonstrated by an
80%similarity level between reference sites R2Bué#fden (1) and R2Mgga-Pirie (2) and a 90%
similarity level between sites R2Buff-Horse (3) aR@Buff-Kwabo (4). Site R2Buff-Kwami (5)
was an outlier. A change in the upper catchmena gattern was recorded in autumn/winter,
whereby reference sites separated from their momgcsites and yet showing an 85% similarity
level each other (Appendix E, Figure E11). Monitgrsites also formed a cluster by recording an
85% similarity level with each other. However, impad sites R2Buff-Kwabo (4) and R2Buff-
Kwami (5) showed a further similarity level of 87M8étween each other. Correlation analysis using
Spearman correlation showed statistical signifiealavels of 74% similarity between the upper
catchment water column microbial cell counts antviig data types from spring/summer. This
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indicated a low similarity confidence that micralzall counts and activity from different locations

were inter-correlated. Autumn/winter data correlatanalysis showed statistically significant levels
of 88.6% similarity between the two data types,sthndicating that microbial cell counts and

activity influenced each other during these seasons

2D Stress: 0

Figure 5. 36:Multi Dimensional Scaling plot for the water colureample microbial activity from
sites in the upper Buffalo River catchment (Julp26- August 2008). 1-R2MBuff-Maden, 2—
R2Mgqa-Pirie, 3—-R2Buff-Horse, 4-R2Buff-Kwabo andr2Buff-Kwami.

The lower catchment sites separated from the Yeloods River sites, whilst showing a 85%
similarity level between each other (Figure 5.3ies R2Buff-Umtiz (7) and R2Buff-Reest (8)
further recorded a similarity level of 90% betwesath other. Spring/summer and autumn/winter
data pattern showed that all sites were closelyetied as a similarity level of 85% was recorded
(Appendix E, Figures E12 and E13). Sites R2Buff-12r(if) and R2Buff-Reest (8) further recorded
a 90% similarity level, with however site R2Yell@fm (9) from the Yellowwoods River
unexpectedly included in this cluster. It was iagting to note a 90% similarity level between sites
R2Buff-Laing (6) and R2Buff-Umtiz (7) as these sitead been reported earlier in study as having
varied microbiological water quality. Sites R2Bi&est (8) which had earlier been reported as
complementing site R2Buff-Umtiz (7) showed a simifija level of 80%. Though the latter
similarity level was significant, it was interesinthat site R2Buff-Laing and R2Buff-Umtiz
behaved in a similar manner. Correlation analysiagi Spearman correlation showed statistical
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significance levels of 98.9% and 92% similaritiestviieen the lower catchment microbial cell
counts and activity data types from spring/sumnmel autumn/winter respectively. This indicated
that microbial cell counts and activity from diféet locations were inter-correlated.

The Yellowwoods River sites’ spring/summer micrdlaietivity, the reference site R2Yello-Londs
and the monitoring site R2Yello-Fortm recorded tanitly levels of 85% whereas in spring/summer
80% was recorded.

2D Stress: 0

Figure 5. 37:Multi Dimensional Scaling plot for the water colareample microbial activity from
sites in the lower Buffalo River catchment and Yledlowwoods River (July 2007 — August 2008).
6—R2Buff-Laing, 7-R2Buff-Umtiz, 8—R2Buff-Reest, 922Rello-Fortm and 10-R2Yello-Londs.

5.7.3 Biofilm microbial cell growth

An NMDS stress level of 0.01 indicated low chancémisinterpreting results from the ordination
plots between all measured sites. All sites, witeptions of R2Buff-Horse (3) and R2Yello-Londs
(10) clustered together and this was attributalslehigh microbial cell counts which were
predominantly recorded from biofilm samples over sampling period. Analysis for microbial cell
count differences from the upper catchment are shovrigure 5.38 and Appendix E, Figures E14
and E15. It was interesting to note that site R2Blafrse (3) was an outlier from all analyses,
regardless of seasonal impacts. The upper catchreeotded significant similarity levels of 85%
during all seasons, with an exception of site 3clwhwas an outlier. Reference sites R2Buff-Maden
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and R2Mgqa-Pirie showed high similarity levels 6f-992% during all seasons. Lower catchment
sites clustered together (Figure 5.39), recordirginalarity level of 85%. A similar pattern was
observed in the autumn/winter data (Appendix EufEgE16) whilst spring/summer recorded a
95% similarity level between sites R2Buff-Umtiz (@hd R2Buff-Reest (8), whilst site R2Buff-
Laing recorded a 88% similarity level to other loweatchment sites. In all analyses, the

Yellowwoods River’s site separated from those efBuffalo River.

2D Stress: 0

Figure 5. 38:Multi Dimensional Scaling plot for the biofilm sge microbial cell counts from
sites in the upper Buffalo River catchment (Julp26 August 2008). 1-R2MBuff-Maden, 2—
R2Mgqa-Pirie, 3—-R2Buff-Horse, 4—-R2Buff-Kwabo andR2Buff-Kwami.

2D Stress: 0

10

Figure 5. 39:Multi Dimensional Scaling plot for the biofilm sge microbial cell counts from
sites in the lower Buffalo River catchment and Yledlowwoods River (July 2007 — August 2008).
6—R2Buff-Laing, 7-R2Buff-Umtiz, 8—R2Buff-Reest, 92Rello-Fortm and 10-R2Yello-Londs.
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5.7.4 Biofilm microbial activity
An NMDS ordination plotted using a Bray-Curtis nedgdance matrix showed similarities between

the sampling sites analysed for microbial activiBtress level of 0.05 indicated confidence in
interpretation of data similarities between sitde. significant difference between sites from the
Buffalo, Mggakwebe and Yellowwoods Rivers were releal. Similar data pattern was obtained
from seasonal analyses of the upper catchmentr@-lgd0 and Appendix E, Figures E17 and E18).
The upper catchment monitoring site R2Buff-Horsd ampacted site R2Buff-Kwabo (4) clustered
with their reference sites R2Buff-Maden (1) and R@je-Pirie (2), recording a 85% similarity
level. This was unexpected as the upper catchnedertence sites had tended to separate from their
monitoring sites in earlier analyses. It is wortlielio note that site R2Buff-Kwami (5) was an
outlier thus behaving in a similar manner as waonded earlier from the upper catchment
spring/summer analysis for water column microbizhdty. Correlation analysis using Spearman
correlation showed statistical significance leviHat were below 60% when linking the upper
catchment microbial cell counts and activity dagpes from spring/summer and autumn/winter
respectively, thus indicating that microbial ceflunts and activity from different sites were not
inter-correlated.

2D Stress: 0

Figure 5. 40:Multi Dimensional Scaling plot for the biofilm sghe microbial activity from sites in
the upper Buffalo River catchment (July 2007 — Astg2008). 1-R2MBuff-Maden, 2—R2Mgqga-
Pirie, 3—-R2Buff-Horse, 4—-R2Buff-Kwabo and 5—-R2BHfikami.
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The lower catchment data followed similar pattenerothe analysed seasons (Figure 41 and
Appendix E, Figure E19). Similarity levels of 85 90% were recorded between the lower
catchment sites analysed at different seasons.el@bon analysis using Spearman correlation
showed statistical significance levels of 98.8% @rndB% similarities between the lower catchment
microbial cell counts and activity data types frgpring/summer and autumn/winter respectively.
This indicated good correlation levels for the fernseason and lower correlation levels for the
latter.

2D Stress: 0

10

Figure 5. 41:Multi Dimensional Scaling plot for the biofilm sghe microbial activity from sites in
the lower Buffalo River catchment and the YellowwedRiver (July 2007 — August 2008). 6 —
R2Buff-Laing, 7-R2Buff-Umtiz, 8—R2Buff-Reest, 9—R&No-Fortm and 10-R2Yello-Londs.

5.8  Correlating water physico-chemistry with microhological measures

Spearman correlation analysis was performed omibmbiological data and selected water quality
parameters, to establish whether water quality gdsinnfluenced microbial growth and activity.
The statistical confidence level of 80% is ofterggested as a high level of confidence for
correlation of community changes with the environtaé dynamics, thus indicating a high
probability of correlation between sample resemtdamatrices (Scarsbrook, 2008). However, due
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to uncertainty in ecological systems and their ayicg, a lower confidence level of 60% has been
proposed. This means that results indicating cenfié levels higher than 80% would be regarded
as having high levels of similarity while confidenievels between 79 - 60% indicate low levels of
similarity (Scarsbrook, 2008).

A Spearman correlation analysis of the resemblamteices of the changes in the selected physico-
chemical parameters and microbial cell counts fraater sample results were investigated.
Correlation analysis showed statistical signifiGaevels that were below 60% similarities between
the upper catchment water physico-chemical chaagdsvater column microbial cell counts from
all sampled seasons (i.e spring/summer and autuntefyy thus indicating that microbial cell
counts were not entirely influenced by water physibemical changes. Physico-chemical and
water microbial activity analyses changes indicdtggh correlation confidence, demonstrated by
significance levels of 97.7 and 97.3% from the upgachment spring/summer and autumn/winter
data respectively. The lower catchment recordechifsignt levels of 96.7 and 83% in

spring/summer and autumn/winter respectively.

Spring/summer data analyses showed that the upgtehroent biofilm microbial cell count
correlation with water physico-chemical changes load correlation confidence, with significant
level below 60%. However, the lower catchment dati@n analyses of biofilm microbial cell
counts with water physico-chemical changes showigd bonfidence with significant levels of
97.8% in spring/summer and 85.3% in autumn/winkdrysico-chemical and biofilm microbial
activity analyses changes indicated high corratatmnfidence, demonstrated by significance levels
of 98.7 and 94.6% from the upper catchment sprmgfser and autumn/winter data respectively.
The lower catchment recorded significant level @f3% in spring/summer and low confidence
significant level of 60.6% in autumn/winter. Thisggested that microbial growth, as measured by
cell counts on different agar from biofilm, was resttirely influenced by water physico-chemical
changes. However, it is worth noting that microlaielivity analyses from both water column and
biofilm samples indicated microbial responses totewghysico-chemical changes, and thus
suggesting its potential to be used as an indic#Htor-stream water quality.
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CHAPTER 6: DISCUSSIONS AND CONCLUSIONS

6. Buffalo River water physico-chemistry

The Buffalo River catchment has been experienciatewphysico-chemical impairments for over
25 years (Ninham Shand and Partners, 1982; O'Kesdffal, 1996; CES, 2004; Maseti, 2005).
Previous studies reported high salinity levels as of the major concerns in this river (Reed and
Thornton, 1969; Ninham Shand and Partners, 198Rg€ffe et al, 1996). O’Keeffeet al (1996)
reported that an average EC of 765 mS/m, or tasabd’ed solids of 5130 mg/l, was recorded in
the inflow to Laing Dam in 1996. Reed and Thorni{d®69) reported that natural geological
resources were major contributors to the salirogatif the Buffalo River, contributing around 61%
of the EC in the river system. Industrial actistisontribute about 27%, whilst other human impacts
contribute around 12% through STW effluent. A 4arysimulation of salinity loads coming into
the Buffalo River by O’Keeffeet al. (1996) indicated that different sources contridute salt
deposition in the river. A simulation of the catamharea around Laing Dam indicated that runoff
into the river contributed 65% of the salinity loddring rainy seasons, with industries and STWs
contributing the remainder (O’Keeféd al, 1996). For Bridle Drift Dam the model showed 46%0
the salinity concentrations being contributed by thtchment’s salt loads accumulation (O’Keeffe
et al, 1996). Point sources such as spills from Mda&tsaTW were predicted to contribute 25%,
whilst overflow from Laing Dam contributed 30%. Goal and Environmental Services (CES,
2004) reported lower salinity levels from the DWMater quality monitoring points (1999) of the
Buffalo River demonstrated by a mean of 45.35 m®mMIDS of 290.75 mg/l in the upper
catchment and 51 mS/m or 312 mg/l TDS in the lowatchment. The CES report noted a
downstream increase in salinity levels, indicatengattern was associated with urban settlement
impacts (CES, 2004).

Major polluters in the region between King WilliesnTown and Zwelitsha Township are two
STWs, diffuse runoff from irrigation schemes andimal settlements and the textile industry.
These pollutants, together with two major impoundisecontribute to excessive microbial growth,
water quality alterations and species diversityuotidns (Palmer and O’Keeffe, 1989; O’Keeét

al., 1996; CES, 2004). Faecal coliform concentrationfigh as 15 000 CFU/100 ml have been
recorded at the Bridle Drift Dam (O’Keeff# al, 1996). The presence of the faecal coliforms in

water is indicative of possible faecal contaminmatend a risk of the concomitant presence of
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pathogenic microorganisms (Ashbett al, 2001; Garcia-Armiseet al, 2007). The Yellowwoods
River is suspected to be contributing significantrient concentrations to the Buffalo River due to
the poor quality of partially treated STW efflueinteceives from the Bisho STW (O’Keefé al,
1996). Phosphate levels were reported to be as dsgh5 mg/l downstream of King William's
Town, thus flowing downstream into Laing Dam (O’eeet al, 1996). This study integrates this
historical information with the present study, istigating microbial cell counts and activity
responses to water physico-chemistry changes inBimalo, Yellowwoods and Mggakwebe

Rivers.

6.1 Discussion of the results from sites in the upp Buffalo River catchment

6.1.1 Site R2Buff-Maden

Water physico-chemical parameters at this siterigl@asponded to seasonal changes. This was
demonstrated by an increase in parameters suchutents in spring/summer, followed by
subsequent decreases in autumn/winter. Increaggdmiiconcentrations in spring/summer showed
no significant influence on microbial cell counés, no changes were recorded in spite of nutrient
concentration changes. This contradicted Loguelamdistrom (2008) who reported that increased
nutrient concentrations enhance microbial growtlystsuggesting that microbial concentrations
were not influenced by water chemistry changes.rdfiial activities for water column samples
from the above site were predominantly higher duspring/summer, and in some cases continuing
to early autumn. Biofilm samples, on the other hafebwed no seasonal changes, with microbial
cell counts and activities which were high at mfids. Lower glucose fermentation levels in biofilm
samples compared to water column samples suggpsssible low glucose availability in biofilm
probably as a result of limited oxygen and nutriemcentrations within the matrix (Momieaal.,
2000).

The SRP concentrations recorded at this site duhegpresent study were comparable to those
reported by Maseti (2005). This site has trees ifogra canopy. Hikosaka (2003) and Yasuneira
al. (2003) reported that a canopy above freshwateryst&r®ss can contribute to water quality
changes, due to fallen leaves and plants decadigdher phosphate concentrations contribute to
increased concentrations of phosphate accumulatiicgoorganisms such a&cinetobacterspp.
(Camargoet al, 2007), thus contributing to increased microlsall counts. This site had a mean
SRP of 0.11 + 0.06 mg/l SRP and, according to DWA¥96) and Kleynhanst al. (2005), these

concentrations are indicative of a eutrophic emmnent. Though SRP concentrations exceeded
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expected concentrations of 0.005 mg/l for a refezesite (Palmeet al, 2005), similarities in
concentrations from the present study and that até#l (2005) were an indication of possibly
naturally elevated SRP concentrations at this 3ites site is exposed to minimal human impacts
hence, these data possibly indicate its suitalaktya reference site thus warranting a need fiaea s
specific adjustment of the present Department ofeWAffairs and Forestry (DWAF) benchmark

boundary guidelines.

However, microbial cell counts were lower at thite svhen compared to other sampled sites,
suggesting reduced microbial activity. Lower sutgheoncentrations in water samples coincided
with higher microbial sulphate reduction reactiomsich were recorded from water and biofilm
samples, a trend which was probably due to higivigctevels of sulphate reduction by microbes,
resulting in lower concentrations being availalighe water column. Lower turbidity could have
contributed to reduced microbial growth in the watelumn, as Alleret al. (2008) reported that
microbes attach themselves to suspended mattéeimvater columns, thus contributing to water
column turbidity levels. Though it is well knownathlower concentrations of organic material can
lead to reduced primary production and subsequénilgr microbial growth (Ryan, 1991), this site
recorded no obvious changes in microbial cell ghoimtspite of nutrient concentration changes. It
also worth noting that microbes grow suspendetienvtater column as particles, thus contributing
to increased turbidity (Donlan, 2002).

This reference site recorded different values ateay variables when compared to other recent
studies (CES, 2004; Maseti, 2005). The PAI fordele water quality parameters showed that this
site was experiencing minor water quality changa®n though selected system variables were
classified as Fair whilst nutrients were Good (Klegnset al, 2005). Using these selected water
physico-chemical parameters, this site recordea\arall present state that was comparable to
previous reports by CES (2004) and Maseti (2005 EC was, however, higher than previously
reported by the above studies, thus suggestingigieer water EC levels were no longer a major
concern only in the regions downstream of King fiil’'s Town, as reported by O’Keeftd al
(1996).

6.1.2 Site R2Mgqga-Pirie

Similar water physical-chemical conditions to skR2Buff-Maden were recorded at this site.
Seasonal measures of water physico-chemistry wadem in all analysed parameters, though
TIN, which was higher during autumn/winter thansjoring/summer showed a different seasonal
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response pattern to the one recorded in site R2Batfen. Higher microbial cell counts recorded
from biofilm samples all year round coincided witigh microbial activities that were not
responsive to seasonal changes. Water column samju®bial activities at this site were
predominantly higher from spring to summer and @me cases continuing through to early
autumn, as was observed in R2Buff-Maden. Microbell count increases in August-September
2007 were closely related to an increase in tutpidiiring the same period, as organic particles in
suspension enhance microbial growth and can alstrilsote to turbidity levels in water (Allaet

al., 2008). Higher water column sample microbial \agéis in spring/summer than in
autumn/winter were attributable to higher tempaegpalso observed by Schindler (1981). Higher
TIN was recorded in autumn/winter, at the same @®enicrobial nitrate reduction tests indicated
low levels of nitrate reduction activity. It is msle that the low prevailing temperatures or the
presence of chemical compounds in the water irddbiitrification/denitrification (Kemp and
Dodds, 2002). Low microbial cell counts and highiwaity in this site was an indication of the
possibility of the absence or low concentrationsnipfification/denitrification microbes in water
thus contributing to low nitrate reduction levelo major differences were recorded in dissolved
oxygen (DO) between spring/summer and autumn/wintepite of temperature changes. Microbial
activity rates were higher in spring/summer thatuaun/winter and no precise link could be made
between these activity rates and oxygen produciidater plants which are upstream of this site
could have contributed to production of higher Déhaentrations in water.

The TIN fell within the Natural category of the lsimark boundary value. CES (2004) and Maseti
(2005) recorded TIN and SRP values at this sit€&as and Poor respectively. Thus the present
study indicates improvements in TIN concentratiohghis site. However, this site is eutrophic,
indicated by the SRP concentrations of 0.15 + Gy and has not displayed the characteristics of
a reference site. Though SRP concentrations atitieisvere lower than R2Buff-Maden, they were
substantially higher than 0.005 mg/l expected feoreference site (Palmet al, 2005). This site is
exposed to minimal human impacts, hence, thesepdetsbly indicate its suitability as a reference
site thus warranting a need for a site specifiastdpjent of the present DWAF benchmark boundary
guidelines. Camarget al. (2007) and Campbell (1992) reported that nitrogencentrations
between 0.01-0.02 mg NH and phosphate of 0.1 mg/l pose threats to seasitquatic species.
Water physico-chemistry state at sites R2Buff-Maded R2Mgqga-Pirie were a cause for concern
as the former site is the mountain stream of th#aButhus exposed to minimal human contact,
whilst the latter site is in the rural settlemertieh is supposed to produce minimal impacts to the
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Mggakwebe River due to lack of infrastructural depenents. Hence, these water quality changes

in these reaches are an indication of impairmehisiware already emerging in upper reaches.

6.1.3 Site R2Buff-Horse

Seasonal patterns at this site were comparableetagper catchment reference sites R2Buff-Maden
and R2Mgga-Pirie. This site is exposed to rurdlesaent anthropogenic activity impacts such as
subsistence agriculture. The EC levels were coyiata the reference sites (R2Buff-Maden and
R2Mgqa-Pirie) and the 95percentilie EC of 123.9 mS/m recorded during thisdy was
comparable to the 117.37 mS/m recorded at R2Bufséldy Maseti (2005). Increased microbial
growth cell counts recorded in water and biofilnmgées during spring 2007 from nutrient and
lactose media were comparable to the spikes noteckference site R2Mgga-Pirie. Microbial
activities from both sample types responded to &Fatpre changes, demonstrated by microbial
activity increasing from spring to summer aride versafrom autumn to winter. Higher nutrient
concentrations during the rainy season, and the @hd SRP peaks noted in autumn were
indications of water quality changes, suggestirgg Burface run-off from subsistence agriculture
was importing nutrients into the river. Higher dwdpe concentrations corresponded with high
microbial sulphate reduction activities recordetath water and biofilm samples.

System variables at this site fell within the Fategory of the relevant benchmark boundaries. This
suggested possible water chemistry changes, imtidat deviations of parameters such as pH from
those recorded in the upper catchment referenes. siturbidity increases were probably due to
increased run-off from the catchment area. Both @d SRP fell in the Fair category, indicating
its difference from reference sites R2Buff-Madend aR2Mgqga-Pirie (which recorded TIN
concentrations in the Natural category). Accordmghe PAI for selected water quality parameters,
this site is experiencing moderate water qualitgngjes. Although this site recorded more similar
water physico-chemical categories to the upperhcag¢at reference sites than to other monitoring
sites (i.e. R2Buff-Kwabo and R2Buff-Kwami), incr@as nutrient concentrations and turbidity
were a cause for concern. These increases weiingd of water physico-chemical changes that
were already becoming noticeable at the upper esaoli the catchment, thus threatening water
guality impairments in the river as it flows dowrestm. The Buffalo River is exposed to serious
anthropogenic activity impacts as it passes throudfan settlements and so premature water
quality changes at this upstream rural settlemeatisdicated this upstream area contributes to
downstream water quality deterioration. Using tiAd &sessment method, no major water quality
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category changes were recorded between the presedy and Maseti (2005).

6.1.4 Site R2Buff-Kwabo

Water physico-chemical impairments at this site ev@rdicated by increased TH, sulphates,
nutrients and turbidity. Data showed inconsisteatsenal response patterns for all parameters with
the exception of TIN concentrations which were lowe spring/summer than in autumn/winter.
Turbidity might have contributed to high suspendedrobial cell counts recorded at this site.
Higher concentrations of dissolved organic matter water column can attract microbial
colonization, leading to high microbial growth ahwblogical activities (Takashi and Kazuyuki,
1999). The opposite scenario could have been toetased suspended microbes contributed to the
river by King William’s Town STW played a role imareased turbidity. Campbell (1992) and
Camargoet al. (2007) reported that high concentrations of SRPpmbiwith high TIN enhance
ecosystem eutrophication rates. According to DWAR96d) and Kleynhan®t al (2005)
freshwater ecosystem with phosphate and TIN coratos above 0.125 mg/l and 4 mg/l
respectively is eutrophic. Odours from water ast thite can be attributed to the dysfunctional
system at the King William’s Town STW, leading t@ter containing anaerobic products such as
sulphides being released into the river. Such darttons of anaerobic products could have
contributed to oxidisation of sulphides leadingfdéomation of sulphates which were recorded in
high concentrations at this site. This was possddya result of DO which was available in
sufficient concentrations to allow oxidization afighides. Prolific biofilms were observed on stone
surfaces and river banks at this site and theseiadBcated high microbial activity. Water at this
site showed elevated sulphate and TH concentratgggesting the possibility of formation of
salts such as magnesium sulphate. Formation ofsalthin concentrations that are toxic to aquatic
organisms can have detrimental effects on the stasy(Palmeret al, 2005). Water quality
impairments at this site are attributable to Kingllldm’s Town STW, which discharges its
wastewater that is suspected to be partially tdesti® the river, as well as diffuse pollution from
the urban settlement and agricultural activitiegbsistence cattle farming in the area could also
contribute to the pollution evidenced in this siéhis site recorded higher concentrations of
selected water physico-chemical parameters andobiar growth and activity than the upper

catchment reference sites.
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Increased turbidity and DO at this site resultegyatem variables being categorized as Fair and
nutrients as Poor. This was due to significant Tddhcentration increases compared to the
reference sites R2Buff-Maden and R2Mgga-Pirie. fHoe that this site falls into the Poor category
for nutrients, indicates continual water physicois¥y deterioration as compared to the upstream
site R2Buff-Horse. O’Keeffeet al reported SRP concentrations reaching a maximudbohg/I
downstream of the King William’s Town in 1996. Thgfuconcentrations recorded from the current
study were lower than O’Keeffet al. (1996), they were still indicative of a serioushgpacted

system and thus threatened downstream water phgb@mistry.

6.1.5 Site R2Buff-Kwami

This site demonstrated similarly inconsistent seakevater physico-chemical patterns as those
from site R2Buff-Kwabo, with higher turbidity, SRidd TIN than values recorded in the reference
sites R2Buff-Maden and R2Mgga-Pirie and also thenitnang site R2Buff-Horse. Higher
microbial cell counts were recorded at this siteloth sample types) than in the upper catchment
reference sites. This showed no correlation toneasured water physico-chemical paramters, as
seasonal patterns which were recorded in waterigvghiemical parameters were not observed in
microbial cell counts. Comparing this site to refese sites R2Buff-Maden and R2Mgqa-Pirie,
significant differences were observed with waterygido-chemical results showing serious
impairments and these can be attributed to poolitguaputs received from the upstream site
R2Buff-Kwabo, effluent from the Zwelitsha STW andstewater from the textile industry. High
sulphate concentrations resulted in high microbidphate reduction activity, which indicated the
presence of organisms suchTdsobacillusspp. (Garrityet al, 2005). It was, however, interesting
to note lower microbial nitrate reduction in spdg€higher nitrate concentrations recorded in the
water column. This contradiction in nitrate datalddoe attributed to the standard method used for
analysis. The test was unable to account for meitthat was transformed to nitrite and further to
nitrogen gas (see Chapter 4). Another possibilitjower nitrate reduction rates could have been
due to increased inorganic and organic pollutartghvcould have led to inhibitory effects on
microbial nitrate reductase (Kemp and Dodds, 20@02ter physico-chemical impairments at this
site were a clear indication of effects that urlsattlement impacts in the upper catchment were

exerting on the Buffalo River.
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6.2 Discussion of the results from sites in the l@w Buffalo River catchment

6.2.1 Site R2Buff-Laing

This site is downstream of Laing Dam. This monitgrisite indicated water physico-chemical
improvements compared with its upstream site R2Bufmi, as demonstrated by the nutrient
concentration decrease. Seasonal patterns werevetdsa all water physico-chemical parameters.
A significant increase in turbidity was recordedspring 2007, compared to the rest of the sampling
period. High nutrient concentrations were recordedpring, which then significantly decreased
during other seasons. No seasonal patterns weeetdétin microbial cell counts in both biofilm
and water samples. Water microbial cell counts wegh in January 2008, coinciding with a
turbidity increase that was however lower than speing measurement reported earlier. High
suspended microbe concentrations thus contribuideddreased suspended particulates in water
resulting to high turbidity as nutrient concenwwas decreased during the same period, thus
indicating that dissolved organic matter was nspomsible for higher turbidity. Biofilm microbial
cell counts indicated no response to water physh@mical changes. Higher microbial sulphate
reductions suggested the presence of sulphateingdpookaryotes (Garritet al, 2005). These
organisms were probably stimulated to grow by dlEW¥asulphate concentrations in the water
column. This site recorded microbial cell countattlwere comparable to the upper catchment
reference sites R2Buff-Maden and R2Mgqa-Pirie amrdewdifferent to its specific reference site
R2Buff-Umtiz. The cell counts were lower than theunts recorded from the lower catchment
reference site R2Buff-Umtiz and also an upstreamitadng site R2Buff-Kwami. It is important to
note that the Yellowwoods River joins the Buffalovdt upstream of Laing Dam, thus contributing
to poor water physico-chemistry of this river. Henthe knowledge of poor water physico-
chemistry that was recorded in site R2Buff-Kwamd &2Yello-Fortm of the Yellowwoods River
showed that water physico-chemistry at this sité $ignificantly improved, possibly as a result of
suspended matter settling in Laing Dam, as repdiyeidlalmer and O’Keeffe (1989). Though water
physico-chemistry improvements were recorded is #iie, measured results for selected water
physico-chemical parameters indicated that site R2Baing is experiencing serious impairment,
indicated by nutrients being categorized as Polerd were no existing data from previous studies
to compare the present state of water physico-atgmi

6.2.2 Site R2Buff-Reest
This site is downstream of Bridle Drift Dam. Thisidy recorded significant nutrient, sulphate and
TH concentration increases from concentrationsroEmb at R2Buff-Laing. Nutrient concentrations
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at this site also appeared to influence nutriemiceatrations recorded at the downstream reference
site R2Buff-Umtiz (discussed in detail in sectioi2.8, page 123). Microbial growth and activity
from both sample types showed no seasonal respmatserns. High but inconsistent microbial
nitrate and sulphate reduction activities were réed from both sample types and could be
correlated with high nitrate and sulphate conceioina respectively. Increased turbidity might have
provided suspended particulate nutrients for migganisms, contributing to higher microbial cell
counts even in the water column, and the oppositalso true. This site resembled the lower
catchment reference site in terms of water physlwmistry and microbiological data, and
showing significant differences to the upstreara B2Buff-Laing. This site is located downstream
of Bridle Drift Dam and faecal coliform concentats of 15000 CFU/100 ml and maximal
phosphate concentrations of 15 mg/l were reporie@’Keeffe et al. (1996) in the inflow to this
dam. The Bridle Drift also receives non-point rdhfoom settlements such as the Needs Camp,
Scenery Park and other informal settlements. O’teestfal (1996) reported that Bridle Drift Dam
receives poor quality effluent from the Mdantsaff@\S Data collected from this point suggested
that the Bridle Drift Dam was not settling most safspended matter, thus leading to poor water
physico-chemistry at the downstream site R2BuffdReEhough TIN at this site was categorized as
Fair, an increase in concentrations compared & REBuff-Laing was recorded. Comparing this
site’s water physico-chemicial categories to theppsed reference site R2Buff-Umtiz, significant
similarities were recorded. Though water physiceralstry was better at this site than in the upper
catchment sites R2Buff-Kwabo and R2Buff-Kwami, @aclindication of continued deterioration of

water physico-chemistry in the downstream reacheseavident.

6.2.3 Site R2Buff-Umtiz

This site did not display characteristics of a gaedference site for water physico-chemical
assessments, when data were compared to benchmankldry values (Kleynharet al, 2005).
Results showed greater similarities to the upstre@mitoring site, R2Buff-Reest, with similar high
nutrients, sulphates and turbidity. No correlatimosild be made between suspended solids and
nutrients at this site, as the latter were higlnespring and the former was higher in autumn to
winter. Microbial cell growth counts showed no itations of responding to water physico-
chemicial and seasonal changes. However, micrabiality from both water and biofilm samples
demonstrated a response to temperature changés higher activities recorded from spring to
summer, and decreases from autumn to winter. Higligrent concentrations were a major concern
at this site, and this could be attributed to therpvater physico-chemistry that it receives frata s
R2Buff-Reest together with catchment runoff fronttlsenents, such as Scenery Park. The illegal

158



waste dump nearby was a clear indication of easgsaility to the site, increasing the probability
of human impact and thus a possibilities of contamiwater physico-chemistry impairments. This
site is experiencing deterioration in water phystbemistry, such that it recorded the poorest water
physico-chemistry when compared other referenes.sikhis site was classified according to TIN
and SRP benchmark boundary values, as Fair andresectively. There were no existing nutrient

concentration data from previous studies for thest® compare with the current findings.

6.3 Discussion of the results from sites in the Melvwoods River

6.3.1 Site R2Yello-Londs

This reference site is in the middle reaches of Wedlowwoods River. System variables
demonstrated a response to seasonal changes. #ditfumeasures the amount of suspended
matter in water, it is expected that its increaseld result in increases in parameters such as EC,
TH and nutrients. Hence it was interesting to riotbidity increased from February to March 2008
whilst EC and TH decreased. Though suspended nigdrodll counts were lower at this site than
other sites, their concentrations could have swolhtributed to increased turbidity levels, thus
resulting in no correlation between turbidity an@ Bnd TH and so peaks were noted in nutrient
concentrations, without correlations to turbidiicrobial cell counts and activity demonstrated no
obvious correlation with water physico-chemicialnges, demonstrated by lower sulphate and
nitrate concentrations in the water column, whitstrobial activity from water and biofilm samples
were predominantly at maximal activity levels ofElectrical conductivity levels of 109.8 mS/m
were higher than 70 mS/m recorded by Maseti in 200Bugh a Good category was recorded from
the TIN value, system variables, SRP and turbiitye categorized as Fair. This indicated that this
site was experiencing serious impacts which probedgulted from the site’'s easy accessibility to
both humans and livestock. Though no investigativange been conducted on the implications of
agricultural activities suspected to happen inupper reaches of this river, it was presumed that
they could be contributing to poor water physicestistry recorded in this site. The fact that Fair
categories were assigned for all measured parasnetgth an exception of TIN which was
categorized as Good, indicated that this site didoortray the characteristics of a referenceasiie

hence investigations towards finding a new refegesite for this river are imperative.

6.3.2 Site R2Yello-Fortm
This is a monitoring site located in the lower tezx of the Yellowwoods River. Historically, the

Yellowwoods River has been reported to be releapogr quality water to the Buffalo River

159



upstream of the Laing Dam (O’Keeféd al, 1996). Hence, this site was selected to monitor the
quality of water in this river before it enters tBaffalo River. Significant water physico-chemical
impairments were recorded at this site when congptrds reference site R2Yello-Londs. The TIN
concentrations increased from 0.24 mg/l at site &@YLonds to 3.24 mg/l. Though turbidity
followed the same pattern as in the referenceitstéevels were notably higher than at the upsirea
site. These changes in water physico-chemistrya#trébutable to the Bisho STW which was
reported to affect this site by discharging unedatvastewater to the Yellowwoods River
(O’'Keeffe et al, 1996; CES, 2004). Diffuse run-off from informsdttlements was also a possible
contributing factor. Biofilm and water microbiallceounts showed no clear correlation to water
physico-chemical changes, even though they werabhotigher than counts from reference site
R2Yello-Londs. Higher levels of microbial activéievere recorded, even though they did not
follow the same pattern as water physico-chemiiy no seasonality patterns were recorded from
both sample types’ data. These results were cledrcations of water physico-chemistry
impairments experienced by the Yellowwoods Rivée highest magnitude of water physico-
chemical changes was recorded at this site, thdisating that STW effluent and diffuse pollution
were playing a major role in water physico-chemidagradation in this river. Though no clear
correlations were observed from water physico-cegmand microbiology data, it was noted that
poor water physico-chemistry which in this study swandicated mainly by high nutrient
concentration stimulated microbial growth. Thi®s# experiencing serious water physico-chemical
changes, indicated by a Fair category of selectatemphysico-chemical parameters. Though
higher water physico-chemical parameter values wecerded in this site than at the upstream

reference site, R2Yello-Londs, resemblance in gateerns were recorded between these sites.

6.4 Buffalo River overall assessment using selectpdrameters

The Buffalo River was selected to investigate nhab diversity response to water physico-
chemical changes, with the purpose to explore rhiataliversity’s potential for inclusion in a river
health monitoring programme. Reference and mongorsites were used for investigations.
Reference sites are selected based on low levélaroén-impacts, and good habitat diversity and
availability (Plafkinet al, 1989). These sites should reflect natural condstiathin the specific
reach, and should be used as a guide for assessinifpring sites. Monitoring sites are randomly
selected in the study area, to assess possibldicabidins of the ecosystems (Eekhetital, 1996).
During this study, not all reference sites seleqgiedrayed good reference site characteristics with

regards to water physico-chemistry and microbialnalance and diversity.
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High salinity levels were a major concern in theffBlo River, even in the upper catchment.
O’Keeffe et al. (1996) reported EC as being a major concern ainfl@v to Laing Dam. Though
the current study EC levels were higher in thisioeghan levels reported by CES (2004) and
Maseti (2005), they were lower than levels reportsd O’Keeffe et al (1996). The SRP
concentrations at all reference sites exceededxpected amounts of 0.005 mg/l which can be
produced from natural systems such as decompogititeynhanset al, 2005). All sampled sites
are currently eutrophic with significant indicat®onf becoming hypertrophic in some parts, thus
providing a cause for concern due to eutrophic g¢mmdimpacts on the ecosystems. Both of the
upper catchment reference sites were expected &xperiencing minimal impacts due to their
location, and the only source of SRP to be fronuradfprocesses. Microbial activities at these sites
did not respond to seasonal. However, microbiaiviigtrecorded high correlation with water
physico-chemical changes. Hence, continual SRPertration increases could potentially alter
ecosystem functioning at these reaches. The oweaddlr physico-chemistry assessments indicated
that water conditions were changing to eutrophithese upper catchment reference sites. Though
no clear seasonal trends were recorded microbrdbginalyses tend to record increased activity
during spring and also unexpectedly winter. Low rolgal growth and high activities were
sporadically recorded at both sites during all seasSite R2Buff-Horse was the only monitoring
site in the upper catchment comparable to its eafex sites’ microbial responses to water physico-
chemical changes. However, higher microbial celinte at this site particularly during winter were
an indication of landscape run-off contributionstater physico-chemistry.

The monitoring sites R2Buff-Kwabo and R2Buff-Kwarmdicated continual water physic-
chemistry impairments, demonstrated by their défifees from the upper catchment reference sites.
Higher nutrients and turbidity levels, amongst otharameters, correlated to high microbial cell
growth and activity. However, no seasonal pattarese noted. Anthropogenic activities that could
have contributed to poor microbiological water dyaht these sites include the King William’s
Town and Zwelitsha STWSs, the textile industry, mamnt source pollution and livestock excreta.
Water quality improvements which were observeditatR2Buff-Laing were as a result of settling
from the Laing Dam. Microbial changes seemed tpord to water physico-chemical changes,
such that increased nutrients resulted in a higherobial growth and decreased biological activity
rates. Impacts experienced by Bridle Drift Dam wevglenced in a downstream site R2Buff-Reest
and also negatively affected the water physico-asteynof the downstream reference site R2Buff-
Umtiz, resulting in its comparability to impacteites such as R2Buff-Reest. Microbial growth and
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activity were a clear indication of the influencé water physico-chemistry impairments on

microbiological quality of the R2Buff-Umtiz.

6.5 Multivariate analysis of the physico-chemical dta

The PCA was used on all measured water physico-ichémparameters to explore patterns of
variability and similarity between sites and betwesmasons. No pattern was recorded from the
combined Buffalo River data, thus necessitatingadsgparation into the lower and the upper
catchments. The upper catchment showed no cleterpdietween sites, though reference sites
R2Buff-Maden and R2Mgqga-Pirie showed similaritieghilst some of the R2Buff-Horse’s
replicates overlapped the reference site clustee TIN, SRP, S@and alkalinity were major
drivers of the water physico-chemistry changes.oAding eigenvectors all sites were impacted by
these drivers. Though sites R2Buff-Kwabo and R2Buwflami are known impacted sites, the data
did not show clear separation from less impactegssit was not unexpected that sites R2Buff-
Maden and R2Mgqga-Pirie would cluster togetherhase sites recorded comparable water physico-
chemistry and microbiological data even thoughed#hces had been noted in higher SRP at site
R2Buff-Maden than R2Mgga-Pirie. Though all uppetchanent monitoring sites had some of the
replicates in the reference sites cluster, thugatohg their similarity, site R2Buff-Horse seented

be the most closely related to reference sites R2Baden and R2Mgqga-Pirie, whilst sites
R2Buff-Kwabo and R2Buff-Kwami tended to cluster eétiger. This confirmed the ANOVA results,
that site R2Buff-Horse was the least impacted uppgzhment monitoring site whilst sites R2Buff-
Kwabo and R2Buff-Kwami were experiencing seriousengphysico-chemical impairments from
drivers such as TIN, SRP and sulphate. The latiservation suggested that the impacts between
King William’s Town and Zwelitsha were significaptcontributing to water physico-chemical
impairments seen at sites R2Buff-Kwabo and R2Buwifakhi. This was also demonstrated by high
nutrient concentrations and lowered measures itegysariables which were recorded. Separation
of the upper catchment data according to seasa@osded a clear separation of the reference sites
R2Buff-Maden and R2Mgga-Pirie from the monitoringes. Site R2Buff-Horse still had some of
its replicates overlapping on the axis with a reffiee site cluster. It is imperative to note that in
spite of seasonal changes, nutrients, sulphatesa#dinity were still the major drivers of
variability in the upper catchment.

Lower catchment site R2Buff-Laing was differentrfrgites R2Buff-Umtiz and R2Buff-Reest due

to effective suspended matter settling in Laing Ddms reducing nutrient concentrations that were
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recorded in the upper catchment site R2Buff-Kwdb. important to note that though there was a
significant nutrient reduction at site R2Buff-Lajngutrients and alkalinity were still major drivers
of water physico-chemistry changes together withidlity. In spring/summer, the lower catchment
monitoring site R2Buff-Laing was different from iteference site R2Buff-Umtiz, due to high
nutrient concentrations and pH levels which weceorded at the latter site. Significant similarities
between replicates of sites R2Buff-Umtiz and R2BRéest confirmed the observation from
ANOVA analysis, that these sites contained similgater physico-chemistry, and nutrients,
sulphates, DO, turbidity and alkalinity were resgibfe for most variability in these data. A
difference was, however, recorded in autumn/wintdren site R2Buff-Laing clustered with some
of the R2Buff-Reest replicates. This was probabigsult of similarities in sulphates, DO, pH and
alkalinity that were recorded as cause for varighith PC2 through which these sites fell. The PCA
ordinations of the lower catchment sites showed aaensignificant similarity in data patterns

between seasons.

No significant differences were recorded in R2Yd#ltartm and R2Yello-Londs patterns between
spring/summer and autumn/winter. Sites R2Yello#Rodontributed to most variability in the
Yellowwoods River with turbidity and alkalinity asiajor drivers, whilst R2Yello-Londs had
nitrate, SRP and EC as drivers. This was unexpeaddtiwas anticipated that nutrients would be
the major water physico-chemistry drivers of sit@YRllo-Fortm, based on high nutrient
concentrations that were recorded in this sitei@arThough similarities existed between sites
R2Yello-Fortm and R2Yello-Londs, the downstreane §R2Yello-Fortm) recorded poorer water
physico-chemistry when compared to the upstreaenRi2Yello-Londs).

6.6  Multivariate analysis of the microbiological daa

6.6.1 Water samples microbial growth

The Buffalo River sites did not separate from eather according to the lower and upper
catchments. This was illustrated by a similarityeleof 80% between sites R2Mgga-Pirie, R2Buff-
Horse, R2Buff-Kwami, R2Buff-Laing and R2Buff-Reesthe upper catchment reference site
R2Buff-Maden was, however, an outlier for microlsall growth compared to all other sites. This
demonstrated that although similarities exist betweeference sites R2Buff-Maden and R2Mgqa-

Pirie as observed in ANOVA analysis, significargsimilarities existed between them.
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Separating the upper catchment sites accordinggasosis showed no major differences in data
patterns, demonstrated by R2Buff-Maden persistenityying as observed earlier. Though similar
patterns were recorded in the upper catchment degher similarity levels between all sites
excluding site R2Buff-Maden was recorded in autummter together with a close relation of the
reference site R2Mgqa-Pirie with the impacted narimg site R2Buff-Kwabo. It is worth to note
high confidence similarity levels between all upgatchment’s sites, even though sites R2Buff-
Kwabo and R2Buff-Kwami were known as severely imipdc This was probably due to high
nutrient concentrations that were recorded atit@sseven though the impacted sites recorded the
highest values. PCA for water physico-chemistryvadm that nutrients were amongst other

parameter drivers of water physico-chemical chamyésese regions of the catchment.

Similar patterns were seen when examining the loveéchment data set according to seasons.
Monitoring site R2Buff-Reest was always closely itamto its reference site R2Buff-Umtiz, whilst
an upstream site R2Buff-Laing showed low confidecmeelation level to these sites. Site R2Buff-
Laing is downstream of Laing Dam, and microbial ceunts change were attributable to this dam
settling suspended matter, which would have indud@croorganisms. High similarity levels
between the impacted R2Buff-Reest (O’Keedfeal, 1996) and the reference site R2Buff-Umtiz
were a cause for concern as the latter site igegstof the estuary and thus risk discharging poor
quality water to the Indian Ocean. Paetl al. (2003), Zwisleret al. (2003) and Logue and
Lindstrom (2008) reported that microbial commursiteccur temporally and spatially within and
among habitats, depending on physico-chemical tondi However, these data showed no

obvious microbiological cell counts correlating wiater physico-chemical changes.

The Yellowwoods River sites R2Yello-Fortm and R2¥dlonds were similar, thus confirming an
observation from the PCA for water physico-chempziameters that these sites separated from the
Buffalo River, whilst a similarity level of 85% wasecorded between these two sites.
Spring/summer recorded lower similarity level betwehese sites than autumn/winter probably
due to lower microbial cell counts that were reearduring the latter season causing less microbial
heterogeneity in data between sites.

Differences between the Buffalo River and YellowdsRiver exist even though these rivers are
exposed to similar anthropogenic impacts such hsisience farming activities, diffuse pollutants
and partially treated STW point effluents. Separain sites on these rivers could be attributed to
the fact that the Buffalo River is also exposedimpacts produced from intensive industrial

164



activities in this catchment area. Such impactsreanlt in water physico-chemical changes that are

different and thus impacting microbial cell coudterently.

6.6.2 Water sample microbial activity

Combined Buffalo River lower and upper catchmertaddnowed that sites did not separate from
each other according to the catchments, demondtigtea similarity level of 80% between sites
R2Buff-Horse, R2Buff-Kwabo, R2Buff-Kwami, R2Buff-lrag, R2Buff-Umtiz and R2Buff-Reest.

It was interesting to note a similarity level of%5ecorded between R2Buff-Horse and R2Buff-
Kwabo, as these sites had different water physimovastry and microbial cell counts and are also
exposed to distinct anthropogenic activity impagtse former site receives catchment run-off from
surrounding rural settlements, whilst the lattée 8 exposed to urban settlement impacts such as
receiving STW effluent. Seasonal division of théchanent data showed good microbial biological
activity similarity levels of 85% between the upmatchment reference sites R2Buff-Maden and
R2Mgqa-Pirie by separating from the rest of thef&lafRiver sites. It was interesting to note close
similarity between site R2Buff-Horse and the impakcsite R2Buff-Kwabo, whilst a dissimilarity
of the latter site with R2Buff-Kwami in spring/suremwas also worth noting. The similarity
between sites R2Buff-Horse and R2Buff-Kwabo duatiggeasons was a cause for concern as these
sites are exposed to different types and levelmpécts and it was thus anticipated that microbial
activity would respond differently. It was presuntdadt the former site would be more similar to
the reference sites than impacted sites as expogdysico-chemical data earlier. The dissimilarity
of site R2Buff-Kwami with R2Buff-Kwabo could be due an industrial effluent contribution to
water physico-chemistry at the former site. O'Keeadt al (1996) reported that textile effluent
contains high concentrations of organic and chemiastes; hence it is sensible to attribute
increased microbial activity at site R2Buff-Kwaraiguch impacts.

Lower catchment sites data show a similar patteem efter separating them according to seasons.
Though site R2Buff-Laing was at all times separdteth sites R2Buff-Umtiz and R2Buff-Reest, a
high similarity significant level of 85% betweenetie sites was an indication that they were
correlated. However sites R2Buff-Umtiz and R2Buéd3t recorded an even higher similarity level
of 90% between each other during all seasons, itldisating that these sites were more closely
related with one another that R2Buff-Laing. Thisifutoned an observation from a similar pattern in
water physico-chemistry data. A major concern il ldwer catchment was that the reference site
was closely related to the impacted site.
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The Yellowwoods River sites R2Yello-Fortm and R2¥dlonds were similar, thus confirming an
observation from the PCA for water physico-chempzaiameters that these sites separated from the
Buffalo River, whilst a similarity level of 85% wasecorded between these two sites. The
Yellowwoods River sites separated from the Bufflover as observed from water physico-
chemical and microbial cell counts analyses andndlas explanation as provided earlier for this
similarity between these sites is applicable here.

6.6.3 Biofilm microbial cell growth

The assumption that biofilm and water column mi@bbell counts would be interrelated, as both
sample types were from the same sampling point, seasirmed by a 90% similarity level. The
upper and lower catchment sites of the Buffalo Rig& not separate with exception of site
R2Buff-Horse, which was outside the cluster. Thestdring of sites together was expected, as
Momba et al (2000) and Donlan (2002) reported that biofilrnt@ans a significantly higher
number of microorganisms than the water column.rUgwiding data according to the lower and
the upper catchments, reference sites R2Buff-MaaehR2Mgqga-Pirie showed very high levels of
similarity of 92% between each other, whilst theges were 90% similar to site R2Buff-Kwabo
and 85% with R2Buff-Kwami. These data coincidedhvan earlier observation and allows for a
conclusion that site R2Buff-Kwami was the most inslar site to the upper catchment reference
sites. No sensible explanation could be made ferségparation of site R2Buff-Horse as it was
presumed that this site would be the closest &reete sites.

The lower catchment data pattern was similar toathe observed in the water column microbial
cell counts. A similarity level of 85% between lallver catchment sites was an indication that even
though dissimilarities exist between the sitesytsgll correlated. However, sites R2Buff-Umtiz
and R2Buff-Reest were even more similar to eackerottlemonstrated by a significance level of
95% even when data were divided according to seasoah this was because these sites exposed to
similar natural and anthropogenic impacts. Thedf@Noods River data pattern was comparable to

the one observed from the water column microbillcorints.

6.6.4 Biofilm microbial activity

A similarity level of 99% indicated that biofilm dnwater column microbial activities were
correlated. However, this was based on the datarpatand not actual activity rates changes, thus
not contradicting the report by Donlan (2002), thaifilm microbes will have different activity

characteristics to water column ones. The upper@mdr catchment sites of the Buffalo River and
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as well as the Yellowwoods River did not separaie &ere thus divided according to catchment
regions. The upper catchment data pattern wasasinal water column microbial growth activity
and also the biofilm microbial growth. All uppertcment monitoring sites showed similarity
levels of 85% with their reference sites even afga were divided according to seasons. However,
impacted monitoring site R2Buff-Kwami lay outsideet cluster of the upper catchment sites,
probably due to impacts explained earlier. An ieséing note was the dissimilarity between sites
R2Buff-Kwabo and R2Buff-Kwami as water quality andcrobial cell counts had indicated that
these sites were closely related.

The lower catchment sites showed a similarity lefe85% between each other in spring/summer
and 90% in autumn/winter. As observed from eadiata, reference site R2Buff-Umtiz was more
similar to site R2Buff-Reest than to R2Buff-Lain§ite R2Buff-Laing is in an area with a low
impact rural settlement whilst sites R2Buff-Reast &2Buff-Umtiz are further downstream of the
Buffalo River and were indicated by water physit@mical analyses as experiencing serious
impairments, thus making this similarity betweeesth three sites interesting. The Yellowwoods
River behaved as observed in other microbiologaadl water physico-chemical multivariate
analyses, demonstrated by a separation betweemnithiss sites R2Yello-Fortm and R2Yello-
Londs from the Buffalo River sites. However, thell\@woods River was more related to the
lower catchment sites of the Buffalo River than gipper catchment.

6.7 Correlating water physico-chemistry and microbological measurements

Correlation levels below 60% between selected pbyshemical water physico-chemical
parameters and water column microbial growth inedahat microbial cell concentrations were
not entirely influenced by water physico-chemichérges. This was unexpected as multivariate
analysis of water physico-chemistry and microbell counts had clearly followed a similar pattern
to the water physico-chemistry analysis thus legdim an expectation that the two would be
correlated. Data were therefore further separatedrding catchment regions and according to
seasons and a correlation level below 60% was dedofrom all seasonal analyses. This lack of
correlation between water physico-chemistry andewatolumn microbial cell counts can be
explained by high degrees of microbial communityiateons within habitats in the same or
different regions, resulting in high levels of hetgeneity. High degrees of variability in ecosystem
were previously reported by Zwaat al (2003) and Yannarell and Triplett (2004).
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Correlation levels of 63.6% indicated low statigticonfidence that water column microbial
activity was responsive to water physico-chemistityis conclusion was also a surprise, taking into
consideration high activity levels that were re@alrth most sampled sites, and also the similanmity i
water physico-chemical and microbial activity asaly patterns. Paegt al. (2003) reported that
microbial activities are influenced by water phgsthemical changes, therefore this low
confidence finding was unexpected. Hence, data \ugther analysed for correlation in divided
catchment regions over the seasonal changes. Alaton level above 90% was recorded from the
upper catchment sites from all seasons. This fonéinowed that though complete data from the
Buffalo River did not show correlation to water glop-chemistry changes, seasonal patterns
showed that water column microbial activity wasaghe influenced by water physico-chemistry
changes. The lower catchment data produced sirfildings as correlation of water column
microbial activity with physico-chemical parametiata showed high levels of correlation.

Biofilm microbial cell counts changes were not eiti influenced by water physico-chemistry
changes and this was demonstrated by the cormeleie! below 60%. No difference in the upper
catchment data correlation levels was recorded dfieding data according to seasons. Donlan
(2002) reported that biological and chemical dyreof the biofilm microbial communities are
characteristically different from the water colurfumctions, thus explaining these low correlation
levels.lt was not surprising to note biofilm micralbcell counts not significantly responding to
water physico-chemical changes. However, the lova¢chment recorded correlation levels above
80% during all seasons. A correlation level of 38%s recorded between biofilm microbial activity
and water physico-chemistry. Though this correfatevel was very low, this was not unexpected
as microbes inhabiting biofilm are known to haviedent characteristics from those inhabiting the
water column (Donlan, 2002). However, data sepdrateording to the upper and lower catchment
saw an increase in correlation levels of the ugpéchment to over 90% during all seasons, whilst
the lower catchment recorded high correlation innggsummer which decreased to 60.6% in
autumn/winter. These data suggested that micrgbiaith, as measured by cell counts on different
agar, was not entirely influenced by water physibemical changes. However, microbial activity
analyses indicated microbial responses to watesipbychemical changes, and thus suggesting
microbial activity has the potential to be use@@asndicator of in-stream water physico-chemistry.
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6.8 Potential for the microbiological index develoment

River health assessments utilize biological, phlaisend chemical indicators to evaluate and
manage ecosystem changes (Karr and Dudley, 1981jylafe, the South African RHP indicators
include aquatic invertebrates and fish assemblagleish assess in-stream community and species
changes in response to water physico-chemistrynamaat changes (Kleynhans, 1999). Riparian
and habitat indices assess vegetation and agyatens structure, whilst geomorphology and flow
indices determine the morphology of the channets ffow. The water physico-chemistry index
considers the physical and chemical properties atew (CES, 2004). Microorganisms play an
important role in freshwater ecosystems, and yetethis no assessment index that has been
developed to monitor their responses to ecosysteamges. Hence investigations towards the
development of a microbiological assessment indebAl] are required, in order to gather
knowledge and comprehend their response to ecosysteanges and possibly exploit their
responses as indicators of water physico-chemgssgssments.

This study demonstrated that microbial cell coudts not correlate to activity rates. This is
important to note because of the high microbialakility within habitats between regions (Zwisler
et al, 2003; Logue and Lindstrom, 2008). This means tloat MAI development purposes,
microbial cell counts alone cannot provide a goggresentation of microbial distribution in terms
of abundance and diversity. Lack of a conclusiverahbial cell counts correlation to water physico-
chemicial changes in some sites could be due taomiganism heterogeneity in natural
environments (Logue and Lindstrém, 2008). Standmaiatobial culturing methods that were used
to enumerate cells could thus have been less sensésulting in lower microbial cell counts.
Jacksoret al (2001) reported that over 90% of microbes withihabitat are omitted from CFU
counts when using such methods, owing to their awdturability. This suggests microbial cell
counts should not be used in the development oA} EVven though knowledge of such counts is
still vital. Microbial activity analyses from alltes showed high correlation levels to water physic
chemical changes. Based on the current study madrabtivity correlation with water physico-
chemistry and history which has shown that micrblaetivities are greatly influenced by
environmental changes such as water physico-cheémleations (Beelen and Doelman, 1997;
Paerlet al, 2003; Alonso and Camargo, 2008), further ingagion in the optimisation of potential
for the development of a MAI that is based on miavégical activities is required. Investigations
of other correlation methods that do not corretimples according to a rank correlation, which
compares this with results from randomly permutach@e as Spearman did, should also be
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performed. This would enable an understanding @fwobial activity changes over particular days
instead of an overall percentage similarity lev@lrther exploration of microbial activity as a

potential indicator of water quality changes appearbe warranted. Development of MIA could

also contribute to examination of the consequewnédbe changes in activity as a result of water
physico-chemistry changes for the freshwater etesys

The sampling protocol used for this study providedd replication of microbiological analyses.
However for physico-chemical analyses, sample cafds should be kept as two but increase
analyses replicates per sample to thseethat an overall sampling point data set congibtsix
measurements. A number of microbial techniques baes used to understand microbial response
to different environments. Further exploration axploitation of such available knowledge could
play a vital role in comprehending microbial respesito environmental changes. A few of those
techniques are summarized below. Exposing isolatietborganisms to different levels of toxicants
can induce ecotoxicological reactions (Beelen awmélban, 1997; Alonso and Camargo, 2008).
Microbial toxicity testing can be categorized asg#e species tests, biomass measurements, carbon
and nitrogen transformations, enzymatic tests aiodoinial diversity changes. The respiration rate
per unit of biomass has been reported as a morgtigenindicator of toxic effects than the
respiration rate or the amount of biomass alonee Dm the sensitivity of microorganisms,
comparing these tests can indicate their respateggsnding on the toxicants (Beelen and Doelman,
1997). This study demonstrated that microbial &gti@nalyses carries a potential for inclusion in
microbial ecotoxicology tests, required for the elepment of the MAI for freshwater ecosystems.

6.9 Conclusions

This study was the first of its nature to measure ¢turrent water physico-chemistry and the
microbial biological activity at various sites ihet Buffalo River catchment. Sampling sites were
selected to accommodate eco-regions, the majorrilsotibhg tributaries and point sources to the
Buffalo River. Monitoring sites in the upper catamh indicated significant water physico-
chemistry impairment. These changes were alsocteflein microbial activity rates that were
higher in monitoring than in reference sites. THougper catchment reference sites R2Buff-Maden
and R2Mgqga-Pirie were closely related to one ampthevas worrying to note their similarity to
their monitoring sites such as R2Buff-Horse, R2B(ffabo and R2Buff-Kwami, as these
monitoring sites are exposed to extensive anthrepiogctivity impacts. Multivariate and ANOVA

analysis demonstrated that site R2Buff-Laing wadicating river recovery through decreased
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nutrient and microbial concentrations caused biglsaettling in Laing Dam (Palmer and O’Keeffe,
1989). It is worthwhile to note that site R2Buffihg could provide a better lower catchment
reference site than the existing one (site R2Bufftid), due to a better water physico-chemistry
recorded in the former site. Further water physibemical impairments were recorded downstream
of the Laing Dam, suggesting that inflow contribug from small tributaries, non-point run-off
from Mdantsane and other informal and rural setlet®s were causing further water physico-
chemistry impairments within this region. O’Keetf¢ al (1996) reported that a maximum of 15
mg/l phosphate was recorded at the inflow to BriDleft Dam, thus this explains poor water
physico-chemistry at site R2Buff-Reest which is detseam Bridle Drift Dam. It was worrying to

note no water physico-chemical improvements dowastrof Bridle Drift Dam.

Site R2Buff-Reest was comparable to its referemeeR2Buff-Umtiz in terms of microbiological
water quality. According to the Spearman corretatieethod, microbial cell counts and activity did
not show significant correlations with water quatthanges. Similarities between the reference site
at Yellowwoods River and its monitoring site R2¥eRortm were a clear indication of
microbiological water quality changes that are fe&xperienced by this river. Hence, based on
poor water quality that was recorded at site RD¢Elrtm, its contribution to the Buffalo River can
be regarded as playing a significant role in waibysico-chemical impairments of this river.
However, it is imperative to acknowledge that theses limited relevant literature to support some
of the physico-chemical and microbial responsesgtants resulting in them being speculative and

conjective.

This study also provides a recommendation for aerg@l of microbial biological activity
exploitation to indicate ecological impacts on waihysico-chemistry as a result of environmental
changes. This could assist in the development ef NtAlI for freshwater ecosystem and the
possibilities of its inclusion in the RHP. The spugrovides a contribution torwards an
understanding of the current microbiological wajarlity status of the Buffalo River. This study
established sampling methods that provided vajdegentation of the cross section of the river and
sufficient replicates required to carry out a mimad ecology study. This knowledge will be useful
for further research towards development of a nhiedoecology index for incorporation in the
RHP.
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6.10 Recommendations

* If river water is to be used in future studies bistnature to immerse stones for biofilm
scraping, a subsample of that river water shouldaken prior to addition of the stone in the
container. This subsample should be analysed f@amalyses that are performed to the biofilm
sample. These data would enable to calculate feramial cross-contamination possibilities
between river water and the biofilm.

» Site R2Buff-Laing should be used as a lower catcetimeference site, whilst site R2Buff-Umtiz
should be used as a monitoring site.

* The Yellowwoods River reference site exhibited lowcrobial water quality and is easily
accessible to humans and livestock. Hence it i®meecended that this site be used as
monitoring site for microbial ecology research, d@hdt a new reference site in this river be
identified.

» For microbial activity investigations, photometneethods should be used as they can enable
the quantification of activity levels at differetimes, thus decreasing the discrepancies in the
methods used.

* Isolation of cultured microorganisms to perform testcological analysis could enable further
exploration of biological activities through moretdiled and specific methods, thus providing
more conclusive findings on effects of differentmpounds on microbes. This can include re-
inoculation of an isolated colony from the soliddnuen into a nutrient broth and then growth
measured using optical density. A known concermnabif a newly grown culture would then be
exposed to a specific pollutant and then microdpialvth or mortality be monitored.
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APPENDIX A: P VALUES FOR STATISTICAL ANALYSES OF WA TER QUALITY AND MICROBIOLOGICAL PARAMETERS,
OBTAINED USING ANOVA

Table Al: p values for statistical analyses of water quadisults from the left and right sides at eacthefdampling sites.

Sites | DO | EC | TEMP. [ TURB. | ALK. [TIN | SRP | s | TH | PH
Upper catchment: Buffalo and Mggakwebe Rivers
R2Buff-Maden >0.08 >0.05 > 0.05 > 0.05 > 0.05 <0.05 <0.05 > 0.05 > 0.05 > 0.05
R2Mgga-Pirie <0.05 <0.05 > 0.05 > 0.05 > 0.05 > 0.05 <0.05 > 0.05 > 0.05 <0.05
R2Buff-Horse <0.05 > 0.05 > 0.05 > 0.05 > 0.05 > 0.05 > 0.05 <0.05 > 0.05 > 0.05
R2Buff-Kwabo <0.05 > 0.05 > 0.05 > 0.05 > 0.05 > 0.05 <0.05 <0.05 > 0.05 > 0.05
R2Buff-Kwami <0.05 > 0.05 > 0.05 > 0.05 > 0.05 > 0.05 > 0.05 <0.05 > 0.05 > 0.05
Lower catchment: Buffalo River
R2Buff-Laing <0.05 > 0.05 > 0.05 > 0.05 > 0.05 <0.05 <0.05 <0.05 > 0.05 > 0.05
R2Buff-Umtiz <0.05 > 0.05 > 0.05 > 0.05 <0.05 > 0.05 > 0.05 > 0.05 <0.05 > 0.05
R2Buff-Reest <0.05 <0.05 <0.05 > 0.05 > 0.05 > 0.05 > 0.05 <0.05 > 0.05 > 0.05
Tributary: Yellowwoods River
R2Yello-Form <0.05 <0.05 > 0.05 <0.05 <0.05 > 0.05 <0.05 <0.05 <0.05 <0.05
R2Yello-Londs >0.08 >0.05 > 0.05 <0.05 <0.05 > 0.06 <0.05 > 0.05 > 0.05 > 0.05

A bold p value denotes statistically significant diffezen.e. < 0.05. All analyses for differences betve® replicates from the left and right side of
the river were statistically insignificant indepemd of seasonal changes over an entire samplingdodrhus two replicates from each side of therrive
were combined to form four replicates per sampfingt. Data presented shows the p values for eadngeter over the sampling period. DO —
Dissolved Oxygen, EC — Electrical Conductivity, Tem Temperature; Turb. — Turbidity; Alk. — Alkatiy, TIN — Total Inorganic, SRP — Soluble
Reactive Phosphate, $O Sulphates and TH — Total Hardness.
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Table A2: p values for statistical analyses of water micabbell counts (lactose, citrates and nutrientsl) activity (sulphur, indole, motility, nitrates,
methyl red (MR) and Voges-Proskaeur (VP)) resutimifthe left and right sides at each of the sarggdite.

Sites | SULPHUR | INDOLE [ MOTILITY |JLACTOSE C[CITRATES NUTR IENTS | NITRATES | MR |VP
Upper catchment: Buffalo and Mggakwebe Rivers
R2Buff-Maden | >0.05 < 0.05 > 0.05 > 0.05 > 0.05 > 0.05 < 0.05 <0.05|>0.05
R2Mgqa-Pirie | < 0.05 > 0.05 > 0.05 <0.05 > 0.05 > 0.05 > 0.05 > 0.0% < 0.05
R2Buff-Horse > 0.05 >0.05 |[<0.05 > 0.05 > 0.05 > 0.05 > 0.05 > 0.05< 0.05
R2Buff-Kwabo | >0.05 > 0.05 > 0.05 > 0.05 > 0.05 <0.05 > 0.05 > 0.05[<0.05
R2Buff-Kwami | > 0.05 >0.05 |[<0.05 > 0.05 > 0.05 > 0.05 > 0.05 >0.06 >0.05
Lower catchment: Buffalo River
R2Buff-Laing > 0.05 > 0.05 > 0.05 > 0.05 > 0.05 %)) <0.05 >0.05 | >0.05
R2Buff-Umtiz > 0.05 >0.05 |[<0.05 > 0.05 > 0.05 > 0.05 > 0.05 <0.05 | <0.05
R2Buff-Reest > 0.05 >0.05 |<0.05 > 0.05 > 0.05 > 0.05 > 0.05 >0.06 >0.05
Tributary: Yellowwoods River
R2Yello-Form [ >0.05 > 0.05 > 0.05 > 0.05 > 0.05 <0.05 > 0.05 >0.05| >0.05
R2Yello-Londs | < 0.05 > 0.05 > 0.05 > 0.05 > 0.05 > 0.05 > 0.05 > 0.05 0.05

A bold p value denotes statistically significant diffezen.e. < 0.05. All analyses for differences betve® replicates from the left and right side of
the river were statistically insignificant indepemd of seasonal changes over an entire samplingdodrhus three replicates from each side of the
river were combined to form six replicates per smypoint. Data presented shows the p valuesdoh@arameter over the sampling period.
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Table A3: p values for statistical analyses of biofilm migia growth (lactose, citrates and nutrients) actilzaty (sulphur, indole, motility, nitrates,

methyl red (MR) and Voges-Proskaeur (VP)) resutisfthe left and right sides at each of the sargdites

Sites | SULPHUR | INDOLE | MOTILITY | LACTOSE | CITRATES [ NUTENT |NITRATES | MR | VP |
Upper catchment: Buffalo and Mggakwebe Rivers

R2Buff-Maden | >0.05 <0.05 <0.05 <0.05 <0.05 <0.05 > 0.05 <0.05 <0.05

R2Mgga-Pirie | <0.05 > 0.05 <0.05 > 0.05 > 0.05 > 0.05 > 0.05 <0.05 <0.05

R2Buff-Horse > 0.05 > 0.05 > 0.05 > 0.05 > 0.05 <0.05 <0.05 <0.05 <0.05

R2Buff-Kwabo | >0.05 > 0.05 > 0.05 >0.05 |<0.05 <0.05 > 0.05 >0.05 | >0.05

R2Buff-Kwami | > 0.05 > 0.05 > 0.05 > 0.05 > 0.05 BL) > 0.05 >0.05 | >0.05
Lower catchment: Buffalo River

R2Buff-Laing > 0.05 > 0.05 > 0.05 > 0.05 > 0.05 E5) > 0.05 <0.05 |[>0.05

R2Buff-Umtiz > 0.05 > 0.05 > 0.05 > 0.05 <0.05 > 0.05 > 0.05 >0.05 | >0.05

R2Buff-Reest > 0.05 >0.05 |<0.05 <0.05 <0.05 <0.05 > 0.05 >0.05 |<0.05
Tributary: Yellowwoods River

R2Yello-Form > 0.05 >0.05 |<0.05 | >0.05 <0.05 > 0.05 <0.05 <0.05 |>0.05

R2Yello-Londs | >0.05 > 0.05 > 0.05 | <0.05 <0.05 > 0.05 > 0.05 <0.05 <0.05

A bold p value denotes statistically significant diffezen.e.< 0.05 All analyses for differences between the repésdtom the left and right side of
the river were statistically insignificant indepemd of seasonal changes over an entire samplingdodrhus three replicates from each side of the
river were combined to form six replicates per smypoint. Data presented shows the p valuesdoh@arameter over the sampling period.
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APPENDIX B: PHYSICO-CHEMICAL PARAMETERS

B.2

Buffalo River upper catchment
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4, and in some cases are too small to be visible

reactive phosphate. Figures C tp-dxis error bars indicate standard deviatios
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reactive phosphate. Figures C tp-dxis error bars indicate standard deviatior,4, and in some cases are too small to be visible
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Figure B5: Monthly mean water physico-chemical parameterg@nR2Buff-Kwami for the sampling period. A: Dissed oxygen. B: Water
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, and in some cases are too small to be visible

4

reactive phosphate. Figures C tg-dxis error bars indicate standard deviation,
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reactive phosphate. Figures C tp-dxis error bars indicate standard deviatior,4, and in some cases are too small to be visible
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Figure B7: Monthly mean water physico-chemical parameterg@eR2Buff-Reest for the sampling period. A: Dissa oxygen. B: Water
temperature. C: Turbidity. D: Alkalinity. E: WatpH. F: Total hardness. G: Sulphate. H: Electricaiductivity. I: Total inorganic nitrogen. J: Solabl

reactive phosphate. Figures C tp-dxis error bars indicate standard deviatior,4, and in some cases are too small to be visible
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Figure B8: Monthly mean water physico-chemical parametergéenR2Buff-Umtiz for the sampling period. A: Dissetl oxygen. B: Water
temperature. C: Turbidity. D: Alkalinity. E: WatpH. F: Total hardness. G: Sulphate. H: Electricaiductivity. I: Total inorganic nitrogen. J: Solabl

and in some cases are too small to be visible

4

reactive phosphate. Figures C tp-dxis error bars indicate standard deviation,
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reactive phosphate. Figures C tp-dxis error bars indicate standard deviatior,4, and in some cases are too small to be visible
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Figure B10: Monthly mean water physico
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,4, and in some cases are too small to be visible

reactive phosphate. Figures C tp-dxis error bars indicate standard deviatios
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APPENDIX C: MICROBIOLOGICAL ASSESSMENT GRAPHS.

C.1 WATER COLUMN MICROBIAL RESULTS
The following graphs were produced from the comthiresults replicated from left and right sides
of the river. In all figures in Appendix C microbizell counts were measured using nutrient, lactose

and citrate media, whilst microbial activity wasamared using sulphur, indole, motility, methyl
red, Voges-Proskeur, and nitrate reduction tests.

C.1.1 Buffalo and Mggakwebe Rivers (Upper Catchment
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Figure C1: Monthly mean microbial growth cell counts from Aitnent, B: citrate and B: lactose
media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrate, E: methyl red and
E: Voges-Proskeur tests for the water samplesdoln sampling period at site R2Buff-Maden.
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Figure C2: Monthly mean microbial growth cell counts from Aitnent, B: citrate and B: lactose
media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: methyl red and
E: Voges-Proskeur tests for the water samplesdol sampling period at site R2Mgqga-Pirie.
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Figure C3: Monthly mean microbial growth cell counts from Aitnent, B: citrate and B: lactose
media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: methyl red and
E: Voges-Proskeur tests for the water samplesdol sampling period at site R2Buff-Horse.
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Figure C4: Monthly mean microbial growth cell counts from Aitrient, B: citrate and B: lactose

media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: Voges-Proskeur
and E: methyl red tests for the water samplesdoh sampling period at site site R2Buff-Kwabo.
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Figure C5: Monthly mean microbial growth cell counts from Aitrient, B: citrate and B: lactose

media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: methyl red and
E: Voges-Proskaeur tests for the water samplesdoln sampling period at site R2Buff-Kwami.
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C.1.2 Buffalo River (Lower Catchment)
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Figure C6: Monthly mean microbial growth cell counts from Aitrient, B: citrate and B: lactose
media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: methyl red and
E: Voges-Proskeur tests for the water samplesdoln sampling period at site R2Buff-Laing.
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Figure C7: Monthly mean microbial growth cell counts from Aitnent, B: citrate and B: lactose

Sampling time

media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: methyl red and
E: Voges-Proskeur tests for the water samplesdoln sampling period at site R2Buff-Umtiz.
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Figure C8: Monthly mean microbial growth cell counts from Aitrient, B: citrate and B: lactose

Sampling time

media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: methyl red and
E: Voges-Proskeur tests for the water samplesdoln sampling period at site R2Buff-Reest.
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C.1.3 Yellowwoods River (Contributing tributary)
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Figure C9: Monthly mean microbial growth cell counts from Aitrient, B: citrate and B: lactose

media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: methyl red and
E: Voges-Proskeur tests for the water samplesdoln sampling period at site R2Yello-Fortm.
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Figure C10: Monthly mean icrobial growth cell counts from A:triant, B: citrate and B: lactose
media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: Voges-Proskeur
and E: methyl red tests for the water samplesdoh sampling period at site R2Yello-Londs.
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C.2 BIOFILM MICROBIAL RESULTS

The following graphs were produced from the comthiresults replicated from left and right sides
of the river. In all figures in Appendix C microbzell counts were measured using nutrient, lactose
and citrate media, whilst microbial activity wasamared using sulphur, indole, motility, methyl

red, Voges-Proskeur, and nitrate reduction tests.

C.2.1 Buffalo and Mggakwebe River (Upper Catchment)
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Figure C11: Monthly mean microbial growth cell counts from Aitrient, B: citrate and B: lactose
media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: methyl red and
E: Voges-Proskeur tests for the biofilm samplesefach sampling period at site R2Buff-Maden.
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Figure C12: Monthly mean microbial growth cell counts from Aitrient, B: citrate and B: lactose

media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: methyl red and
E: Voges-Proskeur tests for the biofilm samplesefach sampling period at site R2ZMgga-Pirie.
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Figure C13: Monthly mean microbial growth cell counts from Aitnient, B: citrate and B: lactose
media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: methyl red and
E: Voges-Proskeur tests for the biofilm samplesefach sampling period at site R2Buff-Horse.
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media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: methyl red and
E: Voges-Proskeur tests for the biofilm samplesefach sampling period at site R2Buff-Kwabo.

Figure C14: Monthly mean microbial growth cell counts from Aitnient, B: citrate and B: lactose
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media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: methyl red and
E: Voges-Proskeur tests for the biofilm samplesefach sampling period at site R2Buff-Kwami.

Figure C15: Monthly mean microbial growth cell counts from Aitnient, B: citrate and B: lactose
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C.2.3 Buffalo River (Lower Catchment)
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Figure C16: Monthly mean microbial growth cell counts from Aitnient, B: citrate and B: lactose

media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: methyl red and
E: Voges-Proskeur tests for the biofilm samplesefach sampling period at site R2Buff-Laing.
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Figure C17: Monthly mean microbial growth cell counts from Aitrient, B: citrate and B: lactose
media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: methyl red and
E: Voges-Proskeur tests for the biofilm samplesefach sampling period at site R2Buff-Umtiz.
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Figure C18: Monthly mean microbial growth cell counts from Aitrient, B: citrate and B: lactose

media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: methyl red and
E: Voges-Proskeur tests for the biofilm samplesefach sampling period at site R2Buff-Reest.
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site R2Yello-Fortm.

Figure C19: Monthly mean microbial growth cell counts from Aitnient, B: citrate and B: lactose
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Figure C20: Monthly mean microbial growth cell counts from Aitnient, B: citrate and B: lactose

media and microbial activity from C: sulphur, Cdate, D: motility, D: nitrates, E: methyl red and
E: Voges-Proskeur tests for the biofilm samplesefach sampling period at site R2Yello-Londs.
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APPENDIX D: RAINFALL DATA FROM SPECIFIC GAUGING POI NTS.

Table D1: Total monthly rainfall data (mm) over the samplipgriod (July 2007 - August 2008).
Data were recorded from selected Department of MAdfairs and Forestry rain gauging points in
the Buffalo River catchments. Rainfall gauging istatR2H003 is at Rooikrantz Dam thus shows
rainfall data from gauging wear in the mountaireain of the upper catchment and shows data for
the upper catchment near site R2Buff-Maden. R2H82at Laing Dam and records data for the
upper regions of the lower catchment where site R2Baing is located. R2H029 is at Bridle Drift

Dam and it shows rainfall data around site R2BHER.

Time
(months) | R2H003 R2H027 R2H029
Jul-07 9.4 13 22.7
Aug-07 194 12.3 6.8
Sep-07 37 16.1 29.7
Oct-07 60.6 13.6 31.8
Nov-07 97.2 27.2 40.5
Dec-07 97.2 73.4 61.9
Jan-08 96 67.4 85
Feb-08 180.4 113.1 180.6
Mar-08 132 42.5 60.4
Apr-08 86.4 63.3 61.2
May-08 57 51.5 85.5
Jun-08 11.6 5.5 9.6
Jul-08 44 47.1 72.2
Aug-08 0 0 4.4
500 -
450 -
400 -
—E- 350 -+
E 300 -
= 250 -
€ 200 | —i— R2H029
& 150 - —=—R2H027
100 + —e—R2H003
50 -
0
555555883888¢88¢8
2738385288832 ¢%
Time {months)

Figure D1: Total monthly rainfall data (mm) over the samplpgriod (July 2007 - August 2008).
Data were recorded from selected Department of MWAsdfairs and Forestry rain gauging points in
the Buffalo River catchments. Rainfall gauging istatR2H003 is at Rooikrantz Dam thus shows
rainfall data from gauging wear in the mountaireain of the upper catchment and shows data for
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the upper catchment near site R2Buff-Maden. R2H82at Laing Dam and records data for the
upper regions of the lower catchment where site B2Baing is located. R2H029 is at Bridle Drift
Dam and it shows rainfall data around site R2BHER.
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APPENDIX E: WATER PHYSICO-CHEMISTRY AND MICROBIOLOG ICAL
MULTIVARIATE ANALYSES.

2D Stress: 0.12

3
B T
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Figure E1: An NMDS ordination plot for water physico-chemicparameters from sites in the
upper catchment during the spring/summer samplangg. 1-R2MBuff-Maden, 2-R2Mgqa-Pirie,
3—-R2Buff-Horse, 4-R2Buff-Kwabo and 5-R2Buff-Kwami.
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Figure E2: APCA ordination plot for water physico-chemicglarameters from sites in the upper
catchment. 1-R2MBuff-Maden, 2-R2Mgga-Pirie, 3—RBlorse, 4—R2Buff-Kwabo and 5-
R2Buff-Kwami.
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2D Stress: 0.13
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Figure E3: An NMDS ordination plot for water physico-chemicparameters from sites in the
lower catchment during the spring/summer samplegod. 6—R2Buff-Laing, 7—R2Buff-Umtiz, 8—
R2Buff-Reest, 9-R2Yello-Fortm and 10—-R2Yello-Londs.

2D Stress: 0.14
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Figure E4: An NMDS ordination plot for water physico-chemicphrameters from sites in the
upper catchment during the autumn/winter samplexgpd. 1-R2MBuff-Maden, 2-R2Mgqa-Pirie,
3-R2Buff-Horse, 4-R2Buff-Kwabo and 5-R2Buff-Kwami.
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2D Stress: 0.16

Figu

re E5 An NMDS ordination plot for water physico-chemicparameters from sites in the lower
catchment during the autumn/winter sampling per@drR2Buff-Laing, 7-R2Buff-Umtiz, 8—

R2Buff-Reest, 9—R2Yello-Fortm and 10-R2Yello-Londs.

2D Stress: 0

Figure E6: An NMDS ordination plot for water column microbgiowth from sites in the upper
catchment during the spring/summer sampling petie®2MBuff-Maden, 2—-R2Mgqga-Pirie, 3—

R2Buff-Horse, 4—-R2Buff-Kwabo and 5—-R2Buff-Kwami.

240



2D Stress: 0

Figure E7: An NMDS ordination plot for water column microbgiowth from sites in the upper
catchment during the autumn/winter sampling periedR2MBuff-Maden, 2—-R2Mgga-Pirie, 3—
R2Buff-Horse, 4-R2Buff-Kwabo and 5-R2Buff-Kwami.

2D Stress: 0

10

Figure E8: An NMDS ordination plot for the water column sampierobial cell count between
sampling sites of the Buffalo River lower catchmantl the Yellowwoods River during
spring/summer sampling period. 6-R2Buff-Laing, 7BR&Z-Umtiz, 8—R2Buff-Reest, 9—R2Yello-
Fortm and 10—-R2Yello-Londs.
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2D Stress: 0
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Figure E9: An NMDS ordination plot for the water column sampierobial cell count between
sampling sites of the Buffalo River lower catchmantl the Yellowwoods River during
autumn/winter sampling period. 6-R2Buff-Laing, 7-BR#-Umtiz, 8—R2Buff-Reest, 9-R2Yello-
Fortm and 10—-R2Yello-Londs.

2D Stress: 0

1

Figure E10: An NMDS ordination plot for water column microbgdtivity from sites in the upper
catchment during the spring/summer sampling petie®2MBuff-Maden, 2—R2Mgqga-Pirie, 3—
R2Buff-Horse, 4—-R2Buff-Kwabo and 5-R2Buff-Kwami.
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2D Stress: 0

Figure E11: An NMDS ordination plot for water column microbgdtivity from sites in the upper
catchment during the autumn/winter sampling periedR2MBuff-Maden, 2—-R2Mgga-Pirie, 3—

R2Buff-Horse, 4—-R2Buff-Kwabo and 5—-R2Buff-Kwami.

10

2D Stress: 0

Figure E12: An NMDS ordination plot for the water column sampierobial activity between

sampling sites of the Buffalo River lower catchmantl the Yellowwoods River during

spring/summer sampling period. 6-R2Buff-Laing, 7BR&Z-Umtiz, 8—R2Buff-Reest, 9—R2Yello-

Fortm and 10-R2Yello-Londs.
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2D Stress: 0

Figure E13: An NMDS ordination plot for the water column sampierobial activity between

sampling sites of the Buffalo River lower catchmantl the Yellowwoods River during

autumn/winter sampling period. 6-R2Buff-Laing, 7-BR#-Umtiz, 8—R2Buff-Reest, 9-R2Yello-

Fortm and 10-R2Yello-Londs.

2D Stress: 0

Figure E14: An NMDS ordination plot for biofilm microbial cefjrowth from sites in the upper
catchment during the spring/summer sampling petie®2MBuff-Maden, 2—-R2Mgqga-Pirie, 3—

R2Buff-Horse, 4—-R2Buff-Kwabo and 5—-R2Buff-Kwami.
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2D Stress: 0

Figure E15: An NMDS ordination plot for biofilm microbial cefjrowth from sites in the upper
catchment during the autumn/winter sampling periedR2MBuff-Maden, 2—-R2Mgga-Pirie, 3—

R2Buff-Horse, 4—-R2Buff-Kwabo and 5—-R2Buff-Kwami.

10

2D Stress: 0

Figure E16: An NMDS ordination plot for the biofilm sample matsial cell growth between
sampling sites of the Buffalo River lower catchmantl the Yellowwoods River during

autumn/winter sampling period. 6-R2Buff-Laing, 7-BR#-Umtiz, 8—R2Buff-Reest, 9-R2Yello-

Fortm and 10-R2Yello-Londs.
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2D Stress: 0

Figure E17: An NMDS ordination plot for biofilm microbial actity from sites in the upper

catchment during the spring/summer sampling petie®2MBuff-Maden, 2—-R2Mgqga-Pirie, 3—

R2Buff-Horse, 4—-R2Buff-Kwabo and 5—-R2Buff-Kwami.

2D Stress: 0

Figure E18: An NMDS ordination plot for biofilm microbial actity from sites in the upper

catchment during the autumn/winter sampling periedR2MBuff-Maden, 2—-R2Mgga-Pirie, 3—

R2Buff-Horse, 4—-R2Buff-Kwabo and 5—-R2Buff-Kwami.
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2D Stress: 0

10

Figure E19: An NMDS ordination plot for the biofilm sample matsial activity between sampling
sites of the Buffalo River lower catchment and Yiedlowwoods River during spring/summer
sampling period. 6—-R2Buff-Laing, 7-R2Buff-Umtiz, B2Buff-Reest, 9—R2Yello-Fortm and 10—

R2Yello-Londs.
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APPENDIX F: CALIBRATION CURVES USED FOR CALCULATING CHEMICAL
PARAMETERS CONCENTRATIONS.

Table F1: Ammonia standard concentrations and absorbanceateéz®D nm.

STD conc. (mg/l) Absorbance (nm)
0.00 0.00
0.05 0.06
0.10 0.09
0.20 0.11
0.50 0.27
2.00 0.84
3.50 1.58
5.00 2.19
3 7 y=0.4339x+0.0275

R?=0.9987

Absorbance {nm)

0 2 4
Concentration {mg/l)

Figure F1: Calibration curve for ammonia concentrations.
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Table F2: Nitrite standard concentrations and absorbanakat&850 nm.

0.04
0.03
0.02
0.01

0o -+

0] 0.05 0.1 0.15 0.2

STD conc. (mg/l) Absorbance (nm)
0.00 0.006
0.01 0.013
0.02 0.016
0.03 0.023
0.04 0.031
0.06 0.028
0.08 0.045
0.10 0.035
0.20 0.119
0.13 - y = 0.5549x
0.12 - RZ=09176  ®
0.11 A
0.1 -
E 0.09 -
< 008 4
@
2 0.07 -
8 006 -
S 0.05 -
'n -
<

Concentration {mg/l)

Figure F2: Calibration curve for nitrite concentrations.
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Table F3: Nitrate standard concentrations and absorbanceate®50 nm.

Standards (mg/l) Absorbance (nm)
2.5 0.100
5.0 0.102
10.0 0.176
15.0 0.418
0.5 -
04 1 y = 0.0637¢0 117
€ R?=0.9425
f-; 0.3 -
E 0.2 - "
<
0.1 -
O T T T T T T T 1
0 2 4 6 8 10 12 14 16
Concentration {mg/l)

Figure F3: Calibration curve for nitrates concentrations.
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Table F4: Phosphate standard concentrations and absorbattatrg39 nm.

STD conc. (mg/l) Absorbance (nm)
0.00 0.00
0.05 0.07
0.10 0.06
0.20 0.03
0.50 0.10
2.00 0.31
3.50 0.43
5.00 0.67
0.8 =

Absorbance (nm)

2 4

Concentration {mg/l)

y=0.1252x+ 0.0311
R?=0.9853

Figure F4: Calibration curve for phosphates concentrations.
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Table F5: Sulphate standard concentrations and absorbaadeatet20 nm.

STD conc. (mg/l) Absorbance
20 0.167
40 0.331
80 0.634
140 0.978
160 1.056
1.2 9 y=0.007x
1'1 1 R2=0.9788 *
__ 09
£ 08 A
‘g 0.7 -
S 06 -
5 0.5 -
& 04 4
< 03 A
0.2 -
0.1 -
O L]
0 20 40 60 80 100 120 140 160
Concentration {mg/l)

Figure F5: Calibration curve for sulphates concentrations.
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